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Abstract—Phytoplankton pigment concentrations and primary production rates were measured in
the North Tropical Atlantic Ocean (20°N, 31°W) in September—October 1991 and in May-June
1992 to provide new insights into the phytoplankton biomass and dynamics of oligotrophic
environments. The overall biomass standing stocks were remarkably constant during both periods
(around 23 mg chlorophyll 2 m~2), despite marked differences in the water column stratification.
The structure of the autotrophic community was also stable: prochlorophytes, cyanobacteria and
flagellates were the dominant autotrophic groups and contributed to 36, 30 and 34% of the
chlorophyll a biomass in May-June and 43, 30 and 27% in September—October. The vertical
distribution of these taxa was also stable with cyanobacteria dominating at the surface (100-10% of
surface irradiance), prochlorophytes at intermediate depths (10~0.1% of surface irradiance) and
flagellates below the euphotic zone (0.1-0.01% of surface irradiance). Despite this qualitative and
quantitative stability of the phytoplankton biomass, primary production rates were significantly
higher (p < 0.05) in May-June (352 = 68 mg Cm~2d™!) than in September-October (267 + 53 mg
Cm~2d™"). The cross-section for photosynthesis per unit chlorophyll a was constant during both
periods (0.063 m? g Chla~') suggesting that differences in production rates were mainly governed
by variations in irradiance. The photic zone accounted for more than 80% of the integrated
production, but less than 50% of the chlorophyll a biomass. Analysis of the photoadaptation
characteristics of the dominant populations suggests that cyanobacteria and prochlorophyte
distributions are mainly regulated by light, whereas flagellate distribution is mainly linked to
nutrient availability. The respective distributions of fucoxanthin, 19'-hexanoyloxyfucoxanthin and
19’-butanoyloxyfucoxanthin suggest that, in such oligotrophic environments, a particular group of
19’-butanoyloxyfucoxanthin-containing flageliates, living close to the nitracline, is responsible for
the new production associated with the regular diffusion of nitrate, but that diatoms, generally
present at background levels, can be responsible for spatio-temporal events of new production.

INTRODUCTION

The open ocean, which represents 90% of the world ocean area, has long been considered
a vast biological desert (e.g. Ryther, 1969). Ryther’s hypothesis has been challenged, and
there has been considerable debate during recent years, stimulated by the “global change”
context, about the algal standing stocks, the absolute carbon fixation rates, and the
“efficiency” of the primary production expressed in terms of new production.

Increasing evidence suggests that primary production rates are higher than previously
thought, essentially for two reasons: (i) the daily fixation rates, as evaluated by the *C
techniques, are suspected to be low due to contamination problems (Gieskes et al., 1979;

Laboratoire de Physique et Chimie Marines, Université P. & M. Curie, CNRS/INSU, B.P. 08 06230
Villefranche-sur-mer, France.

1475



1476 H. Claustre and J.-C. Marty

Fitzwater et al., 1982); “clean” methods have therefore been developed which had led to
carbon fixation rates greater by a factor of two than those previously estimated (Kerr,
1986; Laws et al., 1987); (ii) the annual fixation, as derived from daily rates, may also be
lower than the actual value, because spatio-temporal events with enhanced primary
production (Falkowski et al., 1991), and particularly new production (Jenkins and
Goldman, 1985; Platt ez al., 1989), may be severely undersampled by traditional shipboard
methods.

The phytoplankton standing stock has also been questioned, and since new algal classes
have been discovered, generalizations concerning primary production may continue to be
premature (Platt et al., 1989). For example, the presence of prochlorophytes on the open
ocean was first suspected by Gieskes and Kraay (1983), then clearly established by
Chisholm ez al. (1988) and subsequently by others (Neveux ezal., 1989; Vaulot ez al., 1990;
Goericke and Welschmeyer, 1993).

One characteristic of the stratified open-ocean environment is the existence of a deep
chlorophyll maximum (DCM), near the base of the euphotic zone (1% of incident
irradiance) whose origin and maintenance is still unclear (see Cullen, 1982). In stratified
oligotrophic environments, the DCM could mainly reflect the high photoadaptation
capabilities of predominant species, rather than a real plant biomass maximum (Steele,
1964; Cullen and Eppley 1981; Taguchi er al., 1988). Recent evidence confirms such
hypotheses: the chlorophyll a (Chla) or divinyl-chlorophyll a (divinyl-Chla) content of
cyanobacteria and prochlorophytes, the dominant species of such environments, may
increase five-fold with decreasing irradiance (Kana ez al., 1988; Partensky ez al., 1993;
Morel et al., 1993). Moreover, Goericke (1990), using the Chla labeling technique in the
Sargasso Sea, demonstrated that the carbon/Chla ratio can decrease with increasing depth
by up to one order of magnitude.

The oligotrophicsite (21°00'N, 31°00"W) of the program EUMELI is a reference site for
the studies conducted as part of the JGOFS—France program. Historical data concerning
algal biomass and primary production at this site are very scarce (Berthon, 1992). The
chemo-taxonomical study of Gieskes and Kraay (1986) emphasizes the presence of
flagellates and cyanobacteria. The prochlorophytes were not considered, as the red-
shifted Chla, later identified as the divinyl-Chla of prochlorophytes (Chisholm et al., 1988;
Goericke and Repeta, 1992), was at this time attributed to cyanobacteria (Gieskes and
Kraay, 1983; Guillard et al., 1985). Recently, Frazel and Berberian (1990) carried out
some observations at 21°N, 33°W, but the sampling was restricted to the upper 100 m layer
which accounts for only a fraction of the total chlorophyll and production. Therefore, the
phytoplankton biomass (qualitative and quantitative), as well as its activity (primary
production), remain incompletely documented.

In this study, primary production and HPLC pigment data are combined and presented
in order to provide, in a situation typical of the tropical ocean, a detailed examination of
the algal stocks and distribution according to the light field, and of their contribution to
primary production and to the DCM. Two seasons (around the summer solstice and the fall
equinox) were examined in order to assess the degree of variability or stability in this area.

MATERIALS AND METHODS

The oligotrophic site (OLIGO: 21°00’N, 31°00'W) of the EUMELI program (Fig. 1) was
intensively investigated during EUMELI 3 (21 September-21 October 1991) and
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Fig. 1 Map of the investigated area showing the location of sites OLIGO and IMO.

EUMELI 4 (25 May-25 June 1992) on board the R.V. L’Atalante. Another site, located
farther east (IMO: 19°4N, 25°5W), was also investigated once per cruise, but solely for
pigment profiles. Hydrographic measurements were performed by a conductivity—
temperature—density (CTD) profiler mounted on a 12-bottle rosette sampler for sea water
collection. Nitrate analyses were performed according to the procedures of Tréguer and
Le Corre (1975) and Wood et al. (1967). Ten nitrate profiles were recorded in September-
October and 14 in May-June. Primary production rates were determined from 24 h
incubations by the “all in situ” procedure, **C being injected at depth immediately after
enclosure of the sample (Dandonneau and Le Bouteiller, 1992). Nine primary production
measurements were performed in September-October and four in May-June.

Pigments were analyzed on board for September-October samples (4 liters filtered
through 47 mm GF/F glass fiber filters and extraction in 5 ml methanol) and at the
laboratory for May-June samples (2 liters filtered through 25 mm GF/F glass filter fiber,
stored in liquid nitrogen and extraction in 2 ml methanol). The general procedure for
HPLC pigment analysis, identification and quantification has been described (Claustre ez
al., 1994a,b). With the separation system used, divinyl-Chla and Chla are sufficiently
resolved to allow quantification according to peak heights. Extinction coefficients at 440
nm used for divinyl-Chla are 105.6 1 g~! cm ™! (Morel et al., 1993). Lutein and zeaxanthin
coelute as do divinyl-chlorophyll b (divinyl-Chlb) and chlorophyll b (Chlb). Nevertheless,
on-line diode-array spectra on selected samples showed that lutein was virtually absent, so
that results are reported in terms of zeaxanthin equivalents. Chlb was present but in lesser
concentrations than divinyl-Chlb. Total chlb (TChlb = divinyl-Chlb + Chlb) was, therefore,
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estimated according to the extinction coefficient of divinyl-Chlb (46.01g™! cm™" at 440
nm; Morel et al., 1993).

The chemo-taxonomic significance of the main diagnostic pigments recorded in this
study is as follows: divinyl-Chla and divinyl-Chlb are the typical markers of prochloro-
phytes (Goericke and Repeta, 1992), and Chla is a universal descriptor of all other
phytoplankton taxa. Zeaxanthin is a marker of both cyanobacteria (Guillard ez al., 1985)
and prochlorophytes (Goericke and Repeta, 1992). The diagnostic pigments of nano- and
pico-flagellates, which contain chlorophyll ¢ (Chlc), are 19'-hexanoyloxyfucoxanthin (19'-
HF), which most likely characterizes prymnesiophytes, and 19’-butanoyloxyfucoxanthin
(19’-BF), which may in turn identify the chrysophytes and pelagophytes (Hooks et al.,
1988; Wright and Jeffrey, 1987; Bjgrnland et al., 1988; Andersen et al., 1993). Neverthe-
less, since those phytoplankton groups may share both 19'-HF and 19'-BF, the sum 19'-HF
and 19’-BF will refer here, when no specification is given, to flagellates as a whole.
Fucoxanthin and peridinin characterize diatoms and dinoflagellates, respectively (Jeffrey,
1980). In this study, since diatoms and dinoflagellates were generally not abundant (see
later), the total Chlc (TChlc = Chlc,; + Chlc, + Chlc;) was considered to be representative
of the accessory chlorophylls of flagellates.

The relative contributions of the three main phytoplankton groups observed in this
study (prochlorophytes, cyanobacteria and flagellates) to the total Chla (TChla = Chla +
divinyl-Chla) were computed as follows: the Chla of flagellates was calculated from the
sum of concentrations of 19’-HF and 19’-BF and a ratio of Chla to (19'-HF + 19’-BF) of
0.75 (Everitt et al., 1990; Barlow et al., 1993; Claustre et al., 1994b). This Chla of
flagellates was then subtracted from the Chla to obtain the Chla of cyanobacteria. Divinyl-
Chla was solely attributed to prochlorophytes.

The depth of the euphotic zone, Z, (1% of surface photosynthetically available
radiation (PAR), was determined according to the procedure of Morel and Berthon (1989)
on average Tchla profiles. This procedure relies on a relationship linking Z, with the
integrated pigment content within the euphotic layer, (C),, (mg TChla m™2) (Morel,
1988):

Z, = 568-2(C>t;t0'746 (1)

The TChla profile was progressively integrated with depth and the estimated integrated
chlorophyll content used in equation (1) to evaluate the corresponding Z.. Once Z,
became lower than the actual depth of integration, the procedure was reversed and
reiterated (with 1 m increment) in order to determine the Z, depth. For the oligotrophic
conditions examined here, such a procedure gave an accuracy of about 4 m in Z,
estimation by reference to Z. derived from optical measurements.

The vertical distribution of the three main taxonomic groups (prochlorophytes, cyano-
bacteria and flagellates) to the Chla along the light gradient was subsequently determined
by using the procedure described above, for the four layers of equal optical thickness,
delimited by the isolumes 100%, 10%, 1% and 0.1% (% of surface PAR). The assumption
was made that the ratio Chla/19'-HF+19’-BF is constant with depth given that photosyn-
thetically active carotenoids/Chla ratios are irradiance independent (Goericke, 1990).

The eventual control of primary production by irradiance was tested by the calculation
of the cross-section for photosynthesis per unit chlorophyll ¥* (m? g Chl™"), which is a
bulk property index of the conversion efficiency of light energy into chemical energy
(Morel, 1978, Morel and Berthon, 1989):
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with PAR(O+), the photosynthetically available radiation just above the surface (J m~2
d~1!), P the primary production rate (mg C m™2 d™ %), (C),, the chlorophyll pigment
content (g TChla m~2) (here down to the 0.1%) and 39 J mg C~! the factor which converts
the fixed carbon to stored energy. The stability of this biogeochemical index for both the
investigated periods is expected to characterize a direct dependency of normalized (by
pigment plant biomass) primary production vis-@-vis irradiance.

RESULTS

Density excess profiles in September—October revealed a surface value around 24.5 kg
m ™ and a 50 m mixed layer overlying a strong pycnocline (Fig. 2). By contrast, the profiles
recorded in May—June were much less structured, with a surface value of 25.5 kg m~3, and
a slightly deeper and smoother pycnocline (at 50~70 m). Nitrates were virtually absent
from the upper layers in both seasons (Fig. 3). In September—October, the nitracline (95
m) was located 30 m shallower compared to May-June (125 m).

The integrated (0~250 m) content of TChla did not vary significantly with season (23-24
mg m~?) at the OLIGO site (Table 1). Significant seasonal differences were recorded in
19'-BF and 19’-HF concentrations, higher in May—June than in September—October (p <
0.001). Conversely, zeaxanthin concentrations did not display any seasonal variation, nor
did the two other diagnostic pigment, fucoxanthin and peridinin. In contrast to the
OLIGO site, marked seasonal differences were recorded at the IMO site (Table 1).

The relative contributions of the three main phytoplankton groups (prochlorophytes,
cyanobacteria and flagellates) to TChla at the OLIGO and IMO sites are given in Table 2.

density (kg m -3) density (kg m
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Fig. 2 Density profiles in September—October and May-June at the OLIGO site. Each profile

corresponds to a station where HPLC pigments were sampled. In May—June, the two profiles witha

pycnocline located higher (20 and 40 m) than the general trend (70 m) correspond to the two
stations investigated during LEG 1 (i.e. three weeks before LEG 2).
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Fig. 3 Average nitrate profiles in September-October (n = 10) and May-June (n = 14) at the
OLIGO site. Error bars correspond to 1o.

Table 1. Integrated (0-250 m) pigment concentrations (mgm™2) in fall and summer
in the tropical North Adantic at OLIGO and IMO sites. For OLIGO sites data are
reported as means = o

OLIGO IMO
May-June 1992 Sept-Oct 1991 30 May 1992 11 Oct 1991

Pigment {(n=10) (n=12)

TChla 23.8x2.7 234%26 17.0 27.6
Chla 151+1.8 139+ 1.6 10.8 16.8
Divinyl-Chla 8.7%£1.0 9.5+1.0 6.2 10.8
TChlb 10.6 £2.3 10.2+£1.2 7.1 11.5
Chlc; 1.5+0.2 1.0+0.2 1.5 1.7
Chle, 24+03 1.9+0.2 2.2 2.7
19’-HF 7.1%x1.0 52x09 6.4 6.7
19'-BF 4.0+0.6 29+0.7 3.5 3.8
Zeaxanthin 5.3%03 5.6%+0.5 33 5.6
Fucoxanthin 1.2+03 1.1+0.2 1.4 3.0
Peridinin 0.5+0.1 04x02 0.4 0.4

The relative prochlorophyte contribution was very stable (between 36 and 40%), both
seasonally (May-June vs September—-October) and spatially (OLIGO vs IMO site). The
respective contributions of flagellates and cyanobacteria were more variable: flagellates
predominate over cyanobacteria in May-June and a converse situation was observed in
September—October. This tendency was particularly obvious at the IMO site.

With respect to the vertical distributions, the OLIGO site presented a remarkable
temporal stability, considering that sampling was performed over a one-month scale, and
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Table 2. Contribution (%) of the three main taxa to TChla at the OLIGO and IMO
sites

OLIGO IMO
May-June 1992 Sept-Ocr1991 30 May 1992 11 Ocr 1991
Taxon (n=10) (n=12)
Prochlorophytes 37 40 36 39
Cyvanobacteria 28 34 20 32
Flagellates 35 26 44 29

during two distinct periods (Fig. 4). In September—October, the vertical profiles of Chia
and divinyl-Chla were similar with maxima located, on average, at 95 m (mean values:
0.157 mg Chla m~3 and 0.132 mg divinyl-Chla m ™3, Fig. 4A). The distribution of 19'-BF +
19'-HF followed that of Chla with a maximum of about 0.106 mg m™>3. The Tchlb
maximum was located slightly deeper (105 m) than the Chla and divinyl-Chla maxima.
Zeaxanthin was the sole pigment whose distribution differed from that of Chla and of
divinyl-Chla with a concentration quite homogenous from the surface to 90 m (0.05 mg
m™>), and a sharp decrease from the level of the Chla and divinyl-Chla maxima. The
distribution of fucoxanthin, the least abundant pigment (mean maximum of 0.015 mg m™3
at 100 m), displayed the widest variability with occastonally noticeable peaks. This was
especially true at the IMO station where fucoxanthin concentration exceeded 0.035 mg
m ™ (over a 10 m depth interval) (Fig. 4A).

In May-June, at the OLIGO site, the pigment distributions (Fig. 4B) were nearly the
same as those observed in September—October (Fig. 4A). The main differences were (i)
the position of the Chla and divinyl-Chla maxima, which were located deeper (120 m
compared to 95 m in September—October); (ii) the vertical distribution of zeoxenthin,
which gradually increased from the surface (0.030 mg m ™) to 110 m (0.045 mg m ) with a
rapid decrease below; and (iii) the distribution of fucoxanthin, less variable than in
September—-October. At the IMO site (Fig. 4B), the pigment maximum was at 95 m, the
zeaxanthin distribution concomitantly decreased with depth and fucoxanthin concen-
tration was two times higher for the top 50 m than at the OLIGO site.

Despite the difference in the euphotic zone depths (16 m), the seasonal distribution of
the three groups within the four layers of optical thickness was very constant (Table 3).
Cyanobacteria were dominant in the surface layers (100-10%); flagellates dominated at
depth (0.1-0.01%), whereas the prochlorophytes contribution, more uniform over the
entire water column, became predominant over other species near the level of the TChia
maximum (10-0.1%). The ratio TChlb/divinyl-Chlb in prochlorophytes increases eight-
fold with depth compared with the ratio TChlc/Chla in flagellates (three-fold increase)
(Fig. 5). When the flagellate group is considered in more detail, the contribution of 19'-
BF-containing flagellates increases three-fold with depth, at the expense of 19'-HF-
containing ones, as shown by the depth distribution of the 19'-BF/19'-HF ratio (Fig. 6).

Primary production profiles varied widely (Fig. 7), but the average profile shows a
general decrease from the surface to 120 m. In the top 90 m, rates of carbon fixation were
higher for the May-June period. Consequently, the integrated primary production
(computed as the average of the integrated production from each experiment) is higher (p
< 0.05) in May-June (352 + 68 mg Cm™2 d~?) than in September-October (267 + 53 mg
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Fig. 4 Vertical distribution of the main diagnostic pigments in September—October and May-
June at the OLIGO: site (closed symbols) and IMO site (open symbols). The depths of the different
isolumes are reported on the Chla panel.

DEPTH (m)

Fucoxanthin ks 19'-HF + 19'-BF

150

DEPTH (m)

C m~2d™!). The integration of primary production over layers of équal optical thickness
(Table 4) shows that more than 80% of the carbon fixation takes place on the euphotic
zone (down to 1% of the incident light), which accounts for less than 50% of the TChla
biomass. Assimilation numbers are double in surface layers for the May-June period than
for the September—October one. Over the whole water column assimilation numbers are
27% higher in May-June than in September—October.

In order to get at least a rough estimate of the phytoplankton carbon at the OLIGO site
we made the following assumptions: the carbon/Chla ratio in phytoplankton is 100 for the
100-10% isolume interval and decreases by a factor of two for each subsequent layer of
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equal optical thickness; these assumptions are consistent with the findings of Goericke
(1990) at a station with conditions similar to ours (1% of surface irradiance at 100 m) in the
Sargasso Sea. Table 4 shows that phytoplankton carbon concentration is homogeneous

between 100% and 1% isolume and decreases at the DCM level. Over the whole water
2

column the integrated content of phytoplankton carbon is about 1 gCm™".

A 29% increase of irradiation (in term of PAR), monitored during the primary
production measurement, was recorded between the September—October period (36.5 *
5.3 mole quanta m™~2 d™") and the May-June period (51.7 + 0.8 mole quantam™* d™").
Despite this difference, computed ¥* were remarkably stable with a value of 0.063m> g

TChla™! during both investigated periods.
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Fig. 5 Vertical distribution of the ratios TChlb/divinyl-Chia (A) and TChlc/Chle (B) in
September-October and May-June at the OLIGO site. The depths of the different isolumes are
reported on each panel.

DISCUSSION

Stability and variability of biomass and production

Despite significant differences in the water column stratification between the two
seasons (Fig. 2), the phytoplankton biomass remained surprisingly stable at the OLIGO
site: (i) the integrated concentrations of TChla were identical at both periods (Table 1) and
(i) the relative contributions of the three picophytoplankton groups to TChla presented
very slight differences (Table 2). These contributions fall within the range
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Fig. 6 Vertical distribution of the 19’-HF/19’-BF ratio in September-October and May-June at
the OLIGO site. The depths of the different isolumes are reported on each panel.
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Fig. 7 Average primary production profiles in September-October (n = 9) and May~June (n = 4)
at the OLIGO site. Error bars correspond to 1o.
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observed by Campbell et al. (1992) at the Hawaii time series station where the Chla in the
deep chlorophyll maximum layer was similarly partitioned between prochlorophytes
(34%) cyanobacteria (32%) and others (34%, mostly prymnesiophytes). Such similarities
between phytoplankton communities of oligotrophic areas of the Pacific and Atlantic
partially confirm invariance of phytoplankton distributions throughout the world tropical
ocean. The latter was suggested by Le Bouteiller et al. (1992) on the basis of the size
distribution of Chla

In contrast to other phytoplankton taxa, the diatom biomass (expressed as fucoxanthin
concentration) is much more variable in time and space (Fig. 4). Two mechanisms can
account for such sporadic presence. First, since diatoms are opportunistic taxa able to
respond quickly to NO; enrichment (Fogg, 1991), their presence as a band of elevated
concentration suggests the existence of previous spatio-temporal events which may have
locally favored nutrient enrichment in the upper layers (Goldman, 1993). Secondly,
numerous reports of diatom aggregates, particularly Rhizosolenia mats, have come from
the oligotrophic open ocean (e.g. Alldrege and Silver, 1982). These diatom mats may be
associated with nitrogen-fixing endosymbiotic bacteria, which may supply the nitrogen
requirements of the mat (Martinez et al., 1983), although this feature is not systematic
(Villareal and Carpenter, 1989). Although limited in time and space, and whatever the
cause of their occurrence, the sporadic presence of diatoms in the open ocean may be,
therefore, a tracer of significant input of new nitrogen and subsequently of a large
contribution to new production (Goldman, 1993). The use of pigment analysis appears to
be an alternate tool for providing evidence a posteriori for such events of new production,
given that pigments are sufficiently stable markers (at least qualitatively), even after the
death of organisms (Claustre, 1994).

Phytoplankton biomass was stable over both periods (quantitatively and qualitatively,
Tables 1 and 2), but integrated primary production rates were 32% higher in May—June
than in September—October, which led to higher assimilation numbers in May-June,
mainly in the upper illuminated layers (Table 4). Since irradiance was 29% higher in May—
June than in September—October, over the whole productive column (down to 0.1%,
see Table 4 for TChla integration), the cross-section for photosynthesis and per unit of
areal Chla remains remarkably stable over both periods (0.063 m* g TChla™'). This
confirms, for the open stratified ocean, the proportionality between primary production
and daily photosynthetic radiation (Morel, 1978; Platt, 1986), which is an important
relationship in view of the remote sensing application in the estimation of marine primary
production (Morel, 1991). The corollary of a tight control of primary production by
irradiance is that phytoplankton may not be nutrient-limited, an observation which
corroborates the conclusions of Laws ez al. (1987), who argue that, in sub-tropical areas,
phytoplankton grow at rates very close to the nutrient-saturated rates because of high
regeneration rates.

Vertical distribution

The stability in the stratification of the phytoplankton biomass (Fig. 4 and Table 3),
compared to the differences in the water column stratification between the two periods
(Fig. 2), suggests that turbulent diffusion is slow enough to allow the maintenance of
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persistent ecological niches with well-established light and nutrient combinations. Dug-
dale (1967) proposed a conceptual framework for such an environment with a lower, light-
limited, euphotic region and an upper, nutrient-limited layer. Using phytoplankton
association (mostly large cells as determined by the Uterméhl technique), Venrick (1982)
confirmed such a two-layered hypothesis and demonstrated that both layers are separated
by a rapid transition zone. Since pico- and nano-phytoplankton appear to be the main
contributors of autotrophic biomass in the oligotrophic environment, phytoplankton
pigment distributions give us the opportunity to evaluate the depth distribution of
phytoplankton in regard to the light-nutrient combinations.

In such oligotrophic environments, the prokaryotes (cyanobacteria and prochloro-
phytes) are the likely candidates to grow on regenerated forms of nitrogen: cyanobacteria
are dominant in nitrate-depleted surface waters (Table 3, Fig. 4). Prochlorophytes in
culture require ammonia or urea (Chisholm ez al., 1992) and do not grow on NO,
substrates. The latter can even generate mortality (Partensky and Vaulot, personal
communication). The differential distribution of both prokaryotic groups could be linked
to their photoadaptation characteristics. Cyanobacteria lack accessory chlorophylls,
contain zeaxanthin which likely acts as a photoprotectant (Paerl ezal., 1983; Claustre et al.,
1994a) and also contain phycobiliproteins (not measured in this study) which enhance their
absorption capability in the green domain (Ong et al., 1988; Morel et al., 1993).
Cyanobacteria are therefore particularly well suited for growing in surface and intermedi-
ate layers. The pigments of prochlorophytes allow adaptation to a broader irradiance
range than cyanobacteria. Prochlorophytes also contain the photoprotective zeaxanthin
which allows growth at high irradiances, while divinyl-Chla, divinyl-Chlb and a Chlc-like
pigment allow absorption to be optimized in the blue light prevailing at depth (Goericke
and Repeta, 1993; Goericke and Welschmeyer, 1993).

The maintenance and predominance of flagellate populations in deep waters (below
0.1%, Table 3) is rather unexpected as this group presents, a priori, photoadaptation
abilities less extended than those of prochlorophytes: (i) the increase with depth in the
chlorophyll cellular content of flagellates, as estimated by cytometric measurements (red
fluorescence), is 10 times less than in prochlorophytes (Campbell and Vaulot, 1993); (ii)
photoadaptation in terms of accessory chlorophyll increase appears less efficient in
flagellates than in prochlorophytes (Fig. 5). Therefore, since (i) cyanobacteria and
prochlorophytes are suspected not to use NO; and (ii) flagellates do not display particular
photoadaptation advantages, we suggest their presence at very low light levels to be mainly
governed by nitrate availability.

Letelier et al. (1993) suggested that chrysophytes (which contain 19'-BF) are better
adapted for existence at the base of the deep chlorophyll maximum layer. Since 19'-BF and
19’-HF have the same spectral characteristics (Bjgrnland ez al., 1988, 1989), the three-fold
increase of the 19'-BF to 19'-HF ratio with depth (Fig. 6) do not result from photoadap-
tation. The examination of the depth distribution of 19’-BF/19’-HF (Fig. 6) vs nitrate (Fig.
3) suggests a co-variation of both variables (gradient in the ratio at the level of nitracline)
which corroborates similar observations conducted in the Alboran sea (Claustre et al.,
1994b). Recent isolations below the DCM of flagellates which contain only 19'-BF
(Vaulot, personal communication) as well as the recent description of a new algal class, the
pelagophyceae, closely related to crysophyceae (Andersen et al., 1993), suggest that a
particular taxonomic group might be associated with low light levels and the nitracline in
oligotrophic environments. Nevertheless, even if flagellate distribution (especially those
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containing 19'-BF) could be correlated to nitrate availability, the mechanisms of the
maintenance of a phytoplankton population at depth, where light (maximum of 2 #mole
quanta m~2 s~! at noon) and therefore production are extremely low, remain an open
question. Several assumptions may be examined to account for this particular flagellate
maintenance at low light-high nitrate levels. Dinoflagellates may move up and down in the
water column to sustain their light and NO; requirements (Cullen et al., 1985). Although
such an adaptation appears a priori to be questionable for small-sized flagellates, the
possibility of a decoupling between NO; assimilation and CO, fixation (as soon as the
algae actively reach the lighted layer) can not be excluded. Moreover, some heterotrophic
growth, as already demonstrated for some flagellates (e.g. Laliberté and De la Noiie,
1993) may also account for the flagellate maintenance at very low light intensities. Neither
hypothesis has yet been tested for flagellates which dominate at and below the DCM.
Research on light and nitrogen requirements of deep water flagellates should be under-
taken to understand the role of flagellates in the control of nitrate assimilation and, more
generally, in the control of new production in the open ocean.

Our data suggest the existence of two distinct types of phytoplankton taxa involved in
the control of new production. While flagellates may be responsible for most of the new
production associated with the regular nitrate flux from below the euphotic zone, diatoms
could also play a significant part in the new production (see above) associated with pulsed
nutrient injections (Goldman, 1993) or with the nitrogen fixation by their endosymbiots
(Martinez et al., 1983). Consequently, the resulting particulate fluxes would be strongly
modified according to the type of primary producers since small flagellates are most likely
involved in the microbial loop, which tends to keep this new nitrogen in the upper layer,
while diatoms most likely sink in the form of diatom flocks (Alldrege and Gotschalk,
1989).

The origin and the maintenance of the DCM in open ocean waters has been the subject
of many debates and hypotheses (Cullen, 1982). Recent studies tend to support the
hypothesis that the DCM in oligotrophic stratified environments could be solely a by-
product of phytoplankton photoadaptation to very low light intensities. Particularly, the
work of Goericke (1990) in the Sargasso Sea clearly demonstrates that the ratio of
phytoplankton carbon to Chla (phytoplankton carbon being estimated by the Chla
labeling technique) strongly decreases with depth. Using Goerickes’s findings, Table 4
shows that the TChla maximum is not a phytoplankton carbon maximum and more likely
results from photoadaptation. These results set the problem of finding an accurate biomass
estimator of the phytoplankton biomass in areas with a pronounced DCM. From
laboratory experiments it is recognized that the Chla cell ™! concentration in cyanobacteria
(Kana et al., 1988) or the divinyl-Chla cell ™! concentration in prochlorophytes (Partensky
et al., 1993) decreases with increasing irradiances while the cellular carbon remains quite
stable. The in situ estimation of phytoplankton carbon can be achieved by two promising
methods: (i) cell number and size determination (as estimated by cytometric and
microscopic techniques) and conversion to phytoplankton carbon from previously estab-
lished relationships (Li ef al., 1992) and (i) the Chla labeling techniques (Gieskes and
Kraay, 1989; Goericke, 1990). Both methods suffer from uncertainties or are time-
consuming so that their routine use appears prohibitive at the present time. Nevertheless,
the importance of phytoplankton carbon as a key parameter in oceanic biogeochemical
studies (including models where it is an essential input parameter) makes essential the
improvement of methods allowing its accurate assessment at sea.
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CONCLUSION

Although long-term changes (over 20 years) in the chlorophyll biomass are documented
for tropical oligotrophic systems (Venrick et al., 1987), at smaller scale, the results
presented here point out that phytoplankton distributions keep remarkably stable tem-
porally (daily, seasonaly: 1991 fall equinox vs 1992 summer solstice) as well as spatially
(vertically). The oligotrophic system studied here appears to be at steady state so that
direct causal relationships between light, nutrients, biomass and primary production may
be established even if this relationship may imply, at smaller scales, complex feed-back
mechanisms not yet completely elucidated. The implications of such observations may be
important at several levels. On a global scale, and as a consequence of this short—middle-
term stability, studies aimed at inferring primary production from sea color surface maps
benefit from the use of empirical relationships and regional statistics. At a smaller
observational scale, the stratification in phytoplankton distributions suggests diffusion to
be very low in such environments. As a consequence, the measured biological properties
may be seen as a response to well-defined light-nutrient combinations rather than to
integrated light and nutrient histories of the cells due to their dynamic displacement in the
water column. The oligotrophic ocean may therefore, also be seen as an interesting case
study where hypotheses related to the light and nutrient influence on autotrophic biomass
production may be more simply tested.
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