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[1] Under an apparent monotony characterized by low phytoplankton biomass and
production, the Pacific equatorial system may hide great latitudinal differences in plankton
dynamics. On the basis of 13 experiments conducted along the 180� meridian (8�S–8�N)
from upwelled to oligotrophic waters, primary production was strongly correlated to
chlorophyll a (chl a), and the productivity index PI (chl a-normalized production rate) varied
independently of macronutrient concentrations. Rates of total (14C uptake) and new
(15N-NO3 uptake) primary production were measured in situ at 3�S in nutrient-rich advected
waters and at 0� where the upwelling velocity was expected to be maximal. Primary
production was slightly higher at the equator, but productivity index profiles were identical.
Despite similar NO3 concentrations, new production rates were 2.6 times higher at 0� than at
3�S, in agreement with much higher concentrations of biogenic particulate silica and silicic
acid uptake rates (32Si method) at the equator. Furthermore, phytoplankton carbon
concentrations from flow cytometric and microscopical analyses were used with pigment
and production values to assess C:chl a ratios and instantaneous growth rates (m). Growth
rates in the water columnwere significantly higher, and C:chl a ratios lower at 0� than at 3�S,
which is consistent with themore proximate position of the equatorial station to the source of
new iron upwelling into the euphotic zone. For the transect as a whole, compensatory
(inverse) changes of C:chl a and m in response to varying growth conditions appear to
maintain a high and relatively invariant PI throughout the equatorial region, from high-
nutrient to oligotrophic waters. INDEX TERMS: 4231 Oceanography: General: Equatorial

oceanography; 4805 Oceanography: Biological and Chemical: Biogeochemical cycles (1615); 4855

Oceanography: Biological andChemical: Plankton; 4279Oceanography:General: Upwelling and convergences;
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1. Introduction

[2] The quasi-permanent easterly trade winds blowing
across the equatorial Pacific Ocean drive a large-scale zonal
circulation whose upwelling divergence brings dissolved
carbon and nutrients to the surface. Nutrient-rich waters
stretch across 10,000 km of ocean between the Galapagos
Islands at 90�W and the 180th meridian, and from 5�N to
5�S. This huge area defined by Wyrtki [1981] as the Pacific

equatorial upwelling system (‘‘Wyrtki box’’) has been
estimated to account for 18% of new biological production
in the global oceans [Chavez and Toggweiler, 1995]. It is
also responsible for the greatest efflux of CO2 from the
oceans to the atmosphere [Tans et al., 1990], justifying an
intensive investigation effort during the International
JGOFS Program [Murray et al., 1994].
[3] Extremely low phytoplankton biomass is a well-known

characteristic of this broad, persistently nutrient-rich area.
Dupouy et al. [1993], for instance, calculated a mean surface
chlorophyll a concentration of 0.203 ± 0.064 mg chl a m�3

(n = 161 stations) for the Pacific upwelling region. This value
is only two times higher than surface chl a in severely
nutrient-depleted waters in the western tropical Pacific
(chl a = 0.096 ± 0.062 mg m�3; n = 332 stations) [Dupouy
et al., 1993] and at station ALOHA in the north subtropical
gyre (chl a = 0.092 ± 0.007 mg m�3) [Karl et al., 1998]. The
paradoxical poverty of phytoplankton biomass while macro-
nutrients are permanently above uptake saturation concen-
trations led Minas et al. [1986] to define the high-nutrient,
low-chlorophyll (HNLC) concept. The combination of
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strong micronutrient limitation and grazer regulation of the
smallest phytoplankton has been invoked as an explanation
for the low chl a concentrations during normal (non-El Niño)
conditions [Landry et al., 1997]. Despite few concentration
measurements, but bolstered by direct evidence from in situ
fertilization experiments, iron is well established as the main
limiting factor for phytoplankton productivity and biomass
[Martin et al., 1991; Price et al., 1994; Coale et al., 1996;
Gordon et al., 1997; Mann and Chisholm, 2000].
[4] A second characteristic of the equatorial Pacific under

normal conditions is the striking spatial monotony of phyto-
plankton [Chavez et al., 1991;LeBorgne et al., 1999; Strutton
and Chavez, 2000]. In spite of an intense zonal gradient in
nutrients, inversely correlated with sea surface temperature,
little geographical variability in chl a is evident. During two
ALIZE cruises (1965 and 1991) from the Galapagos Islands
to the western edge of the equatorial upwelling, surface chl a
and chl am�2 did not differ significantly from one end of the
upwelling area to the other [Le Bouteiller and Blanchot,
1991]. Even west of the Galapagos, where more than 1 mM
of phosphate and up to 10–12 mM of nitrate and silicic acid
have been observed [Guérédrat, 1971; Chavez et al., 1991;
Reverdin et al., 1991;Chavez et al., 1996], surface chl a rarely
exceeds 0.4mgm�3, as if the same environmental constraints
were applied everywhere on phytoplankton biomass. As in a
chemostat at steady state [Frost and Franzen, 1992], nutrient
inputs and all processes increasing the biomass of primary
producers must be in a near-perfect balance with all loss
processes. Grazing pressure undoubtedly exerts a persistent
control on equatorial phytoplankton populations [Banse,
1995]. As far as we know, only two exceptions to this
monotonously low phytoplankton biomass have been
reported to date. The first was a great surface accumulation
of buoyant diatoms (Rhizosolenia) north of a convergent front
in the central Pacific [Archer et al., 1997]. The other was
observed on the return to normal conditions after the strong
1997–1998 El Niño episode, when nutrient-rich waters
reached the surface and chl a increased sharply as in a coastal
upwelling [Chavez et al., 1999].
[5] A third typical feature of the equatorial Pacific HNLC

system is the phytoplankton size structure. During the ALIZE
2 cruise, chl awas almost equally distributed into 3 main size
classes,<1 mm, 1–3 mm and >3 mm (39, 33 and 28%
respectively, means of 42 profiles) which remained nearly
constant along the equatorial belt from 95�W to 167�E
[Le Bouteiller and Blanchot, 1991]. Hence, the <3 mm size
fraction clearly and systematically dominates the phyto-
plankton, even in upwelled waters [Chavez, 1989; Peña et
al., 1990; Le Bouteiller et al., 1992]. This small size class is
composed of Prochlorococcus, Synechococcus and picoeu-
karyotic algae [Blanchot et al., 2001; Mackey et al., 2002a]
which have greater surface area:volume ratios and should be
less diffusion limited by trace metals than larger cells [Morel
et al., 1991;Thingstad, 1998]. Conversely, small cells support
a stronger grazing pressure than larger cells [Legendre and
Le Fèvre, 1989] because grazing is mainly due to protozoans
with division rates similar to or higher than those of phyto-
plankton, allowing rapid responses in grazing pressure to any
change of food supply [Banse, 1994].
[6] Because of intense protistan grazing on small cells,

ammonium is excreted, either directly or via mesozooplank-
ton [Raimbault et al., 1999; Gaudy et al., 2003]. Since

ammonium is the preferred nitrogen source for uptake by
phytoplankton [Dortch, 1990; Wheeler and Kokkinakis,
1990], a fourth characteristic of the equatorial Pacific is the
large and systematic predominance of regenerated produc-
tion over new production [Dugdale and Wilkerson, 1991;
Dugdale et al., 1992;McCarthy et al., 1996; Raimbault et al.,
1999, 2000]. As suggested by Walsh [1976], the low fre-
quency of variability of the physico-chemical habitat of the
equatorial divergence promotes the evolution of herbivorous
populations, which markedly influence and control phyto-
plankton size, species composition and nutrient utilization.
[7] Since the main properties of phytoplankton exhibit a

narrow range of variability and a quasi-uniform distribution
within theWyrtki box, the major processes controlling fluxes
of energy and matter should be persistent (but not necessarily
constant) in the system, which would facilitate their descrip-
tion and modeling. In the present paper, we report data from
experiments intended to analyse the relationship between
particulate organic carbon production and phytoplankton
biomass, and to determine if and how chlorophyll a can be
used to predict primary production in the western equatorial
Pacific. For that purpose, plankton populations were sampled
from 8�S to 8�N along the trophic gradient from extreme
oligotrophy to the north and south and typical HNLC con-
ditions in the equatorial upwelling zone.
[8] In addition, to better understand the processes

involved in the upwelling system, phytoplankton dynamics
were studied in detail at two stations located at 3�S and on
the equator and occupied during 5 days of intensive
sampling. The aim was to investigate the potential biolog-
ical consequences of two slightly different chemical and
hydrological structures. In a previous paper, a clear change
of silicic acid limitation of diatom silica production was
evident between the two time series stations [Leynaert et al.,
2001]. Here, we complete the analysis by comparing results
of in situ measurements of primary production, new pro-
duction (NO3 uptake) and silicic acid uptake. Our observa-
tions show that equatorial waters are more productive in
terms of nitrate and silica uptake at 0� than at 3�S. Thus, in
spite of only slight variations of phytoplankton biomass,
size structure, cell composition and primary production,
strong differences of new production fluxes may occur at
different locations within the HNLC region.

2. Material and Methods

2.1. Sampling, Nutrients, Pigments, Flow Cytometry,
and Phytoplankton Carbon

[9] The Etude du Broutage En zoNe Equatoriale
(EBENE)-JGOFS cruise of R/V L’Atalante (21 October to
20 November 1996) consisted of transect sampling along
the dateline, with stations occupied every degree of latitude
from 8�S to 8�N and two time series stations at 3�S and the
equator. Water column properties were sampled routinely to
300 m by CTD rosette, with discrete samples at 12 depths.
Temperature, salinity, currents and nutrients (nitrate, nitrite,
ammonium, phosphate and silicic acid) measurements are
described in detail by Eldin and Rodier [2003].
[10] In all samples collected for production measurements,

chlorophyll pigments were analysed by both spectrofluoro-
metric and fluorometric techniques. For discrimination
of monovinyl- and divinyl-chlorophyll a by spectrofluorom-
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etry, seawater samples (500 mL) were filtered onto What-
man GF/F filters and extracted in 90% acetone for 12 hours
in the dark at 4�C [Neveux et al., 2003]. For comparison
with fluorometric data, chl a refers to the sum of mono-
vinyl- and divinyl-chlorophyll a. Samples (100 mL)
for fluorometry were filtered onto GF/F filters (25-mm
diameter) and extracted in 95% methanol according to the
method described by Holm-Hansen and Riemann [1978]
and modified by Le Bouteiller et al. [1992]. Chlorophyll a
determinations were made within 15 to 90 min of extraction
on a Turner model 112 fluorometer. Additional size-
fractionated pigment samples were taken by filtering
138-mL samples first onto 3-mm polycarbonate Nuclepore
filters (25 mm) with vacuum pressure <4 hPa, and then
onto GF/F filters. Chl a was determined on each fraction
by fluorometry and compared to its concentration in
unfractioned samples. Most of the time, the sum of chl a
in the fractions equalled unfractioned chl a within 10%.
[11] Picoplankton cells were enumerated on shipboard

within two hours of collection using a FACScan flow
cytometer (Becton-Dickinson) and the mean cell sizes were
estimated using the flow cytometer light forward scatter
according to the procedure described by Blanchot et al.
[2001]. Cellular carbon was estimated using the statistical
allometric relationships by Verity et al. [1992]. The conver-
sion factors used are 470(cell volume) fgC cell�1 for
procaryotes and 433(cell volume)0.863 fgC cell�1 for eukary-
otes. Autotrophic nanoplankton and microplankton were
counted by microscopy [Brown et al., 2003]. Length and
width measurements were converted to biovolumes (BV;
mm3) applying appropriate geometric shapes. Cell
volume to carbon conversions were based on modified
Strathmann [1967] equations for diatoms (log10C =

0.76(log10BV) � 0.352) and nondiatom phytoplankton
(log10C = 0.94(log10BV) � 0.60) [Eppley et al., 1970].

2.2. Photosynthetically Available Radiation (PAR)
and Euphotic Layer Depth

[12] Incident PAR (PAR 0+ in Table 1) was measured
during incubations using a cosine-corrected Li-Cor quanta-
meter connected to a Li-Cor integrator. In addition, two
spherical sensors QSP-200L of Biospherical Instruments,
one on deck and the other connected to the Sea-Bird SBE-
911-plus CTD system, gave relative and absolute values of
PAR in the water column.
[13] To compare the inherent capacities of light penetration

in the water column at each sampling station, depth of the
euphotic layer Zeu (1% light penetration) was calculated for
every chlorophyll profile from the relationship of Morel
[1988],

Zeu ¼ 38:0C�0:428 ð1Þ

with a substantial modification for C, the mean pigment
content. Rather than use fluorometrically determined
pigment values (i.e., chl a + phaeopigments), we substituted
the mean active pigment content (mv-chl a + dv-chl a)
measured by spectrofluorometry. This procedure gives
euphotic layers several meters deeper than Morel’s calcula-
tion, but slightly shallower than the euphotic layers
measured in situ with our spherical quantameter.

2.3. Primary Production

2.3.1. In Situ Experiments
[14] For three of the five days at the 3�S and 0� time

series stations, seawater for in situ production measure-

Table 1. On-Deck Experimentsa

Latitude Date Temperature NO3 NO2 PO4 Si(OH)4 Syn. Proc. Pico.

8�02S 10–26 29.312 0.000 0.000 0.223 1.050 13.7 150.0 2.00
6�58S 10–27 29.277 0.441 0.014 0.263 1.130 15.1 153.3 2.08
5�00S 10–28 29.114 1.412 0.024 0.333 1.770 15.1 143.8 3.93
3�00S 10–29 28.615 2.500 0.077 nd nd 15.0 190.9 7.80
3�03S 10–30 28.595 2.355 0.073 nd nd 22.2 281.5 8.05
2�00S 11–3 28.421 2.284 0.093 0.342 2.060 13.9 188.8 6.30
1�00S 11–4 28.231 2.572 0.156 0.344 2.280 10.5 152.3 5.20
0�00 11–5 27.828 3.465 0.304 nd nd 16.9 230.0 11.40
0�01N 11–9 28.218 1.628 0.221 0.286 2.160 17.3 320.2 11.45
1�00N 11–10 28.587 0.882 0.069 0.233 2.010 14.9 220.4 6.30
4�00N 11–11 28.516 0.811 0.070 0.233 1.930 11.6 169.9 4.95
7�00N 11–12 29.354 0.004 0.028 0.059 1.450 0.8 80.0 0.80
8�00N 11–13 29.278 0.013 0.003 0.073 1.500 nd nd nd

Latitude mvCh dvCh Chl a Std n PC Std n PI PAR 0+

8�02S 0.043 0.052 0.087 0.002 2 0.81 0.15 5 8.55 34.7
6�58S 0.087 0.083 0.148 0.006 2 1.05 0.10 16 6.18 28.2
5�00S 0.094 0.074 0.160 0.008 2 1.37 0.08 5 8.16 46.2
3�00S 0.101 0.056 0.168 0.015 2 1.50 0.08 5 9.55 45.1
3�03S 0.137 0.117 0.254 0.010 5 1.34 0.04 5 5.28 46.2
2�00S 0.119 0.076 0.255 1 1.80 0.08 4 9.23 44.5
1�00S 0.127 0.097 0.240 0.001 2 1.68 0.20 3 7.50 45.7
0�00 0.174 0.126 0.334 0.002 2 2.55 0.14 4 8.50 44.5
0�01N 0.154 0.153 0.356 1 2.09 0.14 6 6.80 36.7
1�00N 0.128 0.117 0.276 0.012 2 2.27 0.13 5 9.28 42.1
4�00N 0.116 0.137 0.266 0.010 3 1.50 0.05 4 5.93 41.9
7�00N 0.028 0.040 0.093 0.006 2 0.39 0.02 6 5.79 40.3
8�00N 0.026 0.030 0.062 0.001 2 0.34 0.028 4 6.04 40.3

aLatitude, date, temperature (�C), nutrients (mM), Synechococcus, Procholorococcus, and picoeukaryotes (cells mL�1), chlorophyll a (fluorometer),
mono- and divinyl-chlorophyll a (mg m�3), primary production (mgC m�3 h�1), productivity index (gC gchla�1 h�1) and integrated PAR 0+ (E m�2 d�1).
Std = Standard deviation.
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ments was collected between 0400 and 0430 hours using
a rosette of 12 12-L Niskin bottles. Sampling depths were
every 10 m between the surface and 80 m, then 100, 120
and 150 m. Moreover, the same surface water (in reality
taken between one and three meter depth) was used for in
situ incubations at both 0 and 5 m. At each level,
replicate samples were taken for 12- and 24-hour pro-
duction experiments.
[15] New sterile 260-mL plastic bottles were filled

gently using a new silicone tube washed with 0.5 N HCl
and rinsed with double-distilled water. The tracer solution
was prepared according to the procedure recommended by
Fitzwater et al. [1982]. Na2CO3 was added to double-
distilled water up to pH 10. 14C-NaHCO3 was diluted in
this water and immediately frozen in Teflon bottles. Before
each experiment, one frozen aliquot of tracer solution was
thawed to ambient temperature, and 0.5 or 1 mL (5 to
10 mCi of 14C) was added to each experimental bottle. For
each experiment, one to several samples were inoculated
with 14C solution and immediately filtered to determine
abiotic particulate 14C incorporation. The in situ array was
launched before sunrise, and picked up at about 1800. One
series of replicate samples was immediately filtered, giving
daytime primary production values. The other series was
placed for the night in a shipboard incubator to obtain net
production per day. After incubation, samples were col-
lected on 25-mm GF/F filters using a vacuum pressure
<50 hPa. Duplicate samples were fractionated onto 3-mm
Nuclepore filters following the same procedure as that for
pigments. At the end of filtration, filters were immediately
rinsed with filtered seawater, taking the recommendations
of Goldman and Dennett [1985] into account, and placed in
7-mL scintillation glass picovials. After addition of 100 mL of
0.5 N HCl, the vials were dried for 24 hours at 50�C before
5 mL of Ultima Gold scintillation liquid were added to each
vial. 14C-CO2 uptake was determined on board by using
6-min counts on a liquid scintillation counter Packard model
TRI-CARB 1600-TR with a quenching correction by a 14C
internal standard. Several series of samples were counted a
second time after a 24-hour delay, showing no significant
difference from the first counts. For each experiment, total
activity introduced into incubation samples was measured
by counting several 50-mL replicates of the tracer solu-
tion in vials containing 5 mL of Instagel and 50 mL of
Carbo-Sorb. Since insignificant variability of 14C activity
was detected among experiments (cv = 1.3% on
102 analyses), we used a mean value for total activity
in the production calculations.
[16] Primary production rate (PC, mgC m�3 t�1) was

calculated as

PC ¼ ðR� R0ÞðA=QÞð1:05=tÞ ð2Þ

where R = DPM counted on GF/F filters after incubation,
R0 = DPM counted on GF/F filters immediately after
addition of 14C, A = 24,000 mgC m�3 = mean total
inorganic carbon concentration in seawater, Q = total
activity (DPM) of added 14C carbonate solution, 1.05 is the
factor for preferential fixation of 12C over 14C, and t is the
incubation time (hour or day). The productivity index (PI) is
classically defined here as the amount of carbon fixed per
hour normalized to initial chlorophyll a (gC g chl a�1 h�1).

2.3.2. On-Deck Experiments
[17] In order to compare primary production and phy-

toplankton biomass under varying nutrient conditions,
experiments along the 8�S–8�N transect were conducted
on deck under fixed optical conditions. The incubator
used for that purpose was covered by a sheet of Acrylite
625-5 blue Plexiglas reducing light intensity to 30% of
PAR, and was cooled with surface seawater. From three
to sixteen replicate samples were taken at 20 m at
stations occurring between 0200 and 0530 h, but 14C
was added to bottles just before the beginning of the
experiments (0600). The profiles of density from these
stations show that the 20-m depth was always included in
the mixed layer recently homogenized by nocturnal con-
vection. Hence, 20-m samples were representative of the
whole mixed layer. All samples were incubated under the
same light regime, close to the mean radiation available
at 20-m depth, which varied during the cruise from 22 to
32% of incident PAR. The sampling depth and the light
regime in these experiments correspond to the maximum
of productivity index [Cullen et al., 1992; Barber et al.,
1996] (Figure 6), providing the best sensitivity for data
comparisons. All experiments were conducted between
0600 and 1800 (local time). Sample processing was similar
to that of in situ experiments. During these experiments,
17 series of replicates (generally 5) were used to calculate
a mean 5.7% coefficient of variability (cv) for production
measurements.

2.4. New Production

[18] For nitrogen productivity measurements, samples
were taken every 10 m between 10 and 80 m. Acid-
cleaned polycarbonate bottles (1.2 L) were filled with
seawater, and 15N tracer (K15NO3) was added at 10 to
15% of ambient nitrate concentration. For in situ incuba-
tions, a special array was deployed before sunrise and
generally recovered at midday. However, one of three
experiments at the equator was incubated for the full
daylight period (12 h). In that case, 15N bottles were hung
on the same array as 14C bottles. At the end of all
experiments, the incubated samples were filtered onto
25-mm precombusted GF/F filters, and the filters were
dried at 50�C for 24 hours and stored with desiccant.
These filters were later analyzed for 15N enrichment and
particulate N content using a Europa mass spectrometer
according to the protocol described by Raimbault et al.
[1999]. NO3 uptake was calculated using an equation that
takes into account the final particulate nitrogen concentra-
tion [Dugdale and Wilkerson, 1986],

PN ¼ ðRPON=RNO3Þðt�1ÞðPONÞ ð3Þ

where PN = NO3 uptake rate (mmolN m�3 h�1), RPON and
RNO3 =

15N atom percent enrichment in the PON (final) and
NO3 (initial) pool, respectively, t = duration of incubation
(h), and PON = particulate organic nitrogen (mM). No
difference was found between hourly nitrate uptakes in one
12-hour and the two 6-hour experiments at the equator.
Hence, we computed new production during the daylight
hours by multiplying the measured NO3 uptake per hour
by 12.
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[19] The f ratio [Eppley and Peterson, 1979] was calcu-
lated for the daytime periods from new and total primary
production rates values:

f ¼ ½PN6:6�=PC ð4Þ

where 6.6 represents the Redfield C:N ratio for phyto-
plankton.

3. Results

3.1. Environmental Conditions

[20] Because of the occurrence of a cold ENSO episode
(La Niña) in 1996, upwelled waters stretched westward
along the equator, pushing the warm pool toward the
extreme west of the Pacific. Consequently, the EBENE
cruise transect along the dateline crossed a well-developed
upwelling structure [Eldin and Rodier, 2003]. The south
equatorial current (SEC) [Wyrtki, 1974] was observed
flowing westward at about 50 cm s�1 from 4�S to 3�N
with a maximum at 1�N (up to 90 cm s�1 at the surface).
The nutrient-rich equatorial undercurrent (EUC) flowed
eastward, with a maximum velocity at about 150 m centered

on the equator. The maximum zonal shear between the SEC
and EUC appeared near 80 m at the equator and much
deeper, at about 200 m, at 3�S. As a consequence of the
latitudinal difference of EUC depth and intensity, much
higher nitrate and silicate concentrations were observed in
the layer 100–150 m at the equator than at 3�S (Table 3).
Upwelled waters extended in the upper layer from 7�S to
5�N, with clear asymmetry to the south (Figure 1), although
the highest surface nitrate concentrations were measured at
the equator (3.5 mM) during the first two days of the time
series station. By contrast, both monovinyl-chlorophyll a
(mv-chl a) and divinyl-chlorophyll a (dv-chl a) were nearly
symmetrically distributed north and south of the equator,
with the highest concentrations at the equator (Figure 1).
Clearly, factors other than nitrate control chlorophyll distri-
bution in the equatorial system. Indeed, although the lowest
chl a values were found logically in nutrient-depleted
waters (8�S and 7�–8�N), no clear relationship was found
between chlorophyll and nutrients when data from nutrient-
rich waters were considered alone. This is shown in Figure 2
where all chl a and NO3 data from the 0–20-m surface layer
are compared. When NO3 equaled 30 mmol m�2, for
instance, chl a ranged from 3 to about 6 mg m�2.

3.2. Relationship Between Production, Chlorophyll,
and Picoplanktonic Population Abundances

[21] The on-deck experiments were intended to compare
primary production and phytoplankton biomass under vary-
ing nutrient regimes. Environmental conditions for the
transect stations are presented in Table 1. Temperature at
20 m usually exceeded 28�C, which is remarkably warm for
equatorial HNLC waters. Nitrate ranged from less than 3 nM
(detection limit) to 3.47 mM, and nitrite varied from 0 to
304 nM. As typical for the equatorial Pacific system, the
variability of biological indexes was relatively large. Chlo-
rophyll a varied by a factor of six, from 0.06 to 0.36 mg m�3.
Primary production (PC) ranged from 0.34 to 2.55 mg C m�3

h�1 (or 0.25–1.9 mmolC m�3 d�1). These magnitudes are
similar to those of Pmax observed in the central equatorial
Pacific during the EqPac cruises in 1992 [Barber et al.,
1996].

Figure 1. Depth distribution of nitrate (mM), monovinyl-
chlorophyll a, and divinyl-chlorophyll a (mg m�3) along
the 180th meridian.

Figure 2. Chlorophyll a versus nitrate in the 0–20 m layer
(all data). Solid points correspond to on-deck production
measurements.
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[22] Daytime primary production rates were tightly cor-
related with chlorophyll a (Figure 3), with 80 to 83% of the
PC variance explained by changes in chl a (Table 2). Not
surprisingly, PC was also correlated to the main chl a
constituents, monovinyl- and divinyl-chlorophyll a. In
addition, PC was generally well related to abundances of
the main three groups of picoplankton cells enumerated by
flow cytometry, Prochlorococcus, Synechococcus and
picoeukaryotes. In each case, a good fit to the data set
was obtained by a simple linear relationship.

3.3. Relationship Between Productivity and
Nutrient Concentration

[23] Since the y intercepts of PC versus chl a regression
lines (fluorometer or spectrofluorometer analyses) were not
significantly different from 0 (Table 2), the specific photo-
synthetic efficiency of chl a was nearly constant, to first
approximation. Accordingly, a mean productivity index
(PI), close to the slope of the regression line relating PC
and chl a (Table 2), could be calculated from all available
data. On average, PI equaled 7.0 (std = 1.6) or 7.4 (std =
1.5) gC g chl a�1 h�1 according to either fluorometric or
spectrofluorometric chl a estimates. The difference between
these two PI relationships was not statistically significant
(Wilcoxon test).

[24] The productivity index is expected to depend on
available radiation and nutrient concentration. All experi-
ments along the transect were conducted under fixed optical
conditions from dawn to dusk. Since incident radiation PAR
0+ varied only narrowly during the thirteen incubations
(Table 1), all samples received nearly the same mean
radiation and PI was not significantly correlated to PAR.
[25] No relationship was evident between PI and nutrient

concentrations, in spite of a relatively large range of nutrient
concentrations encountered between 8�S and 8�N. Notably,
the 7 experiments conducted in waters containing >1 mM of
NO3 (up to 3.5 mM) did not show significantly higher PI
(Mann-Whitney Test) than the 6 experiments with <1 mM of
NO3 (Figure 4), among which were three in extremely
oligotrophic conditions (<20 nM of NO3). Similarly, no
significant relationship was found between PI and concen-
trations of phosphate or silicic acid (Table 1).
[26] PI variability is well illustrated with data from the

time series at 3�S, where PI fluctuated from 9.5 to 5.3 gC g
chl a�1 h�1 between the 29 and 30 October experiments
(Table 1). These values are close to the largest and the
lowest PIs measured along the entire transect. Why PI
changed so dramatically from one day to the next is not
clear. The production variance was low in both cases (cv =
5.7 and 3.0%, respectively, for 5 replicates), and the
experimental conditions were rigorously similar, with the
same mean incident radiation, temperature, salinity, current
advection and nutrient concentrations (Table 1). Therefore,

Figure 3. Primary production versus chlorophyll a at 20 m
along the 180th meridian. Means ± standard deviation, 3–16
production replicate samples, and chlorophyll a in duplicate
(see Table 1).

Figure 4. Productivity index versus nitrate concentration
at 20 m along the 180th meridian.

Table 2. Coefficients of the Linear Regression of Primary Production Versus Total Chlorophyll a (Measured by Fluorometry and by

Spectrofluorometry), Mono- and Divinyl-Chlorophyll a and Cells Enumerated by Flow Cytometrya

r r2
Model II Model I

Slope y0 Slope y0 t (y0) PC

Chl a (fluo) 0.913 0.83 7.08 �0.036 6.47 0.095 0.482 0.64
Chl a (spect) 0.892 0.80 8.12 �0.120 7.25 0.049 0.211 0.84
Mv-chl a 0.933 0.87 14.4 �0.050 13.5 0.055
Dv-chl a 0.778 0.61 17.3 �0.099 13.4 0.242
Syn. 0.664 0.44 0.108 0.049 0.072 0.510
Proc. 0.701 0.49 0.010 �0.483 0.007 0.079
Picoeuk. 0.859 0.74 0.186 0.419 0.160 0.553

aResults of tests on the significance of the y intercept for PC versus chl a [Snedecor and Cochran, 1967] show that in both cases, y intercept is not
significantly different from 0. Standard regression (model I) and geometric mean regression (model II). Thirteen on-deck experiments.
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if not because of a hypothetical change of iron availability,
such variability might be inherent to field process studies,
involving bottle incubations under varying light regimes
with complex natural communities of closely interdepen-
dent autotrophic and heterotrophic organisms. Alternatively,
the variability could be due to differences in C/chl a ratio or
growth rate (see below).

3.4. Relationship Between Productivity and Depth

[27] While the on-deck experiments conducted from 8�S
to 8�N relate to the photosynthetic capacity of mixed layer
phytoplankton, in situ experiments at the two time series
stations allow us to determine productivity for the total
euphotic zone. During these latter experiments, surface
nitrate concentration was slightly lower at 0� than at 3�S,
but much higher at depth, especially between 100 and 150 m
(Table 3). Ammonium was much higher at 3�S (Table 3),
suggesting stronger remineralization processes than at the
equator [Eldin and Rodier, 2003]. However, silicic acid,
Si(OH)4, was clearly and significantly higher throughout the
water column at the equator than at 3�S (Table 3). Although
chl a fractionations on 3-mm Nuclepore filters did not show
any difference between the two stations (Figure 5), biogenic
silica concentration was >threefold higher at 0� than at 3�S,
increasing from 2.26 to 7.61 mmolSi m�2 in the top 100 m
[Leynaert et al., 2001]. This dissimilarity could reflect
better growth conditions for siliceous organisms on the

equator due to the strong divergence bringing macronu-
trients and micronutrients into the mixed layer. The lack of
any obvious change of size structure may be explained by
the relative paucity of the siliceous organisms compared to
other microphytoplankton and nanophytoplankton [Brown
et al., 2003], or if diatoms and silicoflagellates were
sufficiently narrow to pass through the 3-mm filters.
[28] Chlorophyll in near-surface waters was nearly 25%

higher at 0� than at 3�S (Figure 6). chl a vertical profiles
exhibited a smooth deep maximum at about 60 m, a
pattern quite typical of the equatorial Pacific HNLC system
[Chavez et al., 1991; Barber et al., 1996]. The three groups
of cells enumerated by flow cytometry showed maximal
abundances in the upper layer at 3�S and on the equator as
well, with relatively comparable patterns of decrease with
depth (Table 3).
[29] Closely following the concentration difference of

chl a, production appeared to be about 25% higher at 0�
than at 3�S in the surface layer (Figure 6). However,
reflecting the same chl a size structure, primary production
predominated in the <3-mm size class throughout the
euphotic zones at the two sites (Figure 5). Production
maxima (Pmax) were typically observed at 20 m in both
12- and 24-hour incubations, with mean values of 12.0
(3�S) and 15.7 mgC m�3 d�1 (0�). In the water column,
48% (3�S) and 55% (0�) of integrated production were
measured in the top 30 m, which contained only 23% of

Table 3. Means (Standard Deviations) of Nutrient Concentrations (mM; n = 3), Mono- and Divinyl-Chlorophyll a (mg m�3),

Prochlorococcus, Synechococcus, and Picoeukaryotes (cells mL�1) in Samples Used for in Situ Primary Production Experimentsa

Depth NO3 Si(OH)4 NH4 Mv-chl a Dv-chl Proc Syn Pico

3�S
0 2.34 (0.14) 1.94 (0.23) 0.128 (0.086) 0.103 (0.010) 0.082 (0.010) 240 (23) 17.9 (2.2) 7.8 (1.1)
10 0.094 (0.073) 0.110 (0.006) 0.081 (0.013) 236 (19) 18.0 (2.3) 8.0 (1.1)
20 2.34 (0.17) 1.83 (0.24) 0.062 (0.043) 0.116 (0.006) 0.091 (0.006) 256 (6) 18.9 (2.0) 8.2 (0.4)
30 0.069 (0.046) 0.138 (0.007) 0.108 (0.005) 280 (28) 21.3 (2.0) 8.9 (0.6)
40 2.40 (0.22) 1.77 (0.23) 0.088 (0.071) 0.152 (0.016) 0.122 (0.012) 260 (48) 20.9 (5.0) 8.5 (1.3)
50 0.154 (0.019) 0.120 (0.016) 221 (35) 18.7 (3.5) 7.4 (0.7)
60 2.47 (0.26) 1.74 (0.25) 0.144 (0.079) 0.143 (0.022) 0.116 (0.022) 178 (27) 16.0 (2.4) 6.3 (0.3)
70 2.54 (0.30) 1.76 (0.24) 0.220 (0.132) 0.140 (0.022) 0.112 (0.033) 139 (31) 12.6 (3.4) 5.3 (0.6)
80 2.55 (0.26) 1.74 (0.25) 0.243 (0.087) 0.130 (0.023) 0.099 (0.026) 99 (39) 9.5 (3.8) 4.1 (1.3)
90 2.64 (0.35) 1.75 (0.28) 0.318 (0.143)
100 2.89 (0.33) 1.82 (0.24) 0.455 (0.190) 0.094 (0.020) 0.059 (0.025) 39 (12) 4.0 (2.0) 2.1 (0.6)
110 3.15 (0.37) 1.91 (0.30) 0.508 (0.197)
120 3.27 (0.53) 1.88 (0.25) 0.554 (0.279) 0.083 (0.005) 0.047 (0.003) 20 (2) 0.6 (0.4) 1.2 (0.1)
130 3.55 (0.30) 1.88 (0.25) 0.343 (0.309)
140 4.58 (0.09) 1.69 (0.32) 0.112 (0.189)
150 6.37 (0.80) 1.78 (0.43) 0.020 (0.012) 0.042 (0.007) 0.028 (0.001) 10 (0.5) 0.0 (0.0) 0.4 (0.1)

Equator
0 1.79 (0.15) 2.18 (0.16) 0.057 (0.045) 0.129 (0.018) 0.112 (0.011) 241 (9) 14.4 (1.4) 7.9 (0.7)
10 0.047 (0.040) 0.126 (0.006) 0.115 (0.015) 235 (10) 14.1 (1.3) 7.4 (1.1)
20 1.92 (0.16) 2.12 (0.14) 0.042 (0.036) 0.135 (0.012) 0.119 (0.012) 240 (28) 13.7 (1.9) 7.3 (1.2)
30 0.046 (0.030) 0.140 (0.006) 0.119 (0.006) 233 (34) 13.5 (2.3) 7.2 (0.6)
40 2.22 (0.14) 2.13 (0.11) 0.052 (0.027) 0.152 (0.002) 0.121 (0.007) 222 (47) 12.5 (3.0) 7.3 (1.3)
50 0.154 (0.011) 0.128 (0.012) 191 (39) 11.2 (2.8) 6.8 (0.9)
60 2.74 (0.08) 2.18 (0.13) 0.073 (0.046) 0.165 (0.013) 0.122 (0.010) 165 (28) 9.8 (2.4) 5.9 (1.5)
70 2.92 (0.09) 2.19 (0.11) 0.172 (0.015) 0.121 (0.007) 142 (23) 9.5 (2.5) 6.3 (1.5)
80 3.25 (0.19) 2.22 (0.11) 0.080 (0.056) 0.175 (0.025) 0.114 (0.021) 117 (23) 7.4 (2.1) 5.4 (1.6)
90 3.56 (0.12) 2.25 (0.06) 0.082 (0.059)
100 4.19 (0.30) 2.33 (0.00) 0.060 (0.046) 0.162 (0.011) 0.096 (0.004) 66 (13) 4.2 (0.8) 3.8 (1.0)
110 5.31 (0.82) 2.61 (0.27) 0.030 (0.038)
120 7.40 (1.11) 2.98 (0.36) 0.016 (0.020) 0.138 0.069 31 (16) 1 (1.2) 1.6 (1.1)
130 8.66 (0.70) 3.49 (0.70) 0.010 (0.013)
140 10.16 (0.48) 4.90 (0.07) 0.010 (0.012)
150 11.16 (0.10) 5.80 (0.90) 0.064 0.036
aMean NH4 values calculated from 30 and 25 profiles at 3�S and 0�, respectively.
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integrated chl a on average. Conversely, the deep 60–150 m
layer, containing 50 to 57% of chl a, accounted for only 10
to 16% of total production. At 100 m, phytoplankton
appeared quasi-nonproductive (Figure 6).
[30] During the six 12-hour in situ experiments (sunrise to

sunset) at 3�S and 0�, production rates ranged between 900
and 1070 mgC m�2 d�1. Rate differences between 12- and
24-hour incubations were consistent with a mean nocturnal
loss of 25.7% of daily 14C uptake, which is quite close to
the mean value (24%) found by Laws et al. [1989] in the
North Pacific central gyre. The daily production rates (PC =
702 and 774 mgC m�2 d�1 at 3�S and the equator,
respectively) were relatively low, appearing at the lower
limit of values measured in situ in the western Pacific
HNLC region. For example, during the Zonal Flux cruise

(April 1996), PC estimates at 165�E (2�N–2�S) ranged
between 667 and 1196 mgC m�2 d�1 (3 production pro-
files), and a mean value of 1094 mgC m�2 d�1 was
obtained along the equator from 165�E to 170�W (4 profiles)
[Le Borgne et al., 1999].
[31] The productivity index was maximal between 5 and

20 m (Figure 6), in good agreement with previous in
situ experiments in equatorial regions [Le Bouteiller and
Herbland, 1984; Cullen et al., 1992; Barber et al., 1996].
The maximal PI for in situ incubations was close to or
slightly lower than the mean value for 20-m samples under
simulated in situ conditions, a result that confirms that on
deck measurements were suitable for assessing production
rates under optimal conditions. Depth distributions of PI
from 12- and 24-hour experiments did not differ much from
one day to another (mean cv = 15%, six experiments).
Below the maximum, PI generally decreased more rapidly
at 0� than at 3�S. This may be explained by differences
in light penetration due to less phytoplanktonic pigment
biomass at 3�S. Euphotic zone depth (1% light depth) was
slightly deeper (82 ± 7 m versus 75 ± 5 m) at 3�S that the
equator. Higher levels of PAR were thus available through-
out the euphotic layer at 3�S, explaining higher PI at similar
depths. To take such light differences into account, PI may
be considered a function of Z/Zeu instead of Z (Zeu calcu-
lated as in section 2.2). Using this approach, Figure 6
shows that distributions of PI versus Z/Zeu at 3�S and 0�
were indistinguishable. A similar pattern was obtained for
the 24-hour in situ incubations.

3.5. Primary Production Along the 180� Meridian

[32] Given the uniformity of PI from 8�S to 8�N, the lack
of a relationship between PC and mixed layer nutrients and
the similarities of PI versus Z/Zeu at 3�S and 0�, one may
assume a strong dependency of primary production on
concentration of photosynthetic pigments. Accordingly,
we estimated daily primary production (PC) at every depth
from chl a (mv-chl a + dv-chl a) using the mean PI (gC gchl
a�1 d�1) versus Z/Zeu relationship (Figure 6). Depths of the
euphotic layer (Zeu), calculated from equation (1), ranged
from 58 m at the equator to 103 m at 8�N, which is probably
close to the maximum range in the region. The distribution
of calculated primary production was monotonous and
almost symmetrical relative to the equator, with a slight
maximum on the equator (814 mgC m�2 d�1) and minimal
values at northern and southern edges of the transect
(Figure 7). The lowest production was 385 mgC m�2 d�1

at 8�N, corresponding to the lowest value measured in
simulated in situ conditions (Table 1). The mean PC in the
upwelled waters (7�S to 5�N) equaled 713 mgC m�2 d�1

(n = 13; std = 69). On average, production varied twofold
between mesotrophic HNLC and oligotrophic waters.
Averaged over the 7�S – 5�N meridional band, production
at 180� was very consistent with values measured
at 140�W by Barber et al. [1996], who found a mean
PC of 888 mgC m�2 d�1 between 5�N and 5�S and
624 mgC m�2 d�1 from 10�N to 10�S.
[33] Since the chlorophyll data for the production calcu-

lations had been collected along the transect at varying
times of the day or night, diel variations in pigment
concentration can affect the estimated value of PC. Diel
changes of chlorophyll were determined during the two time

Figure 5. (top) Chlorophyll a size distribution in HNLC
(3�S and 0�) and oligotrophic (8�N) conditions. On average,
chl a < 3mm = 68.4% (3�S), 67.2% (0�), and 77.6% (8�N).
(bottom) Size distribution of in situ primary production (3�S
and 0�). On average, PC < 3mm = 71% (3�S) and 69% (0�).
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series stations at 3�S and the equator by an intensive
sampling effort (49 hourly stations followed by 16 stations
every 3 h, with pigment sampling at every 10 m) [Neveux et
al., 2003]. Minimal concentrations of chlorophyll in the
water column occurred around midnight and maximal
values at stations near midday, with a relatively weak, but
significant, mean amplitude of 1.16 (0�) and 1.08 (3�S).
Clearly, the amplitude of pigment diel variations was too

small to significantly affect the production values estimated
from chlorophyll data collected between 8�S and 8�N
(Figure 7).

3.6. New Production

[34] Daytime new production (PN) measured in situ as
uptake of 15N-NO3 increased from 1.8 mmolN m�2 12 h�1

at 3�S to 4.7 mmolN m�2 12 h�1 at the equator (Figure 6).

Figure 6. Chl a, PC, PI, and nitrate uptake versus depth and PI versus Z/Zeu. Means ± standard
deviation of three in situ experiments at 0� and 3�S.
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Values of daily PN reported previously for the central
equatorial Pacific varied on the whole from 0.7 to
4.42 mmolN m�2 d�1 [Dugdale et al., 1992; Peña et al.,
1992; McCarthy et al., 1992; Rodier and Le Borgne, 1997;
Raimbault et al., 1999; Aufdenkampe et al., 2002]. Thus the
rate of new production found at 3�S was typical of the
equatorial Pacific, whereas that at the equator was close to
the highest reported value. The f ratio calculated for the
daytime period was 0.15 at 3�S, similar to most values
estimated in the central equatorial Pacific [McCarthy et al.,
1996, Table 1; Raimbault et al., 1999]. Regenerated pro-
duction strongly predominated at 3�S, which was consistent
with relatively high NH4 availability observed in the water
column (16.4 mmol m�2 in the 0–100-m layer; Table 3). By
contrast, the f ratio was 0.37 at the equator where NH4 was
poor (6.2 mmol m�2). This ratio was similar to the highest
value found at 150�W during a zonal transect [Aufdenkampe
et al., 2002], suggesting that we sampled a particularly
efficient system. This statement is also supported by parallel
measurements of biogenic silica production uptake in our in
situ experiments [Leynaert et al., 2001] showing that
Si(0H)4 uptake rate increased from 0.33 to 2.58 mmolSi
m�2 d�1 between 3�S and the equator.
[35] Uptake rates of nitrate and silicate have seldom been

measured at the same time. Considering the key role of
diatoms in the export of organic carbon to the deep sea, and
thus in the biological pumping of CO2 [Buesseler, 1998;
Kemp et al., 1999; Ragueneau et al., 2000], it is interesting
to estimate, from our simultaneous in situ measurements,
the contribution of diatoms to new production. Taking a
Si:N uptake ratio for diatoms of 1.05 [Brzezinski, 1985] and
assuming that the N requirements of diatoms are fully met
by NO3 uptake [Dortch, 1990], the NO3 and Si(OH)4
production rates indicate that about 22% and 69% of new
production at 3�S and 0�, respectively, could be attributable
to diatoms and other siliceous organisms. Even if over-
estimated because of NH4 consumption by diatoms, this
increase in the diatom contribution to new production seems
significant and would be linked to latitudinal variations in
the rate of supply of nutrients ( particularly silicic acid and
iron) to the surface layer. Kinetics studies of silicic acid
uptake [Leynaert et al., 2001] have shown that Ks values
(1.6 and 2.4 mM of Si(OH)4, at 3�S and at the equator,
respectively) were close to the ambient silicic acid concen-
trations (Table 3), whereas Vmax was about twofold higher
at the equator (0.052 h�1) than at 3�S (0.028 h�1). These

variations of the kinetic parameters suggest either a change
in the composition of diatom assemblages, or an adaptation
of diatom metabolism in response to limitation by some
other (micro)nutrient.
[36] Between 3�S and the core of the equatorial upwell-

ing, the striking similarity of PIs and plankton size struc-
tures, and the slight variations in biomass and primary
production mask a great functional discrepancy due to
changes in the dynamics of diatom populations. These
latitudinal changes have conspicuous effects upon new
production expressed both in terms of silicic and nitrate
uptake rates.

4. Discussion

4.1. Variability of the Productivity Index

4.1.1. PI and Nutrients
[37] The lack of correlation between the productivity

index and nutrient concentrations is perhaps surprising since
one may intuitively expect the specific activity of chloro-
phyll to be related to nutrient availability. PI has even been
linked to the degree of growth limitation by nutrients [Curl
and Small, 1965; Thomas, 1970]. For example, Curl and
Small [1965] suggested that a PI of 0–3 gC gchl a�1 h�1

would indicate nutrient depletion, ratios between 3 and 5
would indicate borderline nutrient deficiency, and between
5 and 10, nutrient-replete waters. By these criteria, all of
stations along the EBENE transect gradient from HNLC to
oligotrophic waters would be considered nutrient replete.
[38] In previous studies in the central Pacific along

140�W, Lindley et al. [1995] and Barber et al. [1996] found
a PI nutrient dependency, with the index varying threefold
from oligotrophic waters north and south of the EqPac
transects through mesotrophic HNLC waters enriched by
the equatorial divergence. Nonetheless, such relations
between PI and nutrients have not often been observed in
the equatorial zonal band 10�N–10�S. At 4�W in the
equatorial Atlantic, Herbland and Le Bouteiller [1983]
found higher PI values in the nitrate-depleted mixed layer
rather than nutrient-rich waters. Moreover, from 54 in situ
primary production experiments over four cruises in the
central Atlantic, PI profiles were similar in and out of the
upwelling system, and with or without nitrate in the mixed
layer [Le Bouteiller and Herbland, 1984]. Similar findings
were noted by Navarette [1998] for two time series stations
in the equatorial Pacific at 167�E in the ‘‘warm pool’’ (top
of the nitracline = 90 m) and at 150�W in the HNLC region
(3 mM of surface NO3). From 12-hour daytime in situ
incubations, her mean PI values at 20 m were very close
in both situations, 8.7 ± 1.0 (n = 3) at 167�E versus 8.9 ±
1.1 gC gchl a�1 h�1 (n = 7) at 150�W.
[39] High PIs, around 10 gC gchl a�1 h�1, have been also

observed in very oligotrophic waters of the Pacific Ocean
[Laws et al., 1984, 1987, 1990]. Karl et al. [1998] reviewed
recent literature values for PI in near-surface waters of the
North Pacific Central Gyre and showed a large variability,
between 3.5 and 10, and up to 14. Amean of 6.0 ± 0.7 gC gchl
a�1 h�1 was found for monthly in situ incubations at station
ALOHA for the 1990–1997 period. Given these many
examples of high PIs in tropical and subtropical oligotrophic
waters, the estimates of 7 or 8 gC gchl a�1 h�1 reported
here are clearly not atypical for nutrient-depleted waters.

Figure 7. Distribution of primary production (PC) esti-
mated along the 180� meridian.
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Even compared to active upwelling conditions at the equa-
tor, the PI at nutrient poor stations was not substantially
reduced on average. This implies that the equatorial Pacific
is an oceanic province within which the productivity index
at mean irradiance might be considered relatively constant
[Platt et al., 1992; Cullen et al., 1992].
4.1.2. PI, Growth Rate, and C:chl a
[40] In considering the lack of a strong latitudinal varia-

tion of PI in the present study, it is important to recognize
how the index may vary independently of nutrients, espe-
cially in systems of relatively low physical variability.
According to Laws and Wong [1978], PI may be written
as the product of the fractional rate of increase of cellular C
and the C:chl a ratio,

PI ¼ ð1=C dC=dtÞðC : chl aÞ ð5Þ

where C is the carbon cell content in phytoplankton. On an
average, the term (1/C dC/dt) can be approximated by the
growth rate (m). If C:chl a is independent of m, then PI
would indeed be positively correlated with growth rate, and
would likely vary systematically across any environmental
gradient that affects m. However, if C:chl a and m are
inversely correlated, the product of the two terms, which
gives the PI estimate, would be independent of m [Laws and
Wong, 1978].
[41] While processes leading to perfectly offsetting var-

iations in m and C:chl a would be difficult to imagine, there
is ample reason to expect at least some compensatory
change in these parameters with fluctuations in the avail-
ability of iron in the equatorial Pacific. During the IronEx II
fertilization experiment, for example, Landry et al. [2000a,
2000b] documented a twofold decrease in the estimated
C:chl a ratio of the phytoplankton community over a 5-day
period in which growth rate approximately doubled. These
responses were likely due, in part, to changes in community
composition as diatoms increased from rare initially to the
biomass dominants. Nonetheless, compositional changes are
also characteristic of the difference between relatively weak

and strong upwelling conditions (iron input) at the equator
[e.g., Landry et al., 1997], and thus they reflect one dimen-
sion of the natural community response to changing growth
substrate concentration. In the IronEx II example, however,
there is also evidence for decreasing C:chl a ratios of specific
groups, such as prymnesiophytes and dinoflagellates [Landry
et al., 2000a]. Moreover, on the basis of flow cytometric
assessments, Cavender-Bares et al. [1999] estimated a 50%
increase in the pigment fluorescence of Prochlorococcus
relative to cell biovolume, decreasing its C:chl a, while
contemporaneous estimates of Prochlorococcus growth rate
showed a 60% increase in response to added iron [Mann and
Chisholm, 2000]. The above results are consistent with the
negative relationship observed between cellular C:chl a
and iron concentration in iron-deficient laboratory cultures
of phytoplankton [Sunda and Huntsman, 1997]. It is only
a modest logical leap to expect that variations in iron supply,
reflecting distance from the upwelling source, could simul-
taneously alter both the C:chl a ratio and the growth rate
of phytoplankton in a manner that maintains PI within
some relatively high and narrow range.
[42] We examined the possibility of compensatory varia-

tions in C:chl a and m using two independent components of
the EBENE data. The first approach is based on assessments
of phytoplankton community carbon and C:chl a from
microscopy and flow cytometry, using standard conversions
from cells and biovolumes to carbon (section 2.1). Mixed
layer estimates of C:chl a by this approach fall in the range
of 65 to 155, with higher values tending to the southern side
of the transect and lower values to the north (Table 4). At
C:chl a = 110, the equatorial time series station falls on the
decreasing trend between southern and northern stations and
slightly lower than the 118 estimate at 3�S. From the initial
phytoplankton carbon concentrations (Co, mgC m�3), we
can also compute a first-order approximation of growth rate
(m; d�1) as:

m ¼ lnððCo þ 12*PCÞ=CoÞ ð6Þ

where PC is the hourly rate of carbon fixation and time is
understood as one day. According to these calculations,
growth rate estimates at 20 m vary somewhat less than a
factor of two (0.43 to 0.69 d�1) along the transect, with low
values interspersed throughout but tending toward the
northern and southern extremes (Table 4). The mean growth
rate estimate for the equatorial time series station (0.66 d�1)
is higher than that computed at 3�S (0.50 d�1). For these
data, which relate to the full phytoplankton assemblages at
each of the stations, the relationship between m and C:chl a
is negative (Figure 8a).
[43] Although results of the community based compar-

isons of C:chl a and m are consistent with expected
compensatory changes that suppress variations in PI, part
of the noise in the observed relationship may be due to the
fact that stock and rate assessments were not always made
from the same water sampling bottles. To further examine
this phenomenon, we consider only that component of the
community (<3-mm cells) that were routinely quantified for
each 14C uptake incubation. Mean cell size and carbon
content of Prochlorococcus, Synechococcus and picoeu-
karyotic cells were computed using flow cytometry data
(section 2.1). Chlorophyll values and production rates were

Table 4. Carbon Content (Co, mgC m�3) of Total Phytoplankton,

C:chl a Ratio in mg(PhytoC) mg chl a�1, PC in (mgC m�3 h�1)12

From On-Deck Experiments, and Phytoplankton Community

Growth Rate (m, d�1)a

Latitude Co C:chl a PC m

8�S 17.7 155 9.7 0.43
7�S 13.0 79 12.6 0.68
6�S 16.7 107
5�S 19.0 121 16.4 0.62
4�S 22.7 94
3�S 26.1 118 17.0 0.50
2�S 23.3 114 21.6 0.66
1�S 30.6 131 20.2 0.51
0� 29.8 110 27.8 0.66
1�N 27.5 107 27.2 0.69
2�N 17.2 65
3�N 20.7 85
4�N 22.1 88 18.0 0.60
5�N 18.5 80
6�N 7.5 92
7�N 7.4 108 4.7 0.49
8�N 5.9 112 4.1 0.53
aFrom Brown et al. [2003].
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determined for this size class by routine size fractionation at
3 mm (Figure 5), and growth rates were computed as above
from equation (6). For this component of the community,
C:chl a varied around a mean value of 144, and growth rate
averaged 0.52 d�1 (Table 5). Because of uncertainties in cell
size estimates from flow cytometry, especially in the nitrate-
depleted mixed layer [Blanchot et al., 2001], carbon con-
tents are only approximate and computed values of C:chl a
and m have to be taken with caution. Nevertheless, they also
appear to be inversely related (Figure 8b). Furthermore, the
highest C:chl a ratio and the lowest m of the data set
correspond, respectively, to the first and second experiments
at 3�S, which could partly explain the PI variability dis-
cussed in section 3.3.
[44] While growth rate estimates for the <3-mm fraction

showed no significant relationship to mixed layer nitrate
availability along the transect (Table 5), community-based
estimates were lowest, averaging 0.48 d�1, at the 3 stations
(8�S, 7�N, and 8�N) where nitrate was essentially at the
detection level (Table 4). For the EqPac transect studies
between 12�N and 12�S at 140�W, Liu et al. [1999] also
found higher growth rates (up to 0.64 d�1 at 1�S) for
Prochlorococcus during active upwelling in the HNLC

region versus 0.36–0.5 d�1 at oligotrophic stations. In
addition, Prochlorococcus growth estimates decreased at
the equator during El Niño conditions. In apparent contra-
diction to these intuitively reasonable observations, Claustre
et al. [1999] reported that growth rates of phytoplankton
along 150�W were higher in the nitrate-depleted euphotic
layer at 16�S (0.63 ± 0.07 d�1) than in HNLC waters at 5�S
(0.47 ± 0.13 d�1). These growth rate inferences were made
from daily fluctuations in particle attenuation, however, and
could be sensitive to the assumptions used to account for
daily cycles in growth and grazing in the two regions.
[45] The photoadaptative reaction of phytoplankton to

light is an important process known to influence C:chl a.
The ratio is expected to be low at depth and high in near-
surface waters. During the present cruise, water samples for
primary productionmeasurements were collected from one to
four hours before sunrise, and the 20-m depth was system-
atically in the mixed layer homogenized by nocturnal con-
vection. This homogeneous layer varied in thickness from 20
to 100 m along the transect, with a median value of 55 m.
During stratification on the previous day, these cells photo-
adaptated according to their positions in the vertical radiative
gradient. During nocturnal convection, the cells were mixed
up and down so that a mixture of cells adapted to the range of
radiative levels proportional to the thickness of the homoge-
neous layer appeared progressively in the upper layer. Con-
sequently, only slight differences of photoadaptation, hence
mean C:chl a, should have existed between samples collected
at different stations. The observed variability at the presunrise
sampling stations, from 65 to 155, may reflect inherent
sampling and analytical error for microscopical assessments
of biomass, or some combination of factors relating to
community composition or previous light history (incident
light or mean depth of the mixed layer).
[46] To ascertain the depth dependencies of m and C:chl a

for the <3-mm size fraction, we repeated the calculations
above for in situ production experiments at the two time
series stations. On average at the sampling time, the three
groups of cells were slightly smaller and/or less numerous
throughout the euphotic zone at 0� compared to 3�S. In
contrast, mv-chl a, dv-chl a, and primary production were
higher at the equator. Consequently, C:chl a ratios were
significantly lower and growth rates higher at 0� than at 3�S

Figure 8. (a) Growth rate (d�1) versus C:chl a (gC gchl
a�1) of the total phytoplankton community at 20 m along the
transect (180�). Spearman’s rank correlation coefficient =
�0.62, P < 0.05. (b)Growth rate (d�1) versus C:chl a (gC gchl
a�1) of the <3 mm size fraction at 20 m (180�). Spearman’s
rank correlation coefficient = �0.66, P < 0.02.

Table 5. Carbon Content (C, mg m�3) of Prochlorococcus,

Synechococcus, and Pico-eukaryotes as Estimated From Flow

Cytometry Dataa

Latitude CProc CSyn CPico C:chl a PC m

8�S 3.1 2.7 3.5 126 7.6 0.60
7�S 7.9 2.5 3.3 118 8.8 0.50
5�S 10.7 2.8 6.2 173 11.5 0.46
3�S 9.7 2.5 11.8 224 12.6 0.42
3�S 13.5 3.8 12.0 169 11.3 0.33
2�S 8.9 4.4 11.0 183 15.1 0.48
1�S 8.5 4.2 8.2 138 14.1 0.52
0� 8.7 3.4 12.8 122 21.4 0.62
0� 11.5 4.4 11.8 133 17.5 0.49
1�N 12.2 4.8 9.7 160 19.1 0.54
4�N 8.6 3.3 8.0 116 12.6 0.49
7�N 1.6 0.2 1.4 70 3.7 0.77
aC:chl a ratio (g:g), PC in (mgC m�3 h�1)12 and growth rate (m, d�1) of

phytoplankton in the <3 mm size fraction.
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(Table 6). A similar difference in C:chl a was also obtained
for Prochlorococcus only, on the basis of carbon estimates
from flow cytometry and taxon-specific divinyl-chlorophyll
a (data not shown). As evident also in community-based
assessments of C:chl a and m, the <3-mm phytoplankton
were richer in chlorophyll and faster growing at the source
of the equatorial upwelling than at 3�S. Since PI estimates at
these two intensively studied stations were quite compara-
ble (Figure 6), one may conclude that the variations in C:chl
a and m were largely offsetting.
[47] Finally, since oligotrophic waters contain relatively

more small cells, which potentially grow faster than larger
cells under limiting (macronutrient or iron) conditions, one
cannot reject the hypothesis that production per unit chloro-
phyll could be equal, if not higher, at steady state in nitrate-
depleted waters compared to the HNLC region. Our
observations show that the specific photosynthetic activity
of chl a, as measured by the 14C method under rigorously
controlled experimental conditions, appears independent of
macronutrient availability in the equatorial Pacific. Further-
more, in situ experiments demonstrate that significant
changes in C/chl a and m may occur in the HNLC system
without any significant effect on PI. As a consequence, the
rate of primary production for a mean sunny day depends
mainly on chlorophyll concentration. This property can be
applied as a first approximation to predicting primary pro-
duction from chl a data, taking into account the light
penetration in the water column. By this simple empirical
approach, it is possible to calculate primary production in the
equatorial belt of the Pacific Ocean with reasonable accuracy.

4.2. Short-Term Variability of Biomass and Production

[48] Pigment variability during 5 d of sampling at two
fixed stations indicates that diel fluctuations in chl a exert

relatively small influences on production estimates compared
to geographic variability along the meridian 180�. Assuming
that diel changes in chl a are always modest along the
transect, chlorophyll data collected at any time of the day
appear quite suitable for quantifying production by the
empirical procedure proposed above. Conversely, in systems
where the amplitude of diel variations is larger, as was
observed, for example, in the equatorial Atlantic
[Le Bouteiller and Herbland, 1982], this effect could become
significant and should be considered a possible source of
error in production appraisals from chl a profiles. Neverthe-
less, the effects of diel changes in chl a on production
estimates tend to be self-correcting. When chl a increases
in the euphotic layer during daytime, Zeu shoals and the
radiation available at any depth decreases. Consequently, the
production enhancement proportional to the chlorophyll
increase is smoothed by a relative decrease of PAR. Con-
versely, in lower chl a waters, the reduced production m�3 is
counterbalanced by a better radiation availability due to a
deeper penetration of light, extending euphotic zone.
[49] The remarkably low variance of production values

calculated from a reliable and exceptionally intensive chl a
data set is of significance. It means that the inherent
variability of the planktonic system is small despite diel
changes and a physically vigorous system. At both the
equator and 3�S, the south equatorial current flowed west-
ward with a steady velocity of 0.4–0.6 m s�1. Therefore
2 km or more separated hourly hydrocasts, with almost a
45-km separation among water parcels sampled over 24 h.
In addition, a rapid twofold decrease of surface nitrate
during the second time series station (0�) was ascribed to
advection of a different water mass from the east or
northeast [Eldin and Rodier, 2003]. Even so, despite the
>200-km sampling distance separation and the nutrient
differences, the depth-integrated production estimates from
the first to the fifth day at 0� were quite similar (856 and
833mgCm�2 d�1, respectively). These observations suggest
that we sampled at each of the two time series stations a
similar steady state biological system containing a character-
istic assemblage of autotrophic and heterotrophic organisms,
almost as if we had followed, in Lagrangian mode, one water
mass marked by a perfect drifter. Conversely, for us to have
observed repeatedly similar depth distributions of chl a and
biomass in our Eulerian approach, the same biological system
must have been simultaneously present in wide zonal bands
parallel to the equator, strongly constrained by the same
controlling factors. Therefore the mean production values
presented here appear to be representative of a much broader
oceanic region than the geographically fixed stations where
the samples were collected.

4.3. Difference Between 0� and 3�S
[50] Daily fluctuations of phytoplankton biomass around

equilibrium levels were significantly higher at 0� than at
3�S, consistent with better growth conditions at the equator
as suggested above. By independent assessments for both
the total phytoplankton community and the <3-mm size
fraction, growth rate was 30–40% higher at the equator
than at 3�S. Contemporaneous measurements of the instan-
taneous rates of phytoplankton growth at the time series
stations are consistent with the magnitude of these differ-
ences [Landry et al., 2003]. Furthermore, biogenic silica

Table 6. Carbon Content (Co, mg m�3), PC in (mgC m�3 h�1)12,

Growth Rate (m, d�1) and C:chl a Ratio of Phytoplankton in the

<3 mm Size Fractiona

Depth Co PC m C:Chla

3�S
0 27.6 (4.3) 10.2 (1.0) 0.32 (0.06) 220 (12)
5 27.8 (4.1) 10.7 (1.2) 0.33 (0.07) 219 (11)
10 28.4 (4.0) 11.0 (0.9) 0.33 (0.06) 218 (10)
20 27.2 (2.0) 11.7 (1.1) 0.36 (0.05) 193 (7)
30 30.3 (1.0) 11.3 (0.9) 0.32 (0.03) 181 (8)
40 28.7 (3.4) 8.8 (2.0) 0.27 (0.08) 153 (11)
50 24.4 (1.7) 6.9 (1.4) 0.25 (0.06) 132 (12)
60 20.4 (1.3) 4.6 (0.6) 0.20 (0.02) 118 (20)
70 16.4 (2.2) 3.7 (0.4) 0.21 (0.03) 98 (12)
80 12.6 (4.2) 1.9 (0.3) 0.15 (0.03) 80 (17)
100 5.8 (1.5) 0.6 (0.1) 0.10 (0.03) 57 (7)

0�
0 23.0 (2.6) 12.7 (1.6) 0.45 (0.02) 143 (34)
5 21.1 (1.8) 14.3 (1.0) 0.50 (0.04) 135 (29)
10 20.2 (2.7) 14.2 (1.6) 0.53 (0.02) 128 (24)
20 21.5 (4.4) 13.9 (1.1) 0.51 (0.10) 127 (38)
30 20.0 (2.8) 10.8 (1.3) 0.44 (0.06) 114 (17)
40 19.7 (3.7) 9.3 (0.1) 0.39 (0.05) 106 (21)
50 17.7 (2.7) 6.8 (0.5) 0.33 (0.04) 92 (11)
60 16.0 (4.2) 4.3 (0.5) 0.25 (0.07) 81 (16)
70 15.8 (4.5) 2.2 (0.8) 0.14 (0.07) 78 (17)
80 13.6 (2.7) 1.0 (0.5) 0.08 (0.05) 68 (5)
100 9.8 (2.2) 0.3 (0.2) 0.04 (0.02) 56 (14)
aMeans (±standard deviation) of three profiles at 3�S and 0�.
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concentration was also enhanced by >threefold at the
equator, Si(OH)4 uptake rate was an order of magnitude
greater (2.58 versus 0.33 mmolSi m�2 d�1), and NO3

uptake and the ‘‘f’’ ratio were higher by factors of 2.6
and 2.5, respectively. These flux differences likely reflect
differences in the supply rate of iron, the concentrations and
effects of which are unquantified in the current study but
well demonstrated in others.
[51] According to Coale et al. [1996], the bulk of iron

input to equatorial surface waters occurs by advective
upwelling from the iron-rich Equatorial Undercurrent rather
than atmospheric deposition. Because of the relative prox-
imity of the major source of iron along the northern coast of
Papua New Guinea [Gordon et al., 1997; Mackey et al.,
2002b], the EUC could be particularly iron-rich at 180�
during a cold ENSO episode [Wells et al., 1999]. The
upwelling divergence occurs mainly in a 20-km latitude
band centered on the equator [Poulain, 1993], where the
EUC is shallowest (80 m during EBENE). The focused
delivery of new iron thus gives the characteristic tongue of
enriched chl a, which stretches along the equator from the
Galapagos Islands to the western upwelling front in CZCS,
POLDER and SeaWiFS satellite images under ‘‘normal’’
(i.e., non-El Niño) conditions. During EBENE, equatorial
upwelling was active at the 180� meridian, and the HNLC
zone extended even further west than typical [Dupouy et al.,
2003]. Consequently, the different magnitudes of phyto-
plankton activity measured at 3�S and 0�, and especially the
much higher rates of new production (nitrate and silicate
uptake), are consistent with latitudinal difference in iron
supply to the upper layer.
[52] Despite differences in ‘‘new’’ nutrient (iron) enrich-

ment, the chl a concentrations at 0� were only slightly
higher than at 3�S. Clearly, nutrient limitation is not
drastic for the small cells (Prochlorococcus, Synechococ-
cus, and picoeukaryotes) which dominate the phytoplank-
ton communities [Blanchot et al., 2001; André et al.,
1999] and compete efficiently for remineralized nitrogen
[Raimbault et al., 1999] and iron [Landry et al., 1997]. In
fact, the quasi-constant biomass of phytoplankton during
intensive sampling of the time series stations reflects a
balance between utilization of the limiting resource by
phytoplankton and losses to grazing, advection and sedi-
mentation [Landry et al., 1995, 1997; André et al., 1999;
Vaulot and Marie, 1999; Le Borgne and Landry, 2003]. If
this ecological equilibrium between phytoplankton require-
ments and natural resources were qualitatively the same
along the transect, then nutrient stress would be of a
similar intensity everywhere, implying a great monotony
of photosynthetic efficiency and growth rate. By itself, the
uniform distribution of PI reported here would tend to
support such a view. However, other field measurements
demonstrate a more complicated reality. Observations at
3�S and 0� exhibited substantial differences in rates of
growth and new production. Such differences could not
have been suspected from a simple examination of mac-
ronutrient or chl a concentrations.
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Leynaert, A., P. Tréguer, C. Lancelot, and M. Rodier, Silicon limitation of
biogenic silica production in the equatorial Pacific, Deep Sea Res., Part
A, 48, 639–660, 2001.

Lindley, S. T., R. R. Bidigare, and R. T. Barber, Phytoplankton photosynth-
esis parameters along 140�W in the equatorial Pacific, Deep Sea Res.,
Part II, 42, 441–463, 1995.

Liu, H. L., M. R. Landry, D. Vaulot, and L. Campbell, Prochlorococcus
growth rates in the central equatorial Pacific: An application of the fmax

approach, J. Geophys. Res., 104, 3391–3399, 1999.
Mackey, D. J., J. Blanchot, H. W. Higgins, and J. Neveux, Phytoplankton
abundances and community structure in the equatorial Pacific, Deep Sea
Res., Part II, 49, 2561–2582, 2002a.

Mackey, D. J., J. E. O’Sullivan, and R. J. Watson, Iron in the western
Pacific: A riverine or hydrothermal source for iron in the Equatorial
Undercurrent?, Deep Sea Res., Part I, 49, 877–893, 2002b.

Mann, E. L., and S. W. Chisholm, Iron limits the cell division rate of
Prochlorococcus in the eastern equatorial Pacific, Limnol. Oceanogr.,
45, 1067–1076, 2000.

Martin, J. H., R. M. Gordon, and S. E. Fitzwater, The case for iron, Limnol.
Oceanogr., 36, 1793–1802, 1991.

McCarthy, J. J., C. Garside, and J. L. Nevins, Nitrate supply and phyto-
plankton uptake kinetics in the euphotic layer of a Gulf Stream warm-
core ring, Deep Sea Res., Part A, 39, suppl. 1, S393–S403, 1992.

McCarthy, J. J., C. Garside, J. L. Nevins, and R. T. Barber, New production
along 140�W in the equatorial Pacific during and following the 1992 El
Niño event, Deep Sea Res., Part II, 43, 1065–1093, 1996.

Minas, H. J., M. Minas, and T. T. Packard, Productivity in upwelling areas
deduced from hydrographic and chemical fields, Limnol. Oceanogr., 31,
1182–1206, 1986.

Morel, A., Optical modeling of the upper ocean in relation to its biogenous
matter content (case I waters), J. Geophys. Res., 93, 10,749–10,768,
1988.

Morel, F. M. M., R. J. M. Hudson, and N. M. Price, Limitation of produc-
tivity by trace metals in the sea, Limnol. Oceanogr., 36, 1742–1755,
1991.

Murray, J. W., R. T. Barber, M. R. Roman, M. P. Bacon, and R. A. Feely,
Physical and biological controls on carbon cycling in the equatorial Pa-
cific, Science, 266, 58–65, 1994.

Navarette, C., Dynamique du phytoplancton en océan équatorial: Mesures
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