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Variability in particle attenuation and chlorophyll 
fluorescence in the tropical Pacific: Scales, patterns, 
and biogeochemical implications 

Herv6 Claustre, 1 Andr6 Morel, 1 Marcel Babin, 1 Caroline Cailliau, 1 Dominique 
Marie, 2 Jean-Claude Marty, 1 Dominique Tailliez, 1 and Daniel Vaulot 2 

Abstract. The variability in particle attenuation (Cp) and in chlorophyll in situ fluorescence 
(F•s) was examined in November 1994 along 150øW in the Pacific Ocean. Two main 
sources of variation in Cp and Fis profiles are identified by analyzing data from a 16øS-løN 
transect, and from two 5 day stations (5øS and 16øS). The first source reflects changes 
in the trophic status resulting from prevailing hydrodynamical regimes at large scales. 
By using flow cytometric data and some assumptions about the size distribution of the 
different biological stocks, a decomposition of Cp into its vegetal (Cveg) and nonvegetal 
(Cnveg) components is attempted. Within the euphotic layer, Cveg accounts for 43% of the 
total Cp signal at the equator and for only 20% in the South Pacific gyre. The nonvegetal 
component is then subdivided into heterotrophic organisms and detritus contributions. 
The detrital material is an important contributor with 43% of Cp at 5øS and 55% at 16øS. 
A further decomposition of F•s and Cveg into the three dominant phytoplanktonic groups 
(Prochlorococcus, Synechococcus, and picoeucaryotes) confirms that picoeucaryotes are 
important contributors of the vegetal biomass, especially within and below the deep 
chlorophyll maximum (DCM) (>50% of the algal stock) at 16øS. The second, and 
essentially local, source of variation is related to specific rhythms in biological and 
physiological processes. The prominent signals detected during the time series occur at the 
daily scale: besides the pronounced fluorescence depression at noon in upper layers, particle 
attenuation in all the layers examined and fluorescence in the DCM display conspicuous 
daily oscillations. They result from the balance between daytime accumulation and night 
removal of particles, of algal cells in particular. Finally, the estimation of cp-based growth 
rates points out the surprisingly rapid turnover time of the whole particulate matter stock 
in oligotrophic waters (16øS), not only in the euphotic zone (0.63 d -•) but also within the 
dimly lit layers of the DCM (0.36 d-•). The corresponding growth rate at 5øS, within a 
quasi-mesotrophic regime, is 0.47 d-• within the euphotic zone. 

1. Introduction 

Reconciliating different determinations of carbon flux dis- 
tribution on a global scale from extrapolation of various 
measurements performed at different spatiotemporal scales 
has proven to be a very difficult task [Platt and Sathyen- 
dranath, 1988]. The assessment of biological and chemical 
stocks, as well as the analysis of specific processes govern- 
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ing the exchanges and fluxes between these stocks, are, in 
many circumstances, only representative of the spatial and 
temporal context of their acquisition. As such, they are not 
amenable to safe generalization. Prompted by global studies 
there is, however, a recurrent temptation (actually a need) to 
extrapolate episodic and sporadic information for longer and 
wider scales, with the obvious risks in doing so. When using 
inadequate sampling strategies, either important events may 
be easily missed, or, if captured, they can bias what will be 
further considered as a representative average. 

Satellites are able to encompass the global scale in a 
repetitive manner; yet they fail in resolving small scales, 
like depth-dependent variability or circadian cycles. Ob- 
servations from ship, in principle, allow small-scale events 
and vertically resolved structures to be studied; they, nev- 
ertheless, remain limited in space and time coverage. The 
implementation of profilers providing continuous (or high- 
frequency) measurements represents a partial solution for 
filling the gap between spaceborne and shipborne observa- 
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tional capacities. Profilers can operate quickly, they can be 
towed, and similar sensors can be included in moored in- 

strumentation deployment [Abbott et al., 1990; Strass, 1990; 
Dickey et al., 1991; Stramska and Dickey, 1992; Marra, 
1997] 

Generally interfaced with conductivity-temperature-depth 
(CTD) devices, two types of profilers are increasingly in- 
volved in biogeochemical studies, namely, in situ fluorom- 
eters and beam transmissometers. The first sensor mea- 

sures the stimulated fluorescence emission by chlorophyll a 
(chl a), thereafter used as a proxy of the chl a concentra- 
tion and as a rough descriptor of algal biomass [Lorenzen, 
1966]. The second one measures the attenuation coefficient, 
the variations of which are essentially determined by parti- 
cle scattering, so that it can be regarded as a descriptor of the 
particulate matter load [e.g. Gardner et al., 1990]. It must be 
stressed that both measurements deal only with bulk proper- 
ties, to the extent that important qualitative aspects of the 
particulate material nature are not directly accessible. The 
distribution of these particles between the algal and nonal- 
gal compartments, as well as the species composition inside 
the algal population, remain undetected by such techniques 
as long as they are not complemented by other experimen- 
tal approaches, such as flow cytometry, high-performance 
liquid-chromatography (HPLC) pigment determination, op- 
tical measurements, and so forth. 

As for the signals simultaneously delivered by the two 
sensors, two main sources of variations can be identified. 
Inducing the strongest signal amplitudes and marked geo- 
graphical gradients, the first source is simply related to the 
trophic regime as a response to the main hydrographic fea- 
tures and the resulting nutrient availability; at this scale, 
rather concomitant trends occur for both fluorescence and at- 

tenuation. The second source of variations, superimposed on 
the general trend, represents a local response of the various 
compartments to high-frequency fluctuations in the physical 
field; they are either episodic (wind events or cloudiness, for 
instance) or periodic (internal waves, irradiation daily cycle, 
or nocturnal convection). Such variations, detected by fluo- 
rometry and transmissometry, are rather weak (compared to 
those related to trophic state); they are closely linked to the 
physiological cycles of algae (division rate and metabolism) 
or to their predators (grazing and vertical migrations). Time 
series at high-frequency with vertically detailed observations 
at fixed stations allowed these intermingled processes to be 
documented. 

One of the major goals of the general Joint Global Ocean 
Flux Study (JGOFS) in the equatorial Pacific [Murray et al., 
1994] was to determine how much of the variability in bio- 
logical biomasses and productivity originates from changes 
in physical forcing as opposed to variations in the biologi- 
cal process rates themselves. The considerations developed 
above as well as the specific aims of the present work are 
along this general line. They motivated the investigations 
carried out in the frame of the French JGOFS program in the 
Pacific. In particular, this program included a detailed study 
of the sources of variability of chlorophyll fluorescence and 
particle attenuation as well as the analysis of the relation- 

ships between, and the complementary nature of, both sig- 
nals. 

The first part of this paper is focused on the influence 
of the trophic status on the particulate matter as detected 
through fluorescence and attenuation measurements. Data 
from a transect encompassing various hydrological condi- 
tions along 150øW (16øS-løN) are analyzed within a suite 
of measurements (flow cytometry and HPLC of taxonomic 
pigments) dealing with the particle nature and abundance. 
We evaluate how changes in particle attenuation and fluo- 
rescence are driven by the particulate matter composition as 
a result of the prevailing environmental conditions. Such 
an approach complements recent studies in the same area, 
which focused on the various particles contributing to the at- 
tenuation coefficient [e.g., Chung et al., 1996; DuRand and 
Olson, 1996; Chung et al., 1998]. 

The second part of this paper examines how particle at- 
tenuation and fluorescence may vary at local scales as a re- 
sponse to short-term variations in the physical field or in the 
particle stocks. For this purpose, two sites were selected 
and investigated during 5 days, one in a quasi-mesotrophic 
system (5øS) and the other in an ultraoligotrophic situation 
(16øS), both along 150øW. This second objective extends 
previous investigations on the diel cycle of particle attenu- 
ation [Siegel et al., 1989; DuRand and Olson, 1996; Walsh 
et al., 1995]; it relates the variations in particle attenuation 
to those in chl a fluorescence, and also allows the particu- 
late matter turnover rates in these two trophic regimes to be 
inferred. 

2. Materials and Methods 

2.1. Profile Acquisition and Reduction of Data 

The first part of the OLIPAC cruise consisted of a south- 
north transect from 15øS to IøN (Figure 1). Eleven stations 
were occupied during 14 hours, from 0400 to 1800 LT. Dur- 
ing the second part of the cruise, two stations (site "1" at 5øS 
and site "2" at 16øS) were each studied for a 5 day period. 
The equipment consisted of a Seabird CTD associated with 
a SeaTech transmissometer (25 cm path length and 660 nm 
wavelength), a SeaTech fluorometer (excitation at 425 4- 200 
nm and emission at 685 4- 30 nm), and a Seabird carrousel, 
equipped with 24 Niskin sampling bottles (12 L). During 
the transect, five vertical profiles were generally determined 
at each station, namely, four between 0400 and 1000 LT, and 
one at 1600 LT. At sites 1 and 2, seven to nine profiles were 
acquired each day at about every third hour. 

Beam transmission T (percent) was converted to beam at- 
tenuation coefficient c (m -1) using the equation: 

c= -(1/r) ln(T/100) 

where r is the beam pathlength (meters). The attenuation co- 
efficient c is the sum of individual contributions by seawater 
(Cw), colored dissolved organic matter (Ccdom) and particles 
(cp). The term Ccdom is assumed to be negligible at 660 nm in 
oligotrophic waters [Bricaud et al., 1981], while Cw, 0.364 
m -1 for pure seawater, is constant and factory-calibrated. 
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Figure 1. Location of the stations during the OLIPAC cruise along 150øW in November 1994. Site 1 
(5øS) and site 2 (16øS) correspond to "long" stations investigated over a 5 day period. 

Because the cleanliness of optical windows may change be- 
tween casts, attenuation profiles in the upper layers were cor- 
rected by using the values measured at depths (300 and 400 
m), very close to the Cw value above. 

In situ fluorescence records (•s), in relative units, were 
shifted upward by 3 dbar to account for the time lag (3 s) of 
the fluorometer and for the profiling speed (1 m s -I). Den- 
sity,/•is, and Cp values were subsequently binned over 1 m 
intervals. 

The depth of the mixed layer (Zm) was computed as the 
depth where the density gradient exceeds 0.01 kg m -4. Fi- 
nally, the euphotic zone depth (Ze), defined as the depth 
where the photosynthetically available radiation (PAR) is re- 
duced to 1% of its surface value, was computed from down- 
ward irradiance profiles determined by using a LICOR © (Li- 
1800UW) spectroradiometer. 

2.2. Discrete Data and Other Determinations 

Samples were collected for cytometric measurements, 
HPLC pigment determination, and carbon analyses. Cell 
abundance and cellular optical properties (side scatter and 
chlorophyll fluorescence) of autotrophic picoplankton (Pro- 
chlorococcus, Synechococcus, and picoeucaryotes) were de- 
termined onboard by flow cytometry, as described by Vaulot 
and Marie [this issue]. Heterotrophic bacteria were counted 
later on subsamples fixed with 0.1% glutaraldehyde and pre- 
served in liquid nitrogen and then stained with SYBR © I 
Green [Marie et al., 1997]. After filtration of 2 L of sea- 
water onto Whatman GF/F filters, pigment determination 
and quantification were performed onboard using the HPLC 
procedure of Vidussi et al. [1996]. For particulate or- 
ganic carbon (POC) determination, samples (2.8 L) were ill- 
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tered onto GF/F filters previously washed in a soxlet with 
dichloromethane. This procedure generates blanks as good 
as combustion at high temperature does with the advantage 
of preserving the filter porosity. Samples were analyzed us- 
ing a LECO © 900 carbon analyzer with ethylenediaminete- 
traacetic acid (EDTA) as a standard. 

2.3. Conversion of Optical Signals 
Into Biogeochemical Variables 

2.3.1. Particle attenuation and POC. The primary 
sources of variations in Cp are changes in the numerical abun- 
dance and the size of particles, while second-order sources 
are changes in the refractive index and the shape of parti- 
cles [Gardner et al., 1993]. The size of particles viewed by 
a transmissometer generally lies in the 0.5-10/an range, as- 
suming a Junge-type size distribution with an exponent close 
to -4 [Morel, 1973; Stramski and Kiefer, 1991]. If the par- 
ticle size distribution, their shape, and refractive index are 
constant, the Cp variations reflect only particle load changes 
[Spinrad et al., 1983; Baker and Lavelle, 1984]. These as- 
sumptions are necessary to derive particle matter concentra- 
tions (PMC) from Cp values [e.g., Siegel et al., 1989; Gard- 
ner et al., 1993]. POC can be considered as a proxy of 
PMC to the extent that the proportion of organic carbon in 
PMC is constant. In the present investigation a significant 
linear relationship between POC and Cp has been obtained 
(Figure 2) and leads to a slope of 502 mgC m -3 per m -1 
(r 2 = 0.92 and n - 19), which can be adopted as a conver- 
sion factor allowing Cp (m -1) to be transformed into POC 
equivalent (mgC m-3). By assuming that 40% of the par- 
ticulate concentration is POC, Walsh et al. [ 1995] estimated 
a conversion factor of 180 and 257 mgC m -3 per m -1 for 
two cruises in the equatorial Pacific, respectively, whereas 
Cullen et al. [ 1992] used a value of 255 derived from Siegel 
et al. [1989] for the north tropical Pacific (33øN, 142øW). 
Surprisingly, the present conversion factor is at least twice 
the previous values. It is, however, the only one directly 
based on chemical determination instead of an assumption 
based on the PMC/POC ratio. Moreover, a recent analysis 
of a large range of POC and attenuation data from several 
JGOFS cruises [Loisel and Morel, 1998] led to an almost 

linear relationship (½p = 10 -3 POC 1'17 and r 2 - 0.95). In the 
restricted Cp range observed here (i.e., from 0 to 0.10 m -1) a 
linear fit results in a slope of 507 (r 2 - 0.99) (see also Figure 
2). A conversion value of 500 mg C m -3 when Cp -- 1 m -1 
was therefore adopted in what follows. This is equivalent to 
the adoption of a carbon-specific attenuation cross section, 
c of 2 m 2 1 %, gC- , a value which also accounts well for other 

observations made near Hawaii at the HOTS site [Loisel and 
Morel, 1998, Figure 4]. 

2.3.2. Fluorescence and chl a. In spite of a rather large 
scatter the relationship between/•s and HPLC-derived chl a 
(divinyl-chlorophyll a + monovinyl-chlorophyll a) was sig- 
nificant (Figure 3), and the regression line was used to con- 
vert all fluorescence records into chlorophyll a equivalent 
for the whole transect. In order to account for possible re- 
gional differences, separate regressions were performed at 
16øS and 5øS, respectively (Figure 3). Resulting slope were 

significantly different (by a factor 1.48). In contrast, there 
were no significant differences in these slopes when various 
optical layers were considered in each site (data not shown), 
which suggests the regional variability is much larger than 
the vertical one. These site-dependent calibrations will be 
used when dealing with the 5 day stations at 5øS and 16øS. 

3. Results and Discussion 

3.1. Analysis of the Meridional Transect 

The density structure along the 150øW section and the 
meridional profile of the geopotential difference (computed 
between 10 and 1000 dbar) reveal several distinct regimes 
related to a complex zonal circulation (Plate 1). In the south- 
ern part of the section, between 13øS and 9øS, the prevailing 
eastward flow, also recorded in the upper layer by acoustic 
Doppler current profilers (ADCP) [Stoens et al., this issue] 
is anomalous with respect to the mean pattern described by 
Wyrtki and Kilonsky [ 1984]. A net westward motion actu- 
ally takes place below between 100 and 350 m. Extreme 
oligotrophic conditions prevail within the zonal band 16 ø- 
14øS. The upper layers are deprived of nutrients (nitrogen 
concentration below 10 nM), phytoplankton is scarce (chl a 
< 0.10 mg chl a m -3) and Cp is rather uniformly distributed 
and weak (0.03-0.04 m -1) (Plate 2). A deep chlorophyll 
maximum (DCM, with chl a > 0.20 mg chl a m -3) develops 
well below the 1% surface PAR level at a fluctuating depth of 
• 140 m, where nitrogen becomes available (0.3 •/M). The 

60 ß ß 1 

f 30 
t o- 

,ol 
/ eoc = 50.8 + 5.33 

0 '•• 
0.00 0.02 0.04 0.06 0.08 0.10 

Cp 
Figure 2. Relationship between particle attenuation (Cp) and 
particulate organic carbon (POC). The solid circles, the lin- 
ear fit (continuous line), and the equation correspond to mea- 
surements performed at 5 ø S, 150øW. The open circles corre- 
spond to values derived from a power law model linking Cp 
to POC [Loisel and Morel, 1998] fitted to a linear relation- 
ship (POC = 506.71 cp + 2.32 and r 2 = 0.99) shown as the 
dashed line. 
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Figure 3. Relationship between in situ fluorescence and 
chlorophyll a concentration: (a) all measurements per- 
formed along the 150øW transect (262 data) as well as at 
5øS (166 data) and 16øS (119 data), (b) measurements at 
5øS, and (c) measurements at 16øS. 

mixed layer thickness is • 30 m or less; below this layer a 
rather regular density gradient ensures a stable stratification 
in this area and the maintenance of the layering of various 
algal assemblages [Vaulot and Marie, this issue]. 

The extreme oligotrophic character progressively dimin- 
ishes northward, and the DCM, like the nutricline, rises 

smoothly. The algal biomass increases in the upper layer as 
well as in the DCM, while the Cp increase is restricted to the 
upper layer. The mixed layer extends downward with a max- 
imal thickness of 70 m at 8ø30S. At this latitude a discon- 

tinuity occurs, and the current direction is reversed within 
the 8ø30-7øS band. A divergence occurs at 7øS between 
this westward motion (8ø30-7øS) and the eastward motion 
prevailing between 7 ø and 5ø30S. According to the geopo- 
tential differences obtained for various isobaric levels (also 
confirmed by ADCP records), the core of the eastward cur- 
rent is at • 100 m, and the mixed layer depth is shallower 
(35 m). Associated with the rising of the pycnoclines, nu- 
trients reach the surface (nitrogen > 2 pM). Between 7øS 
and 3øS the algal stock is increased in the upper (0-50 m) 
layer with chlorophyll a concentration around 0.20 mg m -3 
as well as in the DCM (chl a > 0.35 mg m-3), located be- 
tween 60 and 95 m. This larger algal stock coincides with 
a noticeable increase in particulate matter within the whole 
0-70 m layer (Cp > 0.07 m -1). In contrast to the oligotrophic 
regime (at 16øS), the DCM is located between 10% and 1% 
PAR levels. 

Between 4øS and IøN the zonal flow for the upper layers 
is everywhere oriented to the west, with low speed in the 
4ø-1øS band and higher values in the equatorial (IøS-IøN) 
belt, particularly between løS and the equator. The upper 
layer temperature is still above 28øC in this belt. The 4ø-1øS 
zone is characterized by a thickening of the homogeneous 
mixed layer with warm waters (0 > 28øC and o < 22.58), 
nitrate concentration slightly above 2 pM, and a local (1 o_ 
2øS) minimum in phytoplankton biomass within the DCM 
(chl a < 0.35 mg m -3) and in Cp (< 0.07 m-l). 

Around the equator, and particularly between 0 and IøN, 
the situation is markedly different. Brought by the equato- 
rial divergence, nitrogen reaches concentrations of • 3 pM 
at the surface. This equatorial band corresponds to a relative 
increase in Cp (> 0.07 m- 1), homogeneously distributed, al- 
though these values remain lower than those observed in the 
7ø-3øS band (Plate 2). Algae (with chl a > 0.35 mg m -3 
at IøN) are also rather uniformly distributed from 0 down 
to 90 m within a layer which actually includes the surface 
waters flowing westward as well as those belonging to the 
upper part of the equatorial undercurrent and flowing east- 
ward. This undercurrent, with a core velocity (60 cm s -l) 
at • 170 m (and extending down to 300 m), carries water 

0.2 0.3 0.4 of northern origin (with a typical salinity minimum of 35.09 
practical salinity unit (PSU) at 130 m) abruptly replaced by 
water of southern origin (salinity maximum of 35.34 PSU 
at 150 m). The highest algal biomass and, correlatively, the 
shallowest euphotic zone (Ze = 65 m) were observed at 1 øN 
and not at the equator itself. 

Ratioing the vertically integrated values of the cp-derived 
POC and/•s-derived chl a (within layers delimited by the 
depths corresponding respectively to 10% and 1% of sur- 
face PAR) leads to the following observations (Figure 4): 
(1) clear regional differences exist with the highest values 
recorded in the subtropical gyre (338 g:g) and the lowest 
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at the equator (108 g:g). These ratios have been computed 
by using exclusively morning profiles (just before sunrise) 
as some daily variability is recorded in either Cp or in flu- 
orescence (see section 3.4.2). The range of variations in 
POC/chl a ratio as well as the zonal trend are similar to 

what was reported by Pe•a et al. [1991 ], on the basis of car- 
bon and pigment analysis along 135øW and by Chung et al. 
[1996] along 140øW, who also used Cp as a proxy of POC, 

c value differing from that adopted here. however with a Cp 
These regional differences primarily reflect the change in the 

trophic status entailing differing balances between algal and 
nonalgal materials; this change will be examined later in a 
more quantitative way. (2) The decrease in the POC/chl a 
ratio, from the south to equator, is not monotonic as rela- 
tively higher values compared to those in neighboring areas 
are observed around 5øS. (3) In the equatorial zone the ratio 
is the same whatever the layer considered (from surface to 
1% or 10% of surface PAR), contrary to the subtropical gyre 
where the values in the upper layer (PAR _> 10%) are about 
twice those computed for the whole photic zone (Figure 4). 
This result likely reveals regional differences in the balance 
between mixing rates and photoadaptation rates. 

3.2. Typical Situations Within the Meridional Transect 

The vertical distribution of/;is and Cp is now analyzed 
for three selected situations differing by hydrodynamic and 
trophic conditions, namely, the south tropical gyre (16øS), 
the divergence at 5øS, and the equatorial divergence (0ø). 
The three systems exhibit marked differences with respect 
to the relative positions of the euphotic zone depth (Ze) and 
of the mixed layer depth (Zm) (Figure 5). At 16øS the wa- 
ter column is stratified everywhere, and Ze is at 130 m; in 
the divergence system, at 5øS, Ze (85 m) is below Zm (55 
m), while the reverse occurs at the equatorial divergence, 
with Ze (70 m) above Zm (80 m). For the three situations 
considered, cp and fis profiles roughly covary below Ze, in 
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Figure 5. Typical vertical distributions of particle attenuation, fluorescence, and density in three situations 
representative of the hydrodynamic and trophic conditions investigated during the OLIPAC cruise. The 
depth of the euphotic zone (Ze), and the lower limit of the mixed layer (Zm) are indicated. 
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particular, at 16øS, where the DCM is associated with a rel- 
ative particle maximum. The progressive decrease in F•s and 
Cp with depth (below 150m at 16øS and below Ze at 5øS and 
0 ø) likely reflects a "mixing rule" [Loisel and Morel, 1998], 
i.e. a progressive downward dilution of the same particle 
assemblage (vegeta! plus nonvegetal). Within the euphotic 
zone the covariation is no longer the rule, and the behavior 
of F•s and of Cp, which are site-dependent, have to be exam- 
ined with respect to the light and density fields. At 16øS, 
there is a complete absence of correlation between Cp and F•s 
in this layer. The strong stratification conditions of this sta- 
ble system possibly lead to (1) a vertical segregation in the 
vegetal and nonvegetal assemblage and (2) photoadaptation 
processes inducing increases in chlorophyll cellular content 
within the algal populations [e.g., Falkowski, 1980]. At 5øS 
(Ze > Zm), Cp and F•s are homogeneously distributed within 
the mixed layer, which reveals efficient vertical mixing. Be- 
low this mixed layer, Cp decreases, while a relative fluores- 
cence maximum develops, again, likely as the result of pho- 
toadaptation processes. At the equator (with Zm > Ze), F•s 
is quasi-constant within the mixed layer, whereas Cp begins 
to diminish from 40 m depth. This lack of correlation tends 
to demonstrate that vertical mixing does not extend down to 
the pycnocline so that homogenization is not fully realized. 

3.3. Contribution of the Various Biological Stocks to 
Particulate Attenuation and in Situ Fluorescence 

Although fluorescence and transmissiometry techniques 
provide only bulk information, they still possess the advan- 
tage of capturing continuous profiles over the entire water 
column. If flow cytometric techniques can only be applied 
on discrete samples (12 along the vertical, in the present 
study), they provide, in contrast, detailed enumeration of the 
algal groups (Prochlorococcus, Synechococcus and picoeu- 
caryotes) and of heterotrophic bacteria. In what follows, 
both techniques are combined in order (1) to estimate the 
vegetal and nonvegetal contribution to Cp, (2) to discrimi- 
nate, within the "vegetal Cp" and the fluorescence signals, 
the respective roles of the various phytoplanktonic groups, 
(3) to split the "nonvegetal Cp" signal into heterotrophic or- 
ganisms and detritic contributions, and (4) finally, to recon- 
struct, from the Cp and F•s profiles, continuous vertical pro- 
files of these various biological stocks. 

3.3.1. Biological stocks and particle attenuation. At- 
tenuation at 660 nm is predominantly driven (>97%) by 
particle scattering [Loisel and Morel, 1998]. Therefore, 
when decomposing Cp in its various microbial components, 
the prerequisite is the estimation of their typical scattering 
cross section. Such decomposition was already performed 
by Chung et al. [1996], who made use of the scattering 
cross sections of various microbes (at 550 nm) published 
by Stramski and Kiefer [1991]; recently, DuRand and Ol- 
son [1996] and Chung et al. [1998] also derived scattering 
cross sections from the forward light scatter (FLS) signals 
measured by flow cytometry. In the present study the ef- 
ficiency factor for scattering (Qb, dimensionless) was com- 
puted (at 660 nm) through the anomalous diffraction approx- 

imation [Van de Hulst, 1957] for "generic" cells assumed 
to be representative for each identified category. Namely, 
heterotrophic bacteria, Prochlorococcus, Synechococcus and 
picoeucaryotes were assumed to be spherical with mean di- 
ameters equal to 0.50, 0.70, 1.20 [Morel and Ahn, 1991; 
Morel et al., 1993], and 2.28/an [Simon et al., 1994; Camp- 
bell et al., 1994], respectively. The relative index of re- 
fraction was supposed to be 1.05 for all organisms, and 
the resulting scattering cross sections, •b (Qb times the ge- 
ometrical cross section), are 9.93 x 10 -15 3.79 x 10 -14 
3.21 x 10 -13, and 3.84 x 10 -12 m 2 cell -1 for heterotrophic 
bacteria, Prochlorococcus, Synechococcus and picoeucary- 
otes, respectively. The partial scattering (or equivalently at- 
tenuation) coefficient, b, is computed as b = N/V •b, were 
N/V represents the numerical abundance (cell m -3) of the 
organism considered. Bigger heterotrophic organisms (flag- 
ellates and ciliates) were not enumerated. In an attempt 
to quantify their effect the values given by Morel and Ahn 
[ 1991 ] were adopted. According to various hypotheses con- 
cerning the size and the relative abundance within the het- 
erotrophic compartment, the cumulated (bacteria + flagel- 
lates + ciliates) contribution to scattering would be between 
1.8 and 2.4 times that of the sole heterotrophic bacteria con- 
tribution [Morel andAhn, 1991, Table 2]. Here, a factor of 2 
has been adopted. 

The three autotrophic groups measured by flow cytometry 
(Prochlorococcus, Synechococcus, and picoeucaryotes) are 
assumed to be representative of the whole vegetal material, 
to the extent that larger algal species (diatoms, dinoflagel- 
lares), as depicted by pigment markers (fucoxanthin, peri- 
dinin), were scarce [Cailliau, 1996]. Therefore the vegetal 
fraction of Cp, hereafter denoted "Cveg", actually is the sum 
of the partial contributions computed for each autotrophic 
group ß Cveg - Cpro + Csyn + Cpico (where the subscripts pro, 
syn and pico refer to Prochlorococcus, Synechococcus and 
picoeucaryote populations, respectively). The nonvegetal 
fraction of Cp, denoted nveg is then estimated as the dif- 
ference Cnveg = Cp - Cveg. This fraction can now be splitted 
into a contribution from heterotrophic bacteria "Cbact" a cu- 

"C " mulated contribution of all heterotroph het (Chet = 2Cbact, 
see above), and a contribution by nonidentified particles de- 
noted Cdet (Table 1). Indeed various detritus (and possibly 
bubbles) [Stramski, 1994], are likely responsible for this last 
term which appears to be predominant (Figure 6 and Table 
1). 

The balance between the nonvegetal and vegetal compart- 
ments can be assessed for the three typical situations; the 
relative contributions (%) are provided in Table 1, and the 
partial attenuation values (m -1) are displayed in Figures 6 
and 7a. It is worth noting that if Cnveg is roughly the same in 
the upper layers at the three stations, Cveg changes markedly. 
As a result, within the euphotic zone the proportion of vege- 
tal material is 43% at the equator, 39% at 5 ø S, and as low as 
20% at 16 ø S. Below Ze, the nonalgal material progressively 
predominates. This result is in agreement with the observa- 
tion made by DuRand and Olson [1996] at an equatorial sta- 
tion at 140øW; DuRand and Olson found equivalent contri- 
butions of vegetal and nonvegetal material to the formation 
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Table 1. Contribution of Different Particulate Stocks to Attenuation for Three Oceanic Situations Along 150øW 

Vegetal Pool Nonvegetal Pool 

Layer Latitude Cpr o Csyn Cpico Cveg Cb act Chet Cdet Cnveg 

0-25 rn 0 ø 8 5 30 43 7 15 42 57 
5øS 8 9 22 39 9 18 43 61 
16øS 6 1 6 13 16 31 56 87 

0 ø 8 5 30 43 8 16 41 57 

5øS 8 8 23 39 9 18 43 61 
16øS 12 1 7 20 12 25 55 80 

Data are expressed in percenrage of Cp (Cp = Cveg + Cnveg). The various subscripts refer to Prochlorococcus (pro), Synechococcus (syn), 
picoeucaryotes (pico), vegetal material (veg), heterotrophic bacteria (bact), heterotrophs (het; includes heterotrophic bacteria, flagellates, 
and ciliates), detritus (det), and nonvegetal material (nveg), so that cveg = Cpico + Csyn + Cpro and Cnveg = Chet + Cdet with Che t = 2 Cbact. 

a Ze corresponds to the depth of the euphotic zone. 

of Cp in surface layer, while at depth (100 m) the attenuation 
signal was essentially caused by nonalgal material. At 16øS 
the vertical Cnveg pattern exhibits two relative maxima at • 
30 m and within the DCM (135 m). The reduced contribu- 
tion of algal material (and correlatively the higher proportion 
of nonalgal material) in the subtropical gyre, compared to 
the two divergence zones, is a clear evidence of trophic sta- 
tus differences. The divergence zone generates rather "new" 
systems of production, as a minimal nutrient flux can sus- 
tain algal growth. In contrast, the subtropical gyre is typical 
of an "old" system of production, essentially fueled by its 
own regenerative capabilities, and based on the microbial 
loop activity. Indeed, the various components of the micro- 
bial loop in the euphotic zone, as estimated by Chet, represent 
25% of cp at 16øS instead of 18% or 16% at the 5øS diver- 

gence or at the equator, respectively. The difference is even 
greater when considering the upper layer (0-25 m) (Table 
1). Nevertheless, it appears that the nonalgal pools remain 
dominated by the contribution of largely unknown (detritic) 
particles which would account, within the euphotic zone, for 
55% of the Cp value at 16øS and for more than 40% in the 
two divergence systems. 

With regard to the algal compartment the role of the three 
identified organisms are site-dependent. At the equator, Cpico 
is nearly constant (0.022 m -1) within the top 60 m where 
it represents 69% of Cveg; Prochlorococcus and Synechococ- 
cus contributions amount only to 19% and 12%, respectively 
(Figure 7a and Table 1). DuRand and Olson [1996] also 
found that picoeucaryotes are the main contributors to the 
vegetal signal at the equator, while the role of Prochloro- 
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Figure 6. Decomposition of the nonvegetal component of particle attenuation into its major contributors 
for three typical oceanic conditions (see text). These vertical profiles are based on mean night cp profiles 
(average of 3 profiles at 0 ø, 24 at 5øS, and 20 at 16øS) and mean depth distributions of heterotrophic 
bacteria enumeration (9 samples at 0 ø, 224 at 5øS and 134 at 16øS). 
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Figure 7. Decomposition of the vegetal component of (a) particle attenuation and (b) chl a calibrated 
fluorescence into their major phytoplanktonic contributors for the three typical oceanic conditions. These 
vertical profiles are based on mean night Cp or F•s profiles (average of 3 profiles at 0 ø, 24 at 5øS and 20 at 
16øS) and mean depth distributions of phytoplankton groups (11 samples at 0 ø, 224 samples at 5øS, and 
286 samples at 16øS). 

coccus is smaller and that of Synechococcus would be neg- 
ligible. At 5 ø S, picoeucaryotes are again the major contrib- 
utor to Cveg (more than 57% in the top 150 m layer), and 
Csyn and Cpro are nearly the same, each contributing to about 
20% of Cveg. At 16øS the contribution of Synechococcus 
is almost negligible. Between 0 and 30 m, Prochlorococ- 
cus and picoeucaryote populations are of similar importance 
(note, however, that Prochlorococcus cells cannot be reli- 
ably enumerated in the upper layer because of their weak 
fluorescence signal). The Prochlorococcus population be- 
comes the main contributor to Cveg between 50 and 135 m 
whereas picoeucaryotes are dominant beyond 135 m. Inside 
the DCM, Cpico (0.006 m -1) is maximum and contributes 
50% of Cveg. This picoeucaryote maximum coincides with 
the upper boundary of the nitracline (Plate 1) as previously 
observed [Claustre and Marty, 1995] in a similar environ- 

_ 

ment of the North Atlantic gyre. This observation led to the 
proposition that picoeucaryotes (in particular, pelagophytes) 
could be responsible for the new production linked to a reg- 
ular diffusion of nitrate in this impoverished environment. 

It is worth noting that the assumptions regarding the size 
of the various particles identified by flow cytometry are cru- 

cial in the analysis of the Cp signal and its decomposition. 
lnoneumess, such assmnptions axe lnCVitaotc because ( of 
the paucity of in situ measurements of individual population 
size and (2) the possibility of size deteminations perfomed 
on culture isolates being biased by growing conditions dif- 
fering from those found in situ. For Prochlorococcus and 
heterotrophic bacteria the study of Chung et al. [1998] led 
to sizes simil• to those used as input in our calculation. 
For Synechococcus their value (0.90 gm), slightly lower than 
ours (1.2 gm), has little impact on the estimated contribution 
of Synechococcus, which, anyway, is reduced. •e m•n un- 
certainty when decomposing Cp results from picoeukmyotes. 
For these organisms the mean size estimated by Chung et al. 
[1998] (1.26 gm) is much lower than the one used as input 
in our calculation (2.28 gm) and based on •croscopic size 
measurements perfomed on natural populations (HOTS sta- 
tion) [Campbell et al., 1994]. •is difference in size leads 
to a tremendous difference in scattering cross sections, actu- 
ally by a factor of 10. As a consequence, the estimate of the 
picoeuk•yote contribution is 10 times lesser when a size of 
!.26 gm is used instead of 2.28 •, and the nonvegetal and 
detrital contributions would be accordingly enhanced. Com- 
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pared to this size effect, the hypothesis made about the rel- 
ative index of refraction (actually less varying) has a minor 
impact. 

3.3.2. Biological stocks and fluorescence. The fluores- 
cence of a population is operationally defined and then com- 
puted as the product of phytoplankton fluorescence per cell 
and of cell concentration. Both quantities are derived from 
cytometric determinations. The total fluorescence associated 
with the three phytoplankton groups resolved by flow cytom- 
etry, denoted Fcyt, can thus be expressed as: Fcyt = Fpro + 
Fpico + Fsyn, (subscript meanings as above). As for Cveg, Fcyt 
is expected to represent the whole vegetal material to the 
extent that other algal groups can be neglected (see section 
3.3.1.). 

Because of the difference in photosystem II responses 
to saturating excitation flashes of various durations and in- 
tensities, the fluorescence signals recorded by the cytome- 
ter and by the SeaTech fluorometer are not identical, albeit 
akin [Neale et al., 1989]. Moreover, both are expressed in 
relative units, which makes direct comparisons impossible. 
However, the rough linear relationship observed beteween 
Fcyt and F•s during this cruise (transect plus 5 day stations, 
n = 721, Figure 8) suggests that both measurements are con- 
sistent. Specific analyses (not detailed here) have not re- 
vealed any regional disparity in this relationship, so that the 
regression line is considered, in spite of a rather large scat- 
ter, as valid in all situations. As F•s has been calibrated in 
chl a-equivalent units (see Figure 3), Fcyt can accordingly be 
translated in chl a units. Moreover, if it is assumed that for 

these small organisms one unit of Fpro, Fpico, or Fsyn corre- 
sponds to same amount of chl a, the chl a biomass associated 
with each autotrophic group can be tentatively derived (Fig- 
ure 7b). 
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Figure 8. Cytometric fluorescence plotted versus in situ 
SeaTech fluorescence. The cytometric fluorescence corre- 
sponds to the sum of the fluorescence of the three phyto- 
plankton populations (Prochlorococcus, Synechococcus, and 
picoeucaryotes) calculated as the product of the red fluores- 
cence per cell and cell concentration. 

At the equator, the chl a of picoeucaryotes nearly repre- 
sent 50% of the total chl a biomass from the surface down 

to 150 m (Figure 7b). The chl a of Prochlorococcus shows 
a relative maximum (0.09 mgchl a m -3) at the base of the 
mixed layer (80 m), while the chl a of Synechococcus is 
rather constant in the top 50 m (0.07 mgchl a m -3) and 
regularly decreases below. At 5øS, Synechococcus is the 
dominant contributor to the chl a in the surface layer (50% 
of the total within the top 50 m). At the DCM level (75, 
m) the three populations contribute equally (each with 
0.10 mgchl a m -3) to the total biomass. Below this maxi- 
mum, Synechococcus chl a biomass decreases rapidly, thus 
Prochlorococcus and picoeucaryotes become the only re- 
maining contributors to the total chl a. At 16øS the Syne- 
chococcus contribution is always < 8% of the total chl a. 
Picoeucaryotes are dominant from 50 to 180 m including the 
DCM ( 135 m), where their chl a (0.21 mg chl a m -3) roughly 
represents two thirds of the total chl a. The Prochlorococ- 
cus contribution is preponderant in very deep layers, i.e., be- 
tween 180 and 250 m. 

3.3.3. Comparison of two algal indices: Cveg versus flu- 
orescence. The comparison of Figures 7a and 7b high- 
lights that fluorescence and Cveg are seldom equivalent es- 
timators of algal biomass either in terms of total algal ma- 
terial abundance or in terms of composition. Some previous 
works have shown that total particles, as estimated by Cp, and 
vegetal material, as estimated by chl a, are rarely correlated, 
particularly along the vertical axis [Pak et al., 1988; Kitchen 
and Zaneveld, 1990; Morel et al., 1993]. The best instance 
of such lack of correlation is provided by the chlorophyll 
maximum concentration, identical for the three situations 

(,-• 0.3 mg chl a m-3), although the Cveg maximum value is 
nearly 3 times less at the oligotrophic site (0.014 m -1) than 
at the equator (0.043 m -1) or at 5øS (0.045 m -1) (Figure 7). 
The DCM is often considered to be a consequence of phy- 
toplankton photoadaptation to dim light and does not reflect 
a proportional carbon increase [Cullen, 1982; Kitchen and 
Zaneveld, 1990; Claustre and Marty, 1995]. At 16øS, never- 
theless, the DCM is a (relative) maximum in terms of vegetal 
attenuation by algae and, consequently, in terms of vegetal 
carbon. The main part of this signal is due to picoeucaryotes. 

The discrepancy between fluorescence- and cp-based es- 
timations of the vegetal biomass is also obvious at the level 
of specific population and, again, has to be interpreted in the 
frame of phytoplankton photoadaptation. While the verti- 
cal profiles of Fpico and Cpico at 16øS are significantly corre- 
lated [p < 0.001 and r 2 = 0.82], this is no longer the case for 
Fpro and Cpro (Figure 7). As shown by Campbell and Vaulot 
[1993], the increase with depth in the chlorophyll cellular 
content of picoeucaryotes is much less (10 times less) than 
in Prochlorococcus. In other words, chl a could be a more 
reliable estimator of carbon biomass for picoeucaryotes than 
for Prochlorococcus. 

3.4. Local Variations in Particle Attenuation and 

Fluorescence 

The above analysis of the meridional transect (Plates 1 
and 2) as well as of some specific situations (Figures 5, 6 
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Figure 9. Temporal evolution of the vertical distribution of density (kgm -3) at 5øS and 16øS. The average 
frequency of data acquisition was 8 profiles d -1 . The heavy lines correspond to the bottom of the mixed 
layer, Zm. 

and 7) has shown that the trophic status is the source of wide 
variations in Cp and/•s. The second source of variations, 
which is related to biological and physiological responses at 
high frequency, is now analyzed. With this purpose the two 
5 day stations, with differing physical (Figure 9) and trophic 
conditions are examined. Associated with the divergence, a 
quasi-mesotrophic regime prevails at 5 ø S, whereas at 16 ø S, 
within the northern branch of the South Pacific gyre, ultra- 
oligotrophic conditions are observed. 

3.4.1. Density-driven vertical patterns. For both sta- 
tions, the evolution of the vertical distribution of the particle 
attenuation and fluorescence are displayed either along the 
geometrical depth or along a density scale (Plates 3 and 4); 
the density fields are displayed in Figure 9. 

At 5øS the particle content depicted by Cp remains high 
in the upper layer from the surface down to a variable depth 
(40-70 m) which corresponds to c5 = 22.70 (Figure 9) and to 
a first step in the density profile (see also Figure 5). Vertical 
mixing in this mixed layer results in a rather homogenous 
vertical Cp distribution. A few meters below and centered 
on the isopycnal c5 = 22.80 the maximum/•s corresponds to 

the core of the DCM. The maxima in algal biomass are not 
reflected by Cp, which steadily decreases downward. The 
main pycnocline at this location (with a sharp density gradi- 
ent from 23.1 to 25.0) begins at 120-135 m (Figure 9), par- 
alleled by the Cp = 0.02 m -1 and F•s = 0.2 isolines (Plate 3). 
This interface experiences well-marked oscillations (domi- 
nated by a semidiurnal period) with an amplitude of ,-• 15 m, 
except during the third and the fourth days, when the density 
gradient is halved (0.03 versus 0.07 kg m -4) and the salinity 
maximum is split into two maxima (150 and 160 m; data not 
shown). This event, perhaps a breaking of internal waves, 
leaves the water masses themselves unaffected (no changes 
in the 0-S relationship within the upper layers) but makes the 
DCM shallower and the mixed layer thinner. 

Superimposed on the density-driven patterns, circadian 
cycles are present (Plate 3). Within the mixed layer, Cp ex- 
hibits a minimum at sunrise and a maximum at sunset. In 

the DCM,/•s follows a similar pattern, whereas in the sur- 
face layer (0-25 m), this signal is depressed at noon. 

At 16øS the mixed layer is about 20 m thick; below, an 
almost constant vertical density gradient (Figure 9) ensures 
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a stable stratification. The whole density field exhibits a 
semidiurnal oscillation, irregular in amplitude and slightly 
damped near the surface. The DCM, marked by a relative 
maximum in Cp and a strong signal in F•s, fluctuates between 
125 and 150 m, in phase with the 24.5 isopycnal oscillation. 
Another core of particle accumulation (without fluorescence 
signal) is centered on 50 rn (c• m 23.60) on the average; with 
a vertical extension of • 60 m (from 30 to 90 m), this core 
is clearly separated from the DCM. Within the DCM the cir- 
cadian variations in Cp and F•s are in phase, with a maximum 
in the late afternoon and a minimum at the sunrise. 

3.4.2. Daily patterns related to biological processes. 
In the two sites the daily changes in Cp (transformed into 
POC) and in F•s are analyzed (Figures 10 and 11) through 
the temporal variations of their values after integrating over 

two layers: (1) the surface layer (0-25 m), where cellular 
physiological characteristics [Vaulot and Marie, this issue] 
as well as/•s (Plate 3) present a clear diel cycle and (2) the 
euphotic layer (0 m to Ze). It must be noted that integrating 
Cp over a given depth interval (0-25 m and O-Ze) leads to an 
optical thickness •p (dimensionless) related to the presence 
of scattering particles: 

__ f 25,Ze •p Cp(z)dz 
dO 

When the carbon-specific attenuation coefficient is intro- 
= c [POC], the above expression is trans- duced, with Cp Cp 

formed into 

f 25,Ze _ c eOC(z)dz •p Cp d 0 

søs, l$0øwl 
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Figure 10. Temporal evolution of integrated fluorescence and integrated particle attenuation at 5øS for 
the 0-25 m layer or the euphotic layer, as indicated. The scale for particle attenuation is given in POC 
(mg m -2) and in optical thickness (dimensionless) equivalents. The scale for fluorescence is in relative 
units. 
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Figure 11. As in Figure 10, but for 16øS. 

where the integral corresponds to the areal POC content, 
denoted POC (gC m-2). As the adopted value for c• is 2 
m 2 gC -1, the numerical relationship between qJp and POC is 
therefore POC = 0.5 'rp. 

Similarily, the vertical integration of F•s would lead to an 
areal chlorophyll content (gchla m -2) for a given layer, if 
chl a and F•s were tightly correlated. Because fluorescence 
is depressed around noon in surface layers, the correlation 
is not tight. Therefore column integrated chl a values are 
meaningless when surface layers are considered in the inte- 
gration. 

In the upper layer as well as in the euphotic layer, Cp 
displays in both locations a clear diel cycle, with maxima 
around sunset (1800 LT) and minima around sunrise (0600 
LT) (Figures 10 and 11). Such a regular Cp variation on a 
daily scale has been already documented for various oceanic 
situations like the north tropical Pacific [Siegel et al., 1989], 
the equatorial Pacific [DuRand and Olson, 1996; Walsh et 

al., 1995; Gardner et al., 1995], or the North Atlantic [Gard- 
ner et al., 1993, 1995]. Such variations are believed mainly 
to reflect the combined influences of (1) a change in parti- 
cle content resulting from the balance between primary pro- 
duction and loss terms (grazing, sinking, aggregation, and 
nocturnal convection) [Walsh et al. 1995; Gardner et al., 
1995] and (2) a daily "physiological" cycle affecting the spe- 
cific attenuation of individual particles [e.g., Stramski and 
Reynolds, 1993]. This physiological cycle at the population 
level has been recently documented at the equator by Du- 
Rand and Olson [1996] and at the same 5øS site by Vaulot 
and Marie [this issue]. Besides this general daily pattern, the 
temporal Cp evolution presents some site-specific peculiari- 
ties. 

Within the euphotic layer the Cp cycle is not fully repro- 
ducible over the 5 days at 5øS. Indeed, from November 21 
at noon (Figure 10), the timing as well as the magnitude of 
Cp variations are perturbed: both minima and maxima occur 
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Table 2. Growth Rate Derived From Cp Daily Variations in Various Layers at 5øS and 16øS 

5øS 16os 

Growth Rate, (d- 1) Growth Rate, (d- 1) 
PAR a PAR a 

0-25 m O-Ze 0-25 m O-Ze DCM Layer b 

Day 1 0.64 0.66 12.01 0.91 0.52 0.36 12.32 
Day 2 0.56 0.41 11.75 0.88 0.70 0.42 12.88 
Day 3 0.58 0.58 12.32 0.95 0.65 0.44 12.33 
Day 4 0.45 0.42 12.66 0.85 0.66 0.34 11.63 
Day 5 0.34 0.29 11.98 0.89 0.61 0.23 10.25 
Mean 0.51 4- 0.11 0.47 4- 0.13 12.14 4- 0.35 0.90 4- 0.04 0.63 4- 0.07 0.36 4- 0.08 11.88 4- 1.02 

a Photosynthetically available radiation (PAR) [M J] is the daily irradiation at the sea surface for the photosynthetical range (400- 
700nm). 

b The deep chlorophyll maximum (DCM) layer is the layer delimited by the 22.25 and 22.75 isopycnals, which on average, correspond 
to 110 and 160 m, respectively. 

7 hours before the expected time, and the amplitude of the 
variation is weaker than that recorded for the 3 preceding 
days. While the temporal shifts are not easily explainable 
(and in any case, not related to a change in PAR; see Table 
2), the reduction of the mixed layer thickness (see Figure 
9 and Plate 3) is responsible for the reduction in the inte- 
grated Cp signal. Moreover, Vaulot and Marie [this issue] 
have shown that the picophytoplankton concentration in sur- 
face layers was reduced (roughly by a factor of 1.5) from 
November 21 around noon, which may reinforce the previ- 
ous suggestion of a hydrodynamic perturbation. If only the 
upper (0-25 m) layer is considered, the Cp cycle is regularly 
repeated. 

At 16øS the well-featured Cp daily cycle is superimposed 
over a regular 5 day increase (Figure 11, see also Plate 4). 
This "long-term" trend corresponds to a net particle (or car- 
bon) increase of ,-, 25% with respect to the initial stock. The 
cause of such a gain remains unknown. The 5 day observa- 
tion, nevertheless, invalidates the postulate of steady state of- 
ten stated for oligotrophic systems. The occurrence of "tran- 
sient" states in typical oligotrophic environments has already 
been pointed out as resulting from storm events in the tropi- 
cal North Pacific [DiTullio and Laws, 1991 ], but this was not 
the case during the present experiment. 

The daily cycle in fluorescence in the 0-25 m layer, at 5øS 
as well as 16øS, can be decomposed into two main phases: 
minima are restricted to a narrow period around noon, while 
maxima extend nearly all the night long. The range of vari- 
ation in/•s is greater at 5øS (roughly by a factor 2) than at 
16øS (factor 1.4). These daily patterns in/•s are almost iden- 
tical to what is reported for the diel variation of fluorescence 
per cell in surface populations of Prochlorococcus and, to a 
lesser extent, Synechococcus [Vaulot and Marie, this issue]. 
As the red fluorescence per cell of picoeucaryotes does not 
display any significant variation [Vaulot and Marie, this is- 
sue], prokaryotic cells would be the main drivers of daily 
/•s variations within the top 25 m layer. The pronounced 
decrease in fluorescence during daytime is probably due to 
energy-dependent (ApH) nonphotochemical quenching [see 
Krause and Weis, 1991] together with a possible influence 

of nonphotochemical quenching by nonphotosynthetic pig- 
ments. Zeaxanthin, a nonphotosynthetic pigment present 
in Synechococcus [Kana et al., 1988] and in Prochlorococ- 
cus [Cailliau et al., 1996], is seemingly the candidate for 
the nonphotochemical quenching in these prokaryotic cells. 
However, this pigment, contrary to the pigments of the xan- 
tophyll cycle in picoeucaryotes (diadinoxanthin + diatoxan- 
thin), does not exhibit any daily cycle (H. Claustre, unpub- 
lished results, 1997). Therefore, nonphotochemical quench- 
ing by photoprotective pigments is certainly a process of 
minor importance in the fluorescence inhibition recorded 
at noon, compared to energy-dependent nonphotochemical 
quenching. 

Over the entire euphotic layer at 5øS a clear daily cycle 
in/•s is maintained with minima around noon and maxima 
just after sunset. Nevertheless, in contrast to what happens 
in the surface layer, these maximal values do not extend all 
the night long. At 16øS the temporal evolution of/•s within 
the euphotic layer is rather erratic (Figure 11), as a result 
of an artifact due to the depth of integration. Indeed, in- 
tegration performed over the O-Ze layer includes a varying 
portion of the DCM, which fluctuates according to the den- 
sity field oscillation (see above and Figure 9 and Plate 4). 
To analyze specifically the algal biomass and its evolution 
within the DCM, the integration was performed between the 
depths corresponding to c• = 24.25 and c• = 24.75 which un- 
ambiguously encompass the whole DCM. In this deep layer, 
Cp still presents a daily cycle (Figure 12), roughly in phase 
with that observed in the above layers and the 5 day trend. 
When integrated over the whole DCM, fluorescence experi- 
ences a distinct daily cycle in phase with the Cp evolution. 
At this level the fluorescence increase during the first part of 
the day cannot result from photoadaptation processes like an 
increase in the internal concentration of chlorophyll a or in 
the fluorescence yield (such processes are thought to occur 
at night). Therefore such periodic changes would reflect a 
net increase in the DCM algal content in daytime as is si- 
multaneously attested by/•s and Cp. The boundaries of the 
DCM layer roughly correspond to depths where PAR is re- 
duced to 2% and 0.2% of its surface value. The observation 
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Figure 12. As in Figure 10, but for the deep chlorophyll maximun (DCM) layer at 16øS. The scale for flu- 
orescence is also given in chl a (mg m -2) equivalents because this layer is not concerned by fluorescence 
depression at noon (see text). 

of a daily cycle at this level (and even down to the 25.25 
isopycnal, i.e., at 210 m where PAR is reduced to 0.04% of 
its surface value; data not shown) does not corroborate the 
findings of Siegel et al. [1989] in the North Pacific gyre 
(33øN, 144øW), who limited to the euphotic depth the pos- 
sibility of observing any diurnal cycle in Cp. However, in 
agreement with the statement by Siegel et al. [1989], Cp did 
not display any diel cycle within a DCM (at 130 m) in olig- 
otrophic eastern mediterranean waters (H. Claustre, unpub- 
lished results, 1997). At 16øS the DCM algal biomass was 
dominated by picoeucaryotes (see Figure 7), with a concen- 
tration ,--, 10 times higher than that in the mediterranean site 
(D. Vaulot, unpublished results, 1997). Such a deep daily 
"activity" and light response at the DCM level are perhaps 
typical of picoeucaryotes. In the future, efforts have to be di- 
rected toward the study of the biomass and physiology (light 
and nutrient requirements) of this poorly known algal group 
in order to better understand the role, in ultraoligotrophic 
systems, of the DCM in the control of biogeochemical cy- 
cles. 

3.4.3. Cyclic growth rates. Because the daily increase 
in Cp corresponds to a net accumulation of particulate mate- 
rial [Siegel et al., 1989; Walsh et al., 1995; Marta, 1997], 
a cp-based net growth rate for this material qu, d -1) can be 
derived through the relation: 

/.t 21n(c• ax• min' -- /Cp 

_max and _min represent the maximum and minimum where Cp Cp 
values in cp over a 24 hour cycle (0000-0000 LT) and the 
factor 2 stands for the increase in Cp being restricted to a 12 

hour period (roughly from 0600 to 1800 LT). This growth 
rate cannot strictly be attributed to the sole algal compart- 
ment and photosynthesis process, because algae form only 
a fraction of the particulate material (Table 1). In addition, 
it should be stressed that scattering cross sections of phyto- 
plankton may vary over the diel cycle [e.g., Stramski and 
Reynolds, 1993]. If a population of very small unicellu- 
lar organisms undergoes cell division in a synchronous way, 
the scattering coefficient (attenuation) is depressed (by 20%) 
when the cell number is muliplied by 2 and as long as the 
total volume has not yet increased. The decrease in Cp ob- 
served at nighttime actually coincides with the algal cell di- 
vision [Vaulot and Marie, this issue]; the wider amplitude 
of the decrease, however, cannot be explained by the above 
optical effect. 

At 5øS the mean value in the 0-25 m layer (0.51 d -1) is 
not statistically different from that in the euphotic zone (0.47 
d -1) (Table 1), likely as a result of efficient mixing condi- 
tions. Over the 5 days of observation the range of variations 
within the euphotic zone (0.29-0.66 d -1) is similar to the 
range (0.10-0.60 d -1) reported by Walsh et al. [1995] at the 
equatorial divergence. At this station an average Prochloro- 
coccus division rate of 0.66 d -1 (i.e., very close to one divi- 
sion per day) within the euphotic zone was derived from the 
DNA measurements of Vaulot and Marie [this issue]. Such 
a division rate actually is equivalent to a gross growth rate. 
By assuming that Synechococcus and picoeucaryotes have 
the same gross growth rate as Prochlorococcus the loss rate 
during the day can be tentatively estimated to 0.19 d -1 (0.66 
minus 0.47). The loss rate during the night is equivalent 
to/.t (0.47 d -l), i.e., more than twice its value at daytime 



3420 CLAUSTRE ET AL.' PARTICLE ATFENUATION AND CHLOROPHYLL FLUORESCENCE 

(0.19 d-l), since net Cp accumulation over a 24 hour period 
is roughly equal to 0. This would mean that grazing is more 
effective during the night (see analysis by Andrd et al. [this 
issue]) and/or that other processes (e.g., aggregation, dilu- 
tion by mixing) [Gardner et al., 1995] account for the cp 
reduction during the night. 

The paradigm according to which central regions of the 
ocean would be vast biological deserts, has been challenged 
by various experimental results. For instance, Laws et al. 
[1987] showed that in oligotrophic situations the phytoplank- 
ton growth rate is more vigorous than previously thought, 
and could reach • 1.5 d-1 in surface layers. The present es- 
timates at 16øS (Table 2) in the 0-25 m layer (0.91 d -1) or in 
the euphotic zone (0.63 d -1) confirm the rapid turnover time 
of particulate matter in such an impoverished environment. 
It must be recalled that only 20% of the particle stock at 
16øS is attributable to the vegetal pool in the euphotic zone 
(Table 1). Therefore, if it assumed that the algal popula- 
tion is responsible for the daily Cp increase, its growth rate 
would be • 2.1 d -1. This uncomfortably high value would 
suggest that other compartments (heterotrophic bacteria, in 
particular) are involved in the cyclic growth depicted by Cp. 
The high growth rates recorded within the DCM (0.36 d -1, 
when PAR - 0.3 % of its surface value) support this explana- 
tion, even if picoeucayotes, dominant at this level (see Table 
1 and Figure 7), can, perhaps, keep an exceptional ability to 
cope with an extremely low light (but nutrient-rich) environ- 
ment. At the DCM level (Figure 12), as well as at the surface 
layer (Figure 11), the 5 day Cp increase is not associated with 
a parallel increase in F•s. In other words, the long-term par- 
ticle accumulation at 16øS would affect the nonvegetal stock 
rather than the vegetal one, which essentially remains con- 
stant. 

Growth rate calculations based on daily Cp changes are 
rolmst because they are independent from any conversion 
factor. Net community production rates can tentatively be 
derived as soon as the factor needed to convert Cp into POC 
(and therefore Acp into primary production) is known and do 
not vary over the daily cycle [Cullen et al., 1992]. By using 
the conversion factor previously determined (Figure 2), av- 
erage cp-based primary production rates of 0.85 g C m -2 d- 1 
4- 0.27 (at 5øS) and 0.74 gC m -2 d -1 4- 0.10 (at 16øS) are 
derived. These rates compare quite well with in situ 14C- 
based estimations corresponding to 0.65 gC m -2 d -1 4- 0.22 
(at 5øS) and to 0.66 gC m -2 d -1 4- 0.14 (at 16øS) (P. Conan 
and P. Raimbault, unpublished data, 1997). In the past, com- 
parison of optically determined production with carbon up- 
take determination has, nevertheless, led to some contradic- 

tory results. While Siegel et al. [1989] found that optically 
determined production exceeds, by a factor of 1.5, the mea- 
sured 14C primary production (north tropical Pacific), Cul- 
len et al. [1992] reported a general agreement between both 
techniques (equatorial Pacific). Finally, in the same area, 
Walsh et al. [1995] found that optically determined produc- 

14 tion was 3 times lower than C-based estimates. The con- 

version factors of 180 and 257 mgC m -3 per m -1, used by 
Walsh et al. [1995] for two cruises in the equatorial Pacific, 
were determined on the basis of a POC/PMC ratio of 0.4, 

a value actually established for the North Atlantic Bloom 
Experiment. As coccolithophorids are particularly abundant 
in the North Atlantic [Holligan et al., 1983; Jickells et al., 
1996], it is likely that the value of 0.4, typical for waters 
with high calcite content, does not apply in equatorial Pa- 
cific waters. Thus there might be much closer agreement 
between the two techniques than they concluded. 

4. Conclusions 

Fluorescence and attenuation are only bulk indices of par- 
ticle abundance (total or vegetal) with, nevertheless, the ad- 
vantage of being measurable in a continuous way. The 
present study stresses that when such continuous measure- 
ments are combined with detailed analyses of the parti- 
cle composition (namely, flow cytometry enumeration and 
HPLC pigment determination), very useful information can 
be gathered which is helpful in describing and understand- 
ing the role of various biological stocks in particulate matter 
cycling. Therefore, even if transmissiometers or fluorome- 
ters are now largely used as part of towed or moored "self- 
sufficient" platforms, it remains essential to pursue parallel 
measurements aiming at calibrating and decomposing the 
signals into their various contributors. To our knowledge, 
only Pacific equatorial waters [Walsh et al., 1995; Chung et 
al., 1996, 1998; DuRand and Olson, 1996; this study] and 
the South Pacific gyre (this study) have been investigated in 
this respect. 

The Cp "budget" performed in the first part of this study 
depends, however, on specific assumptions about the size 
structure of the algal populations; these assumptions also in- 
fluence the estimate of the detrital pool, which is obtained by 
difference. As pointed out, the budget is heavily dependent 
upon the size adopted for the picoeukaryote compartment. 
This population is more diverse and presumably much less 
documented than the Prochlorococcus and Synechococcus 
populations. There is therefore an urgent need to determine 
at sea the size of the various picoplanktonic assemblages. 
In spite of these inevitable uncertainties the detrital pool, 
nevertheless, appears to be a major contributor to the par- 
ticulate stock in the very oligotrophic situation of the South 
Pacific gyre and is still an important contributor in quasi- 
mesotrophic regimes such as those encountered at 5øS and 
at the equator. Therefore quantitative and qualitative infor- 
mation on this unknown pool is still needed not only to better 
interpret transmissiometry signals but also to understand its 
influence on biogeochemical cycles. 

Finally, our results clearly point out two main sources of 
variation in fluorescence and attenuation. The first source of 

variation, evident at large scales, is related to changes in par- 
ticle abundance induced by variations in hydrodynamics and 
associated trophic regimes. The second source of variabil- 
ity is essentially local and is related to the specific circadian 
rhythms of biological and physiological processes. In partic- 
ular, our results show that the daily accumulation in particles 
can account for up to 50% of the stock present at sunrise and 
that the fluorescence at noon can be depressed by a factor of 
2 during the increasing phase of attenuation. In oligotrophic 
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systems associated with gyres such diurnal variations can be 
of the same range as those expected on a seasonal or basin- 
wide scale. Therefore great care should be taken when using 
transmissiometry or fluorescence databases, which are be- 
coming widely exploited for regional, or even global, gener- 
alizations and studies. 
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