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ABSTRACT

During a 14 day study at a fized position al the Equator (4° W ) in February, 1979 (SOP cruise), concenirations
of chlorophyll a measured in samples taken between 25 and 50 m deplh showed marked changes from day lo day.
Similarly, the amounis of carbon fized during in situ incubalions also varied. Hence, highly significant regression
lines can be calculaled between production and chlorophyll for each sampling depth.

These equalions make il possible to calculale easily the primary production from the sole chlorophyll dala,
provided that the available light inlensilies are of the same order of magnitude. They are used lo predicl the produclion
for 17 stations carried out during three olher cruises at the same place (0°, 4 W): CIPREA 2 (3 slations, Apr.,
1979), CIPREA 4 (13 stations, Oct., 1979) and CIPREA 5 (1 station, Jan., 1980). 72 values of production are
so calculated : they are not statistically different from the measured values of in situ carbon fization.

If the profile of chlorophyll is mainly regulaled by the nitrale availability, in contrasl the nitrale concentralion
has no direct effect upon the patlern of the vertical profile of the productivity index (mg C.mg Chla-1.h"') which presenis
always a mazximum between § and 15 m, and decreases regularly downwards. Consequenily for an incident radialion
close lo the average, the veriical distribution of produclion, and in particular the depth of production mazimum, are
entirely defined by the chlorophyll profile.

The productivily index varies approzimalely twofold al a given value of available radialion. Our observations
support the hypothesis that these variations would be related io the concentration of chlorophyll. The mean cell size
would also vary as a function of the chlorophyll conlent: in a chlorophyll poor water, cells would be very small and
the productivily index is then very high.

A good adaptation to the environment, added o a specially high pholosynthetic efficiency, characierize the nalural
assemblages of phytoplankion in the deep-sea ifropical Atlantic Ocean. Effectively, a single relalionship belween
productivily index and depth or available light allows lo describe the primary production of the four cruises, even
when kwo opposile siluations are compared : the mized layer is nitrate deplefed in one case, not in the other, due lo
the inpul of nutrient rich walers by the equatorial divergence.

Key worps : Primary production — Chlorophyll — Light — Equatorial Atlantic Ocean.

REsumE
FIXATION DE CARBONE ET INDICE DE PRODUCTIVITE EN FONCTION DE LA CHLOROPHYLLE
ET DE LA LUMIERE DANS L’ATLANTIQUE KQUATORIAL

Lors d’une étude de 14 jours en position fize a I Equateur (40 W) en février 1979 (Campagne SOP ), les concen-
irations de chlorophylle a mesurées dans les échantillons prélevés entre 25 et 50 m de profondeur onl présenté des
changements importants d’un jour a 'aulre. De méme, les quantités de carbone fizé pendant les incubations in situ
ont varié également, de sorle que des droiles de régression haulement significatives peuveni éire calculées enire
production el chlorophylle pour chaque profondeur d’échantillonnage.

(1} O.R.8.T.0.M., B.P. 1386, Dalar, Sénégal.
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Ces équations permettent de calculer aisément la production primaire & partir des seules données de chlorophylle,
dans la mesure ol les quantités de lumisre disponible sonl du méme ordre de grandeur. Elles sont ulilisées pour
prévoir la production de 17 stations réalisées lors de trois aulres campagnes au méme endroit (0°; 40W): CIPREA 2
(3 stations, avr. 1979}, CIPREA 4 (13 slations, oct. 1979) et CIPREA & (1 slation, jan. 1980). 72 valeurs de
production sont ainsi calculées : elles ne sont pas stalistiquement différenies des quaniilés de carbone fixé mesurées
in situ.

Si le profil de chiorophylle est principalemeni conirélé par la disponibilité en nitrate, en revanche la concentration
de nitrale dans U'eau n’a aucun effet direct sur la forme du profil verlical de I'indice de productivité (mg C.mg
Chlal.h1) qui présente toujours un maximum enire & et 15 m, el décroit réguliérement vers le bas. En conséquence,
pour une radiation incidente proche de la moyenne, la distribution verlicale de la production, et en particulier la
profondeur du mazimum de production, sont entiérement définis par le profil de chlorophylle.

L’indice de productivité varie approximativement du simple au double pour une valeur donnée de lumiére
disponible. Nos observations supporlent ’hypothése que ces variations seraient reliées a la concenlration de chloro-
phylle. La taille moyenne des cellules varierail également en fonction du conienu chlorophyllien : dans une eau pauvre
en chlorophylle, les cellules seraient en moyenne irés peliles et I'indice de productivilé est alors irés éleve.

Une bonne adaplation au milieu, ajoulée a une efficacité pholosynthétique particuliérement élevée, sonl caracté-
ristiques des peuplements phyloplancioniques de I'océan Atllantique iropical du large. En effet, une seule relation
entre indice de productivilé et profondeur ou lumiére disponible esi suffisanle pour décrire la production primaire
des quaire campagnes, méme lorsque deux situalions opposées sont comparées: la couche homogéne est épuisée en
nitrale dans un cas, el pas dans Uaulre, grace a apport d’eaux riches en sels nuiritifs par la divergence équatoriale.

Mors-cLEs : Production primaire — Chlorophylle — Lumiére — Océan Atlantique équatorial.

INTRODUCTION

In every ecological study of primary production
in the sea, the major factor to be considered is the
phytoplankton biomass. Production is of course
proportional to the biomass if variations of the
latter are only quantitative, and not qualitative.
One measurement of production for one given
biomass would be theorically sufficient for knowing
the production for any other biomass of the same
nature in the same environmental conditions.

As a matter of fact, reality is much more complex,
particularly because of the numerous possible
physiological changes of the plankton, and because
of imperfect production and biomass measurements.
The two classical methods are indeed remarkably
sentitive and precise (chlorophyll a by fluorimetry
on acetone extracts, 4G method with liquid
scintillation counting), but their actual significance
is still poorly known (GIEskEs éf al., 1978, LORENZEN
and JerrFrey, 1980, JEFFREY and HALLEGRAEFF,
1980, for chlorophyll, ErprLEYy, 1980, and the
PeETERsON’s revue, 1980, for the “C method).

Phytoplankton chlorophyll a represents only
about 1 9 of the cell dry weight (SHUTER, 1979)
and the chlorophyll cell content is known to change
with species, their physiological state, the measure-
ment time (SouUrNIia, 1974; Owens ef al., 1980;
Hircrcock, 1980; HunTER and Laws, 1981) and
the light level or depth (AnpERson, 1969; EPpPLEY
el al., 1973; BannisTEr and Laws, 1980).

Then, if the significance of the chlorophyll as a
biomass index is so wvariable, the production by
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chlorophyll unit is expected to change in a wide
range when the environmental factors fluctuate.
Effectively, from in sifu measurements in the
eastern equatorial Pacific, the Sargasso sea and the
Mauritanian upwelling area, MoreL (1978) reported
that, from one station to another, the production
by chlorophyll unit varied approximately in a
ratio 10/1 at a given value of available light. How-
ever, in many cases, a certain correlation is never-
theless found in plankton between the light saturated
rate of photosynthesis and the concentration of
chlorophyll {(SteeELE and Bamp, 1961; StErmMANN
NievLseEN and Hansen, 1961), or between the daily
gross production and the euphotic zone content of
chlorophyll (LeEmoairLe, 1981). Necessarily, the
environmental conditions must be similar (STEEMANN
NigLsen and JORGENSEN, 1962). -

In order to get a good description of the primary
production in a given area and above all an accurate
estimate of this production, it is of prime importance
to establish such relationships between carbon
fixation and concentration of chlorophyll. This
means that the collected set of data is then coherent
and homogeneous enough to be considered as
representative of a single plankton community for
certain conditions of environment. Tt is then possible
to study the problem of the actual significance of the
biomass and production index on a statistically
satisfying basis. In addition, measurements of
chlorophyll concentration and available light allow
a simple calculation of the carbon production
{RyrHER and YENTscH, 1957). Pratr el al. (1977)
have shown that pigment concentration and light
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comprise the minimum data set which can be used
for the prediction of primary production. To achieve
this, a great number of measurements are needed.

The main difficulty is data collection: a complete
day is necessary to get a single value of primary
production at a given place. Approximately 12 days
are required to calculate a significant mean, provided
that the environmental properties did not vary
excessively during sampling.

The distinguishing feature of the present work lies
on the data used: 31 stations of in silu primary
production, all of them carried out with the same
methodology at the same position in the Equatorial
Atlantic Ocean during four different cruises of the
RV “Capricorne” in 1979.

METHODS

Four studies at a fixed position at the Equator
L p g
(40 W) were performed with the RV “Capricorne”:

— 14 days (from 5 to 18 Feb., 1979) during SOP
cruise which formed a part of the TFirst
G.A.R.P. Global Experiment (F.G.G.E.).

— 3 days (from 22 to 24 Apr., 1979) during
CIPREA 2 cruise.

— 13 days (from 20 Oct. to 1 Nov., 1979} during
CIPREA 4 cruise.

— 1 day (18 Jan., 1980) during CIPREA 5 cruise.

Water sampling for measurements of nutrients,
chlorophyll, particulate matter and primary pro-
duction was performed at 8 levels, before sunrise,
using a 30 1 Niskin PVG bottle.

Nutrients (NO-,, NO-,, NH*,, PO~} were imme-
diately analyzed with a Technicon Autoanalyzer
{StrickLAND and Parsoxs, 1972). For chlorophyll a
measurement, each 180 ml sample was immediately
filtered through a Whatman GF/C filter, ground and
extracted in 90 9%, acetone for at least 2 h in a
refrigerator. Samples were then analyzed on a
fluorometer TURNER model 111 (YentscH and
MenzEL, 1963) calibrated with pure chlorophyll «
{Sigma) by spectrophotometric measurement.

Particulate matter was collected by filtration of
2 1 samples through Gelman Type A filters. For
carbon and nitrogen, a CH N analyzer (Hewlelt
Packard) was used, and the method of MEnzEL and
Corwin {1965) was applied for phosphorus assess-
ment. Seawater for production measurement (“C
method: STeEMann NirLsen, 1952) was filtered
through a 200 pm mesh net, poured in 300 ml
bottles previously sterilized, and incubated in silu
from sunrise to sunsel (mean duration: 11 h). The
radioactivity introduced (from 5 (o 10 wCi per
flask) was counled by liquid scintillation technique
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according to recommandations of HErBLAND (1977).
After incubation, samples were collected on Sartorius
filters, rinsed with filtered seawater and dried at
60 oC. At each station, two samples were filtered
just after addition of #CO,. Their radioactivity was
substracted from that of the samples.

The downwelling quantum irradiance was measured
every day at about 13 k00 (U.T.) with a Lambda
quantameter. Data are given in percent of available
light having passed through the sea surface {JiTTs
et al., 1976). Total incident radiation was recorded
from a pyranometer (Kipp and Zonen). Light
recelved by samples during incubation {PAR: Photo-
synthetically Available Radiation) was computed
according to JrrTs et al. (1976).

RESULTS AND DISGUSSION

Relationship between production and chlorophyll

During the 14-day study of the SOP cruise, the
vertical distribution of physical and chemical
properties has shown important variations in the
euphotic zone, due to the south-north fluctuation
of the equatorial current system (HersrLanD and
Le BoureiLLERr, 1982). So, depth of thermocline
and nitracline varied from about 25 to 40 meters
(Fig. 1). Presently abundance and distribution of
phytoplankton are known to be strongly related to
hydrological and chemical structure in that region
(HerBLAND and Vorturiez, 1979). As a matter of
fact, vertical profiles of chlorophyll and carbon
fixation effectively changed much from day to day,
so that a wide range of values were obtained at
several depths. Because of the relatively small
variations of PAR received by the samples at each
incubation level during the same time {Table I),
pairs of chlorophyll and carbon fixation data can be
gathered for each sampling depth (Fig. 2). Then the
rzlationship between these two variables can be
studied by depth for only small ranges of light.
From 25 to 50 meters, computation of the least
square linear regressions (Table I} shows that the
relation between amount of fixed carbon and
concentration of chlorophyll measured at the
beginning of the incubation, is very good: coefficients
of correlation range between 0.92 and 0.97 for the
best described levels, ie those with numerous data
and a wide range of chlorophyll concentrations.
Station 1R data are not used in computation: the
corresponding points evidently do not belong to the
regression lines {Fig. 2, ¢, d, e), which can be inter-
preted as due to light deficiency (Table T). Above
25 m depth, all samples belonged to the nitrate
depleted mixed layer, and below 50 m, only some
data are available.
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F16. 1. — Depths of the chlorophyll maximum and of the top of the nitracline, for 31 stations at (0°; 4° W). Open circle: lower level.
where NO,; < 0.05 mM.m2. Filled cirele: upper level where NO; > 0.05 mM.m™?. Cross: depth of the maximum of Chlorophyll a

Profondeurs du mazimum de chlorophylle et du sommet de la nitracline pour les 31 stations a (0°, 42 W ). Point clair : niveau inférieur
ot NOg < 0.05 mM.m™3. Point sombre : niveau supérieur otr NO; > 0.05 mM.m2. Croix : profondeur du mazimum de chlorophylle a.

TABLE I
PAR (Mean value of the photosynthetically available radiation, 10%%q.m.h?) received by each sample during in sifu incubation.
SOP cruise

AR (Valeur moyenne du rayonnement disponible pour la photosynithése, 102*q.m-*.h*) re¢u par chaque échantillon au cours de I'incuba-
tion in situ. Campagne SOP

Depth- Station number

(m) 1 2 3 4 5 6 7 8 9 10 11 12 13 14

0..... 189.8 172.3 255.6 | 161.5

5..... i 96.8 1156.7 | 106.1 90.6 92.0 8.1 82.6 102.0

10..... 61.9 67.0 65.8 97.4 61.5 17.1

15..... 49.1 57.8 50.9 52.8 46.0 4.7 45.0 52.0

20..... 2.1 44.8 35.9 38.7 46.3 40.3 67.0 42.3 12.8

25..... ] 31.3 34.7 31.8 32.3 34.7 27.6 27.8 32.5

30..... 25.3 28.4 24.4 23.8 9.7 20.2 34.1 | 22.3 26.4 22.6 10.5 26.0

35..... 21.1 22.4 156.1 14.9 16.5 11.56 11.5 12.3 17.4 1.7 8.7 2.4 18.0 21.3

40..... 16.8 14.9 79 | 83 9.6 5.9 7.4 10.0 11.0 7.0 1.7 14.0 13.5

45..... 9.3 | 4.9 6.0 8.1 4.9 1.1 10.8

50..... 7.7 6.6 3.4 5.0 { 42 2.4 0.6 6.7 8.3

55..... 0.3 3.4

60..... 3.9 2.0 2.1 1.5 0.1

70..... 1.3

The least square regression (model T) provides a The slopes of regression lines decrease from 20 to
predictive model, whereas the geometric mean 50 m depth, excepted at 45 m with only 5 data
method (model TI) would be theorically more (Fig. 2, £, Table IT). Nevertheless, not all slopes are
suitable to describe observations in the case of significantly different from each other (Table IIT),
interdependant variables (Laws and ArcHIE, 1981). whereas the relative radiation at each depth on one
Nevertheless, since all correlation coefficients calcul- hand, amounts of light effectively received by
ated in the present work are particularly high, the samples on the other hand, decrease regularly from
two types of linear regression equations do not 25 to b0 m and are statistically different from one
differ very much. This is why only the least square sampling depth to another (Table 1V). The y-inter-
regression will be used below. cepts are positive {45 m excepted) but are statisti-
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Tapre II

Regression lines equations compuled belween carbon fixalion
{mg.m-3.h'} and chlorophyll a (mg.m™3) for the SOP cruise
(stat. 12 excepted). Number of data (n), slope (a}, y-intercept
(b}, coefficient of correlation (r} and level of significance {p}
Equations des droiles de régression calculées enire fixation de
carbone (mg.m3.h-t) et chlorophylle a (mg.m=*) pour la cam-
pagne SOP (sauf stat. 12). Nombre de données (n), penle (a),
ordonnée & lorigine (b), coefficient de corrélation (r) el son degré
de signification (p)

Depth | | ! |
n a b . p

| | ‘
b 8 9.94 0.47 | 0.96 | < 0.001
30........ 11 7.39 0.83 © 0.97. | < 0.001
35........ i o647 0.76 0.96 ‘ < 0.001
40........ 12 5.29 0.76 | 0.92 | < 0.001
45.. ... ... 5 806 ‘ —1.33 | 0.94 | < 0.05
50........ 7 3 ‘ 0.19 | 0.85 | < 0.05

TasLE [II

Regression lines of Figure 2. Tests for answering the following
questions: is the y-intercept (b} significantly different from
zero? Is the slope {a) of the regression line for z,, deplh different
from the slope for z,? {Tests from DacNELIE, 1969, for level of
significance 5 %)
Droites de régression de la Figure 2. Tests destinés d répondre auzx
guestions suivanles: U'ordonnée a Uorigine (b) esi-elle significa-
tivement différente de zéro? La penie de la droite pour le niveau
z, est-elle différenie de celle pour le niveau z,? (Tests d’aprés
DAGNELIE, 1969, au risque & %)

I | I }

D(emp§h b #0 ‘ Zy ‘ Z, a(z,) # alzy)
| —

l ’ ( l

2B n.s. 25 30 n.s.
30........ yes 30 35 l n.s.
3. n.s. 35 40 n.s.
40........ n.s. 25 35 ‘ n.s.
50........ n.s. 25 40 n.s.
’ 30 40 ‘ yes
‘ 25 50 yes
| 30 50 i yes
35 50 yes

l 40 ! 50 i yes

| | j

cally different from € only at 30 m (Table III).
Since the regression lines calculated for 6 sampling
depths, those occupied by the major part of the
biomass (HersBranp and Lr BoureriLLir, 1982,
fig. 7), are not, statistically different from each other
(Table ITI), it is not possible to demonstrate
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TasLE 1V

Tests {or answering the following questions: is the light (ex-
pressed in percentage of surface irradiance, and in PAR;} at
depth z; significantly different from light at z,? SO cruise
data. MaAnN-WHITNEY U test at level of significance 1 %
Tesls deslinés a répondre aux questions suivanies : la lumiére {ex-
primée en pourceniage de radiation incidenie el en PAR) a la
profondeur z, est-elle significafivement différente de la lumiére en
7,? Données dc la campagne SOP. Test U de MANN-WHITNEY
au risque 1 %

, | %light = %light | PAR % FAR

! * ’ (71 {2z} i (74) {72)
|

25 ' 30 ’ yes n.s.

30 35 yes yes

35 40 J yes yes

40 50 ‘ yes yes

rigorously that one given datum point belongs to
one or the other of these regressions. Nevertheless,
values obtained at the same place (00, 40 W} during
CIPREA 2, CIPREA 4 and CIPREA 5 cruises are
plotted on figures 2. Distributions of these dots are
very close to those of the SOP cruise, so that they
can be considered, at first approximation, as being
part of the same relationships. Therefore, equations
from the SOP cruise (Table IT) were used for
computing the photosynthetic production of all the
stations performed at the equator (4° W) during the
CIPREA program from only chlorophyll data
according to their sampling depth. Results show
clear evidence that caleulation provides a very good
estimate of the production (Table V) since no
statistical difference appears between computed and
measured values. Accordingly, from the SOP cruise
data, the primary production of the CGIPREA 2,
4 and © cruises is accurately predicted. Conversely,
data of the CIPREA 4 cruise would not allow
accurate prediction of the production of the SOP
cruise because the regression line between production
and chlorophyll is not well defined by CIPREA 4
data.

Now, four groups of chlorophyll and productlon
data (Fig. 2), collected during four different cruises
at the same position between February, 1979 and
January, 1980, are gathered into a remarkably
homogeneous set. Regressions between photosyn-
thetic production and chlorophyll biomass can then
be computed with all available data for each
incubation depth {(Table VI}. For the 3 best described
levels, 30, 35, 40 m, from 82 to 87 9, of the variance
of the production can be explained by changes of the
chlorophyll content, for 23 or 24 degrees of freedom.

As a direct consequence of these regression
equations computed for each sampling depth, the
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Fia. 2. — Fixed carbon from sunrise to sunset plotled versus concentration of chlorophyll a at the beginning of the incubation. Each point represents one in sifu incubation.
The regression line and the confidence limits {level of significance 5 %, according to DaeneLig, 1969) were computed with SOP data, Stat. 12 excepted
(a) at 26 m. CIPREA 4: means and standard deviations for 5 pairs of values. (b} at 30 m. CIPREA 4: 11 pairs of values. (¢) at 35 m. CIPREA 4 : 11 pairs of values.
(d) at 40 m. CIPREA 4: 12 pairs of values. (e) at 50 m. CIPREA 4: 12 pairs of values. (f) the same from 25 to 50 m

Carbone [izé en fonction de la concenlration de chlorophyile a en début d’incubation. Chaque point représenie une Journée d'incubation in situ. La droile de régression et ses inler-
valles de conflance (au risque 5% , selon DaGNELIE, 1969) sont calculds avec les donndes de la campagne SOP, sauf la station 12
(a) @ 25 m. CIPREA 4: moyennes et déviations standard pour § couples de valeurs. (b) @ 30 m. CIPREA 4: 11 couples de valeurs. (¢} a 36 m. CIPREA 4: 11 couples de
valeurs. (d) & 40 m. CIPREA 4: 12 couples de valeurs. (¢) ¢ 50 m, CIPREA 4: 12 couples de valeurs. (f) les mémes droites de 26 ¢ 60 m
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TaBLE V
Comparison of values of primary production measured during CIPREA 2, 4 and 5 cruises with values calculated from chlorophyll
data and relationships computed with SOP cruise data (table 2)

Comparaison des valeurs de production primaire mesurées lors des campagnes CIPREA 2, 4 el 5 avec celles calculées a parlir des donndes
de chlorophylle et des relations obienues avec les données de la campagne SOP (iabl. 2)

CIPREA 2 cruise CIPREA 4 cruise GIPREA 5 cruise
Depth mean production {mgC.m-3h"*) mean production {mgC.m-3.h?) l mean production {mgC.m-3.h)
(m) ‘
n . n i n l | .
measured | calculated qlfm“ measured | calculated differ. measured § calculated qlffe['
in % n % ‘ in %
_ _ ! -
25...... 1 2.20 2.16 - 2 5 3.43 2.78 ‘ - 19 1 1.64 1.69 + 3
30...... 3 2.36 2.31 — 2 11 2.97 2.79 — 6 1 2.61 2.57 - 2
35...... 2 1.87 2.37 4+ 27 11 2.75 2.68 I - 3 1 2.62 3.31 + 26
40...... 3 2.99 2.95 ~ 1 12 2.52 2.72 + 8
45...... 1 3.87 2.62 — 32 4 2.15 1.97 ‘ - 8 1 1.67 1.69 4+ 1
50...... 3 2.30 1.77 — 23 12 1.53 1.61 l 4- D ‘
i
Mean......cooovi i — 4.5 - 1.3 + 7
Difference (n = 13j (n = 55) (n = 4)
TaBLE VI

Regression lines equations between carbon fixation (mg.m-2.h't) and chlorophyll ¢ {mg.m=2} for all available dala (stat. 12, SOP,
excepted). Number of data (n}, slope {a), y-intercept (b}, correlation coefficient {r} and level of significance [p;, range of chlorophyll
values, mean percentage of surface irradiance and mean PAR. Data from SOP, CIPREA 2, 4 and 5 cruises
Equations des droiies de régression enire fization de carbone (mg.m-2.h) et chlorophylle a (mg.m?) pour loules les données disponibles
(sauf stai. 12, SOP ). Nombre de données (n), pente (a), ordonnée a Uorigine (b), coefficient de corrélation (r) el niveau de significalion,
gamme de valeurs de chlorophylle, pourcentage moyen de lumiére incidente el PAR moyen. Donndes des campagnes SOP, CIPREA 2,

4 el 5
|
Depth n a b r ‘ i ange of chla values ‘ fean percentage Mean
{m) (mg.m%} of incident radialion PARR
‘ | ‘ (10%q.m=.h}

O...... 9 10.61 0.29 0.80 < 0.02 | 0.08 — 0.29 ' 100 l 186.9
5...... 17 11.27 0.60 0.82 < 0.001 ' 0.08 — 0.27 ' 50 88.9
10...... 8 12.13 0.53 0.92 | <0.01 0.07 — 0.27 33.6 ’ 62.5
15...... 14 | 10.34 0.67 | 0.79 | < 0.001 0.09 — 0.29 ‘ 26.2 ‘ 46.1
20...... 14 11.88 0.26 0.95 < 0.001 | 0.07 — 0.29 ‘ 2.1 i 38.5
... 15 10.80 0.52 0.80 < 0.001 0.09 — 0.34 ] 16.4 ’ 2.9
30...... 26 7.06 1.02 0.91 | < 0.001 | 0.09 — 0.70 12.3 2.7
36...... P%) 6.51 0.70 0.93 < 0.001 0.17 - 1.07 ‘ 3.3 ‘ 14.7
40...... 26 5.73 0.28 0.92 I < 0.001 I 0.26 — 0.98 5.86 : 10.8
45. ... .. 11 7.26 — 0.76 0.85 < (1L.001 0.34 — 0.77 ‘ 4.77 8.3
50...... 22 3.21 0.26 0.64 ' < 0.01 ‘ 0.27 — 0.74 3.00 5.8
60...... 17 1.90 0.10 ' 0.61 < 0.01 0.26 — 0.58 ‘ 1.68 3.2
70...... 8 3.59 — 0.42 0.83 , < 0.02 0.18 — 0.26 0.85 1.6

Océanogr. trop. 19 (2): 161-179 (1984}.
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Fi1c. 3. — Fixed carbon as a function of chlorophyll a. Values
integrated by linear interpolation from 0 to 40 m. The regres-
sion line was computed with SOP cruise data, sta. 12 excepted.
CIPREA 4: means and standard deviations for 13 pairs of
values. Station numbers identify some of the representative
points (see text)
Carbone fizé en fonction de la chlorophylle a. Valeurs intégrées
par interpolation linéaire de 0 @ 40 m. La droite de régression est
calculée avec les données de la campagne SOP (stal. 12 ex-
cepice). CIPREA 4: moyennes et déviations standard calculées
avec 13 couples de valeurs. Quelques numéros de stalion sont
reporiés prés des points représentatifs (voir lexte)

integrated values of production and chlorophyll are

- also strongly correlated, whatever layer may be
considered. For instance, for the most often and
well described layer, 0-40 m, the following correlation
is obtained for the SOP cruise (Fig. 3):

%4° (fixed carbon) = 5.76 %4° Chla - 43.8

{fixed carbon in mg.m-2h? and chlorophyll a in
mg.m-2 n = 12, r = 0.975).

The experimental points which represent measure-
ments of the CIPREA 2 and 5 cruises may be also
considered to belong to the regression line, whereas
those of GIPREA 4 cruise are slightly different
because of the special vertical distribution of the
chlorophyll during this cruise (LE BouTEILLER and

Océanogr. irop. 19 (2): 161-179 (1984).

HerBranD, 1982a). As could be expected from the
results reported above, the y-intercept is positive
and high.

LIGHT CONDITIONS AT EACH DEPTH

We have shown that to study the relationship
between production and chlorophyll for each incuba-
tion level, the data could be divided into classes very
conveniently defined by depth. Since light is the
major factor acting on the process of photo-
synthesis, it would be meaningless to rank production
data by sampling depth if PAR varies much from
day to day and from ome cruise to another. During
the SOP cruise, only PAR of the station 12 is very
different from the mean PAR (Table I). For the
other cruises, the amounts of PAR are of the same
order of magnitude (Table VII), even if slight
differences occur at 25 and 30 m between data of
SOP cruise and CIPREA 4 cruise.

THE NITRATE EFFECT

Abundance of nitrate in sea-water is one of the
main factors which act on the primary productivity.
However, comparison of Figure 2, ¢ and Figure 4
evidences that, for one light level, production as a
function of chlorophyll i1s not influenced by the
nitrate concentration: higher values of production
are obtained for higher concentrations of chlorophyll
{SOP stations), not for nitrate richer waters. This
result also appears on Figure 3: points which
represent stations 10 and 11 (SOP), 134 and 136
{(CIPREA 2) without nitrate in the 0-40 m layer,
belong to the same linear regression as the other
stations which contain more or less mnitrate in the
integration layer (Fig. 1). For a given value of PAR,
carbon fixation is strongly correlated with chiorophyll
concentration, at any nitrate concentration. This
conclusion is also supported by analysis of Figure b.
The wvertical profiles of chlorophyll, production,
productivity and nitrate are outlined for three
typical stations from three different cruises. The
productivity index is defined as the amount of
carbon fixed during the incubation in situ from
sunrise to sunset, thereafter averaged per hour and
referred to chlorophyll unit (initial value). It should
be noted that the vertical profiles of the productivity
index present a maximum always between b and
15 m depth. In addition, the profiles are never
deformed significantly at the depth where nitrate
appears (Fig. b): surface {station 9}, 30 m (station 14)
and 50 m (station 134). Furthermore, these profiles
of productivity index seem to be typical not only of
the equatorial area nmear 4° W, but also of all the
central part of Gulf of Guinea. Among b4 stations
with in situ incubations of primary production

-
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Tasre VII

Amount of radiation received by samples during the in situ incubation. All available data, stal. 12 {SOD; excepled. Mean value (m}
and standard deviation {st. d.). Difference of PAR from one cruisc to another lested with the Mans-Warrsey U test (Jevel of signi-
ficance 5 9%)

Quaniilé de lumiére recue par les échantillons au cours de I'incubation in situ. Toules données disponibles, sauf slal. 12 (SOP ). Moyenne
(mJ et déviation standard (si. d.}. Différence de PAR enire les campagnes leslée a laide du lesl U de MANN-WITNEY (au risque 5 %)

PAR {102q.m=.h) Difference
Depth _ _ I .
(m} f N - |
SOP cruise {Iieb.] ‘ CIPREA 2 (Apr.) | CIPREA 4 {Oct.) SOP-CIP. 2 | SOD-CIP. 4
!
i i ! | | | f a
n m std. | n | om | std nofomo | ostd |

2D 8 31.6 | 2.7 1 238 | — 5 | 24.1 | 5.7 - . yes

30.........} 11 24.4 6.0 l 3 25 | 7.5 10 179 | 4.6 n.s yes

5. 1155 |42 2 | 131 | 53 10 l 13.1 l 3.3 ns. n.s.

40....... .. 12 IU.[» 2.9 | 3 1.9 5.2 11 ‘ 9.5 2.2 n.s n.s.

45.. ... .. 5 7.8 2.4 ‘ 1 11.6 - 3 7.9 ‘ 0.2 — ' n.§.

BO...o....| 7 53 | 21 4 6.3 | 29 1 ! 46 1.0 ns. oy 0

| s i |
Chlorophyll o o performed at 4°W from 5°N to 1005 (CIPREA
(mg.m-3) o SOP programm, RV Capricorne), 50 stations have com-
1o X CIPREA 2 plete data showing a maximum productivity index
o i g:gzg: 4 between 0 and 20 m, and most often between 5 and
5 - . . :

L 15 m. For these stations, depth of the nitrate
depleled mixed layer ranges from 0 to 70 m. There-
fore, productivity as we have measured it, is not

i o directly related to nitrate concentration and not
significantly higher in the presence of nitrate

- ° (HErBLaNp and Le Bouteriper, 1983). With

° respect to productivity, there is no reason to divide
the euphotic zone into two layers, one with and the

"o @ other without nitrate.

This is in opposition with observations reported
o5 by THoMas (1970) and by CurL and SmaLL (1965) in
o the Pacific ocean, but in agreement with the resulls

- + of a multivariate analysis applied to a great num-

A 8 ber of data from a coaslal station (PrLart and

é . A 4 a SupnAa Rao., 1970; Harrison and I)I,ATT, 19803,

A A They have shown thatl nutrients can explain only a
lo ° 4 4 minor part of variations of the relative production

o of phytoplankton. As suggested by Harrmson and

o Pratr (1980), ambient nutrient concentrations
parameters may be inappropriate indices of nutrient

- availability due to rapid recyeling (McCarTHY and

NOs3 Gorpman, 1979). This assumption is also supported

O T T T T T T T T T e M3 30 by experiments which show that the productivity of
samples enriched with nitrogen compounds is not

Fic. 4. — Concenlralions of chlorophyll a and nilrale at (he cunhanced significantly after one daytime in situ

beginning of each incubation at 35 m. A similar figure would

be obtained from carbon fixalion dala, because of the rela-

tionship between carbon fixation and chlorophyll a {Fig. 2, ¢}

Concenirations de chlorophylle o el de niirale en débul d'incu

bation & 35 m. Une figure semblable serail oblenue a partir de

la fizalion de carbone grdce a la relation direcle enlre fixalion de
carbone el chlorophylle a (Fig. 2, ¢)

Océanogr. frop. 19 (2): I161-179 (1984).

incubation {L.e BouTrILLER and HersLAND, 1982a).
In such an environment, the presence of nitrate is a
sine qua non condition of abundance of phyto-
plankton, but seems to have no influence on the
productivity index.

The shape of vertical profiles of production, and
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Fig. 5. — Depth distributions for 3 typical stations:
(a) chlorophyll a. (b) fixed carbon. (c) nitrate and productivity index

Distributions verticales pour 3 stations iypiques:
(a) chlorophylle a. (b) carbone fizé. (c¢) nilrate el indice de productivité

especially the depth of the peak is a direct conse-
quence of the above statement. Two stations
characteristic of the “Typical Tropical Structure”
(HereranD and Voiruriez, 1977), defined by the
presence of a nitrate depleted mixed layer, are
outlined on Figure 5: stations 14 and 134. Station 14
is very typical, since depths of chlorophyll and
production maxima are equal {30 m), whereas the
maximum of production of station 134 is well
above the peak of chlorophyll. Station 9 represents
an “atypical” situation: no nitrate depleted layer,
and depth of the production maximum occurs
30 m above the chlorophyll maximum. These three
stations are representative of the different situations
observed during the 31 stations. In each case,
production can be computed from chlorophyll and
depth data by means of equations in table VI,
without having to comsider nitrate concentration.
Finally, for an incident radiation close to the average,
the vertical profile of production is entirely defined
by the profile of chlorophyll. The presence of a
sharp peak of chlorophyll, relatively well lighted, is
the necessary and sufficient condition for that peaks
of production and chlorophyll to appear both at the
same depth. This is the case of station 14. Therefore,
the peak of production is located at the top of the
nitracline because of a great chlorophyll biomass at
this depth, not because of a special productivity
{see discussions of DanponNEAU, 1979; CULLEN and
ErriEY, 1981; CuLLEN, 1982; HerBLAND, 1983).

For less sharp peaks of chlorophyll, the production
maximum is above the chlorophyll maximum. Since
the productivity index increases from the bottom of

Océanogr. trop. 19 (2): 161-179 (1984).

the euphotic zone to about 5 or 10 m, a sample
taken and incubated above the chlorophyll maxi-
mum, though less rich in chlorophyll, can fix more
carbon than the sample taken within the chlorophyll
maximum {Fig. 5, stations 134 and 9).

Another example can be taken from two stations
during CIPREA 2 cruise at {2000 N; 4000 W).
Nitrate and chlorophyll maximum both appeared
at 60 m (Table VIII). Maximum of fixed carbon was
measured at 40 and 35 m respectively. PAR data
are very close to the mean values of table VI, so
production can be computed from equations of
table VI. Results are entirely consistent with
measured values (Table VIII). These stations show
evidence that a deep chlorophyll maximum is not a
production maximum only because of the vertical
gradient in the productivity index.

Relationship between productivity and chlorophyll

The empirical equations between carbon fixation
and chlorophyll {Table VI) provide a good description
of the production in the equatorial area. For this
purpose, it is of minor importance that the y-inter-
cepts of the regression lines are positive (Fig. 2 and 3,
tables VI and X). But this observation could be very
important from an ecological point of view: it means
that the productivity index would depend on the
amount of chlorophyll present in the water. Among
the numerous causes likely to induce a variation of
productivity according to the chlorophyll content,
four of the most important factors will be discussed:
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Tapre VIII

Comparison of values of primary production measured during
CIPREA 2 cruise at (2000 N; 4° 00 W) with values caleulated
from chlorophyll data and relalionships cemputed with data of
SOP, CIPREA 2, 4 and 5 cruises at (0° 00; 4° 00 W} (Table VI;
Comparaison des valeurs de production primaire mesurées lors de
la campagne CIPREA 2a (20 00 N; 4° 00 W) avec les valeurs
calculées G partir des données de chlorophylle et des relalions
élablies avec les données des campagnes SOP, CIPREA 2, 4 el
5a(0000; 4000 W) (Tabdl. VI)

Depth| Chla NO, PAR Fixed carbon
{mg.m-3.hty

{m) |{mg.m-3);(mM.m3); 10**¢.m-2.h*|measured calculated

Station 140 {Apr. 25, 1979)

g...f 0.10 0.01 163 1.28 1.35
20...1 0.1l1 0.00 37 1.59 1.57
40...] 0.22 0.00 15 1.72 1.64
45...]1 0.22 0.00 11.6 1.31 0.84
50...1 0.22 0.00 7.6 0.79 0.97
55...1 0.25 0.00 5.2 0.67 —
60...| 0.49 8.94 3.5 0.69 1.03
70...1 0.23 15,98 1.9 0.15 0.40

Station 142 {Apr. 26, 1979)

0...; 0.10 0.00 177 1.55 1.35
10...] 0.09 0.00 63 1.39 1.62
35...] 0.15 0.00 18 1.91 1.68
50...1 0.27 0.00 7.0 0.98 1.12
60...1 0.46 11.22 2.8 0.77 0.97
65...] 0.36 14.80 2.0 0.41 -
70...]1 0.21 17.05 1.4 0.17 0.33
80...] 0.19 18.21 0.8 0.06 -

1 - A methodological artifact: the lower the chloro-
phyll concentration, the more under-estimated is
chlorophyll content, or the more over-estimated is the
carbon fixation.

Chlorophyll ¢ and *#C methods were always used
with the same rigour. However, bolh methods are
imperfect, producing estimates that can be shifted as
a function of chlorophyll concentration. This hypo-
thesis may not be neglected, especially nowadays,
when processes of the oligotrophic system appear
so questionable (McCartHy and Goromawn, 1979;
GorLpMAN ef al., 1979; ErrLEY, 1980).

2 - Synthesis and accumulation of chlorophyll
within the bottles during incubation: measurements
of carbon fixation require several hours of incubation.
If carbon fixation is related not only to the
concentration of chlorophyll measured before incuba-

Océanogr. irop. 19 (2): 161-179 (1984).

tion, but also to the amount of chlorophyll synthe-
sized during incubation, a better production efficiency
in chlorophyll poor waters could be due Lo a higher
rate of chlorophyll synthesis during incubation. In
reality, the rate of chlorophyll synthesis for one
given irradiation seems not to depend on the chloro-
phyll concentration, at least for the area studied here
{LE BouTeILLER and HErBLAND, 1982a)}.

3-The amount of PAR: if samples poorer in
chlorophyll receive a muore intensive radiation
during incubation, then the amount of fixed carbon
can be relatively greater. Extinction of light in the
water is known to be related lo the amount of
phyteplankton {Lorenzen, 1972; MoRrEL and SMITH,
1974). Hence, chlorophyll poor waters are potentially
best lighted. For the SOP cruise, however, the
percentage of incident light received by chlorophyll-
poor samples is not significantly higher than light
received by rich waters {Table 1X). The same holds
true with respect to PAR (Table IX]).

TarLe IX

Correlation coeflicients and levels of significance computed
between chlorophyll @ and percentage of surface irradiance, and
between chlorophyll ¢« and PAR. Data from the SOP cruise,
stat. 12 excepted
Coefficients de corrélation et niveaur de significaliviié calculés
enire chlorophylle a et pourcentage de lumiére incidente, et enire
chlorophylle a ef PAR. Données de SOP, sauf siai. 12

Depth | Between Chla and Between Chla
{m} surface irradiance {%) and PAR

r p r p
2. ..... 03.58 n.s. 0.47 n.s.
30...... — 0.08 n.s. 0.31 n.s.
35...... — 0.48 n.s. 0.11 1.§.
40.... .. — 0.68 0.02 0.39 n.s.
50...... — (.47 1L.S. — 0.48 n.s.

Pairs of production and chlorophyll dala can be
associated by sampling depth as done before, but
also by using some classes of percentage of incident
radiation, or according to PAR {Table X). Regression
lines computed for samples taken above 45 m depth
all exhibit an y-intercept notably above 0. Therefore,
aclual light availability may not be considered as the
origin of the phenomenon.

4 - Nilrate and temperature: the nitrate influence
has been studied earlier. As far as temperature is
concerned, if chlorophyll poor waters are system-
atically warmer than rich waters, their productivity
could be higher, because of the temperature effect
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TasLe X

Equations of the regression lines between carbon fixation (mg.
m-*.h?} and chlorophyll a (mg.m-3} for the SOP cruise {stat.
12 excepted) for different ranges of available radiation. Slope
(a}, y-intercept (b). The y-intercept is tested after DAGNELIE
{1969}
Equations des droites de régression reliant fizalion de carbone
(mg.m-3.1) et chlorophylle a (mg.m-) pour la campagne SOP
(sauf stai. 12) pour différenles gammes de lumiére disponible.
Pente (a), ordonnée a Uorigine (b). L’ordonnée a l'origine est
testée selon DAGNELIE (1969)

Percentage Level

of surface n a b r .|b# 0 of si-

irradiance gnificance
J19-24]........... 9 110.03 0.45 | 097} yes 5 9
116-19}....... ..., 7 8.02 0.93 ] 0.97| yes B %
J11.5-157.. ... .. .. 10} 7.19 0.79 | 0.98] yes 2 9%
18.5-11.5]. .. oen et 8| 6.77 0.65 | 0.96| yes 5 %
16.0-8.5].......... 81 6.42 0.20 { 0.91| n.s.
14.0-6.0}.......... 91 5.74 0.38 | 0.89| n.s.
12.5-4.0].......... 71 5201 — 0.5l { 0.86{ n.s.
j1.5-2.6].......... 6 3.40f — 0.19 | 0.89{ n.s.

logyy PAKR
(10%2q.m=2.h"1)
jl.e-1.3%.......... 2 7.47 0.80 1 0.97 1 yes 19/
11.3-1.01.......... 177 6.01 0.82 (0.94) yes 5 %

on productivity (ErprLey, 1972). In the Gulf of
Guinea, temperature is related to the nitrate
concentration. Thus, for the CIPREA 4 cruise, we
have the relationship:

(NO-,] = — 1349 T 4- 3359
{computed for [NO-] > 05 mMm=3, T in oG
n = 184; r = — 0.977).

The lack of clear relationship between chlorophyll
and nitrate (Fig. 4) as between productivity index
and nitrate (Fig. b, c) suggests that temperature is
not the explaining factor.

Accordingly, the positive y-intercepts of the
regression lines between production and chlorophyll
would not be directly due to better environmental
conditions when chlorophyll concentration is lower.

As a direct consequence, for a given irradiance,
the productivity index varies as an inverse function
of the chlorophyll concentration (Fig. 6). The same
figure has already been obtained by Tcumir {1971)
in the Gulf of Guinea from experiments restricted
to surface water. The integrated wvalues for the
water column by surface unit show the same trend
(Fig. 7): the productivity index is maximal when the
chlorophyll concentration is minimal, which has not
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Fic. 6. — Productivity index plotted versus chlorophyll a,

for 4 incubation depths. SOP cruise data, stat. 12 excepted

Indice de producliviié en fonction de la chlorophylle a pour 4

niveauz d'incubation. Données de la campagne SOP, sauf
stat. 12

been observed by SteeELE and Bairp (1961) in the
North Sea, or LEmoaipre (1981} in Lake Tchad.

In the future, it will be essential to consider such
a result when interpreting production data from
chlorophyll rich or poor waters. If chlorophyll
photosynthetic efficiency increases when chlorophyll
concentration decreases, the production of oligo-
trophic waters would be relatively greater and the
production of rich waters relatively lower. This
would tend to reduce the seasonal and geographical
differences of production, which are effectively
rather small in the equatorial Atlantic Ocean
(Vorruriez et al., 1982).

Now, the experimental points of figure 2 can also
fit on curves passing through the origin. The model
is mathematically more complex but better from
an ecological point of view, since production is
non existing when chlorophyll is totaly absent.
Calculation (Table XI} shows that, for SOP data,
fitting on a power function curve is as good as
fitting on a straight line (Table II). Therefore, our
data reported here support the hypothesis that
carbon fixation would vary as a power function of
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{a) Values integrated from 0 to 40 m for SOP, CIPREA 2 and 5 cruises. (b} Values inlegrated from 0 Lo 80 m for CIPREA 4 cruise

Indice de productiviié en fonction de la chlorophylle a
(a) Valeurs intégrées de 0 a 40 n pour les campagnes SOP, CIPREA 2 el 5. (b} Valeurs inlégrées de 0 @ 80 m pour CIPREA 4

TaprLe XI

Equalions of the regression lines hetween curbon fixalion and
chlorophyll a, both expressed in logarithm. Symbols and data
as in Table II
Equalions des droiles de régression relianl fizalion de carbone el
chlorophylle a, toules deux exprimées en logarithmes. Symboles el
donndes comme dans le lableau I

!' | | !
I)ep%h n a . b ' r
{m;
2%..... 8 7.84 0.72 0.93
30..... 11 7.76 | 0.73 0.99
35..... 11 7.03 | 0.78 0.98
40. . ... 12 5.97 0.81 0.94
50..... 7 3.10 0.77 0.86

the amount of chlorophyll a present in the waler
at the beginning of the incubation.

CHLOROPHYLL AND PHYTOPLANKTON

oSince fluctuations of the environmental factors
do not seem to be directly at the origin of the

Océanogr. lrop. 19 (2): 161-179 (1984).

inverse relationship belween productivity index
and chlorophyll concentration, then the hypothesis
arises of changes in properties of the phytoplankion
itself. By means of size fraclioning, it is effectively
possible to show evidence of a marked change in the
size distribution of phytoplankton cells from chloro-
phyll rich to poor waters (Fig. 8). For 1 mg.m-3 of
total chlorophyll a, about 50 9, of the chlorophyll
belongs lo organisms passing through a 3 pm filter,
and the percenlage approximates 75 9, when water
contains 0.2 mg.m-2 of total chlorophyll a. Comparing
figures 6 and 8 suggests that each concentration of
chlorophyll a would correspond to a particular
community of phytoplankton. The photosynthetic
efficiency of the chlorophyll would be higher in
chlorophyll-poor waters with dominant picoplankton,
and lower In chlorophyll-rich waters. Production
measurements showed that the productivity index of
nanoplankton (< 35 um) is systematically greater
than the productivity of the total fraction { < 200 um)
({HHerBLAND and Le BourteiLLer, 1981). This is
very consistent with results reported by MaLonNE
{1971} and Tacucur (1980} in the Pacific Ocean.
The efficiency of light-utilization is inversely related
not only to the cellular pigment concentration
{MorrL and Bricaup, 1981), but also to the cell
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Fic. 8. — Amount of chlorophyll ¢ passing through a 3 pum filter plotted versus total chlorophyll concentration. Data from HERBLAND
and L.E BouTrerLLer {1981). Sampling depths are reported for each station

Quantité de chlorophylle a passant & iravers un filire de 3 um en fonction de la concentration de chlorophylle iotale. Données de HERBLAND
ef LE BouTeILLER (1981). Les profondeurs de prélévement sont indiquées pour chaque station

size: the small cells, which have a higher surface/
volume ratio, show a better productivity (TacucHi,
1976; CarETiENNOT-DINET, 1981). Nevertheless, the
<3 pm fraction appeared to be very poorly
productive (HErBLAND and LE BouTrirLikr, 1981).
Accordingly, it is difficult to explain then how a
water containing for example 0.2 mg.m-3 of chloro-
phyll a, of which nearly 75 %, belongs to <3 pum
cells, could be so productive (Fig. 6). In fact,
measurements of the chlorophyll content in flasks
at the end of incubation suggest that the autotroph
organisms { <3 pm) would be inhibed or damaged
by screening before incubation {Le BoureiLLER
and HErRBLAND, 1982a), and consequently our direct
measurements of productivity of the <3 pm
fraction may be suspected. Recently, L1 ef al. (1983)
reported that, in the tropical Pacific Ocean, 20 to
80 9% of the carbon fixation is attributable to
< 1 pm autotrophic cells. PLaTT et al. (1983), at the
west of the Azores, found that picoplankton
{<1 pm) contributes about 60 9, of the total
primary production.

Finally, the higher productivity index plotted on
figure 6 might well be due to the activity of very
small phytoplanktonic cells. According to the
chlorophyll concentration, which reflects changes of
the size structure of the phytoplankton community,
the productivity index varies approximately two-
fold for one given light level (Fig. 6). In the same
way, the productivity index of the whole photic
layer increases from 5 to 10 when chlorophyll
content decreases from 27 to 18 mg.m-? during
CIPREA 4 cruise (Fig. 7, b).
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In nutrient rich or poor waters, phytoplankton
activity as estimated by the productivity index
appears in both cases to be very high, near maximal
if compared to calculations of EppLEY (1972). Tn the
equatorial divergence, spatial and temporal variations
of the environment properties exhibit a relatively
small magnitude, characteristic of unperturbed
regions (WarsH, 1976), so that biomass rather than
growth rate would be controlled by nutrients
{GoLpMAN ef al., 1979). The influence of the environ-
mental conditions would be reflected not only in the
chlorophyll concentration in sea-water, but also in
some major properties of the phytoplankton, among
which the mean cell size and the mean chlorophyll
cell content, as pointed out by PratT and SusBA Rao
{1973) and PratT et al. (1977).

Relationship between production and light

In order to state precisely the effect of light on
the photosynthetic fixation of carbon, three variables
should be considered together: carbon fixation,
chlorophyll and PAR.

Carbon fixation referred to wunit light, both
variables expressed in calories, corresponds to the
K» index proposed by Prarr (1969) for measuring
the contribution of photosynthetic processes to
the total optical attenuation coefficient of visible
radiation in seawater. K, was found to depend
linearly on the chlorophyll concentration at each
depth (PratT, 1969; LE BouTEILLER, 198R2).

Carbon fixation per unit of chlorophyll a, which is
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the classical productivity index, will be considered
below as a function of light.

Upon all available data of productivity index
and PAR from the euphotic zone, a bilogarithmic
transformation is applied so as to homogenize hoth
variances, as MoreL (1978} did, and to minimize
the influence of the chlorophyll concentration on the
productivity index. Excluding surface and 5 m
samples where photosynthesis was markedly inhibited
by light excess, a linear regression equation is
computed between productivity index and PAR
{Table XII, fig. 9). It is noteworthy that this relation-
ship is very similar for the SOP and CIPREA cruises,
with highly significant correlation coefficients.

TapLe XII{

Equations of Lhe regression lines computed between produc-
tivity index (mgC.mgChla-L.h*; and PAR {10®%.m".h"), both
expressed in logarithm from all available data, excepted 0 and
5 m data and stat. 12 and 11 (SOPj. Slope (a} and y-intercept (b}
Equations des droiles de régression calculées enlre indice de
productivilé (mgC.mgChla*.h') el PAR (10%¢q.m3.k1), lous
deux en logarithme, @ parlir de loutes données disponibles, sauf
donnéesde O et 5melsial. 11et 12 (SOP). Penle (a) et ordonnées
a lorigine (b)

Number| Number
Cruises of of a b r
stalions! dala

SOP...... ...t 1l 73 10.606;0.170{0.932
CIPREA 2 and 4.... 14 95 |0.675)0.140]0.936
SOP + CIP. 2 and 4. 2B 168 0.631 0.166'0.933

5 J

The slope of the regression line, posilive bul less
than one, means that the productivity index varies
as a power function of PAR. Consequently, Lhe
quantum yield, as defined by planl physiologists,
classically increases from surface to the bottom of
the cuphotic zone. Optimal radiative conditions for
photosynthesis are observed near 10 m depth, with
values of PAR ranging from 6 to 8 x 10% . m2.d-t,
which is very consistent with values reported by
Morer (1978). Then the maximal values of the
productivity index lie near 150 g C. g Chla-t.d-!, an
estimate close to the maximal value expected by
ErpLeEy (1972} for temperatures ranging from 25 to
30 oC, and also approximated by Pratr el al. (1980)
off Peru. Data from stations 11 and 12 (SOP) were
not used in the calculation because of their very
high productivity index when referred to PAR
{Fig. 9). This latter important result provides
evidence that the relationships between productivity
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Fie. 9. — Productivity index as a funclion of PAR, both

expressed in logarithm. Equation of the regression line is in
table 12. Confidence limits computed according to DacNELIE,
1969 (level of significance 1 %}. Bolh scales are set by analogy
with the depth distribution of the produclivity index (Table
XIII;. Mean surface irradiance = 2 240 J.cm-2.d! for a mean
incubation time of 11 h 00. Productivily indexes of stal. 11
and 12 {surface irradiance = 970 and 250 J.cm™.d"! respec-
tively} are plotted for comparison
Indice de produclivilé en fonclion de PAR, lous les deur en
logarithme. Equation de la droile dans le tabl. 12. Inlervalles de
confiance calculés selon DAGNELIE, 1969 (au risque 1 9,). Les
deur échelles sont disposées par analogie avec la distribution de
I'indicede productiviié en fonclion dela profondeur (Tabl. XII1),
Rayonnement ylobal incideni moyen = 2 240 .J.cm™.j* pour une
incubation moyenne de 11 h 00. Les indices de productivilé des
stal. 11 el 12 (rayonnement global incident = 970 el 250 J.cm® jY
respeclivement) sonlt représeniés pour comparaison

and PAR (Table XTI} are applicable only for amounts
of radiation available at each depth close to the mean
values {Table VIj.

Furthermore, at a first approximation, PAR may
be considered to decrease as an exponential function
of depth. Effectively, for the SOP cruise (stations 11
and 12 excepted), the following equation has been
compuled:

log,;, PAR = — 0.030 Z + 2.195
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(PAR expressed as 1022 q.m-2h-, using 11 stations
with 142 data —r = — 0.977). Accordingly, the
productivity index is also well correlated to depth
(Table XIII). Thus, an extremely simple description
of the mean primary production as a function of
chlorophyll biomass and depth is supplied by
equations of table XIII. Obviously, such relation-
ships are true only for incident radiation and depth
of the euphotic layer rather close to the mean
values calculated with our data. The variability of
PAR, either due to day-to-day fluctuations of the
incident radiation, or resulting from depth changes
of the cells due to vertical stirring or mixing, is
essential with respect to the capacity of adaptation
of the phytoplankton, especially by changing the
chlorophyll cell content.

TasLE XIII

Number| Number
Cruises of of a b T
stations} data

— 0.0189 }1.549}0.924

SOP........ ... 12 81
CIP.2, 4and5..| 16 112 | — 0.0189 |1.548/0.915
SOP + CIP. 2, 4

and 5......... 28 | 193 | — 0.0189 {1.547{0.925

Equations of the regression lines computed between produe-
tivity index (mgC.mgChla-*.h?, in logarithm) and depth (m},
from all available data, excepted 0 and 5 m data and stal. 12
(SOP). Slope (a} and y-intercept {b)
Equalions des droiles de régression calculées entre indice de
productivité (mgC.mgChla*.h, en logarithme) el profondeur
(m), a partir de toules données disponibles, sauf données de 0 et
5 m et stat. 12 (SOP ). Penie (a) el ordonnée & Porigine (b)

In order to determine more precisely how the
phytoplankton is adapted to PAR, some experiments
of “light enrichment” were performed in situ at
21 of the 31 stations considered here: 117 samples
for measuring carbon fixation, of which 90 were
during CIPREA 4 cruise, were taken in duplicate:
the ones incubated in sifu at the sampling depth,
the others 10 meters above (at times 5 or 20 m). The
main advantage of this type of experiment is to
allow comparison between samples for which errors
and artifacts are very similar. Of the 117 samples
taken from different depths amnd put upward for
incubation on the incubation line, 112 fixed a greater
amount of carbon than samples incubated at
sampling depth. We may conclude that, in the
experimental conditions, available light, surface
excepted, always limits the amount of carbon fixed
during the in sifu incubation time, even if sea-water

Océanogr. frop. 19 (2): 161-179 (1984).

is nitrate-depleted. In other words, with respect to
light, the in situ carbon fixation is never maximal.

On the other hand, below 25 m, the productivity
index of a sample taken at depth “z” and incubated
above, at depth “z — 10 m”, is always lower than
the productivity index of the sample taken and
incubated at depth “z — 10 m” (Fig. 10). The
contrary is observed above 26 m (Fig. 10). There-
fore, two samples incubated at the same depth but
taken at different depths, exhibit two different
productivity indexes. These observations would
result from the adaptation of phytoplankton by
changing chlorophyll cell content, rates of photo-
synthesis and chlorophyll synthesis according to
depth and PAR (Lt BouTEIiLLER, 1982).

Fixed carbon

(mgC.mgChl& h-1)
Chla 9%.me

o 2 0, 5
Depth
20|
a0t
60
m

Fic. 10. — Depth distribution of the productivity index for a
typical station (9, CIPREA 4, see Fig. 5). Each sample taken
in duplicate: one incubated at sampling depth (solid circles),
the other incubated above sampling depth (open cireles)
Indice de productiviié en fonclion de la profondeur pour une sta-
tion lypique (9, CIPREA 4, voir Fig. §). Points : flacons
incubés a la profondeur de prélévement. Cercles : flacons incubés
au-dessus du niveau de prélévement

Furthermore, figure 10 shows that between 25 and
60 m, the productivity index of “light enriched”
samples increases only slightly. Thus putting a
sample for incubation at 10 m above sampling depth
will nearly equivalate to double PAR (Table VI}.
Stations 11 and 12 (SOP) have shown that conversely
a decrease of the total incident radiation was partly
balanced by a better quantum yield (Fig. 9).
Schematically, there is a sort of damped reaction of
the phytoplankton to variations of irradiance by
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which phytoplankton adapted to a light level,
increases its efficiency for lower light and decreases
it for higher one. Consequently, stations receiving
half the light of the average (Stat. 11, SOP) or
nearly 50 9%, more (Stat. 7 and 14, SOP) presented
productions by chlorophyll unit close to the average
(Fig. 2 and 3). A very significant decrease was
observed only for one single station on a very
cloudy day (Stat. 12, SOP. Fig. 2 and 3). Then,
below the mixed layer, the phytoplankton is adapted
at least to some extent, to the mean light level
(FaLkowski, 1981).

GONCL.USION

In the eastern equatorial Atlantic ocean, a single
determination of the chlorophyll a concentration
provides an excellent description of the potential
primary production of that sea-water. For an incident
light intensity close to the average, the amount of
carbon fixed during daytime can be precisely
predicted from the chlorophyll content by means of
very simple empirical relationships.

Undoubtedly, great homogeneity characterizes the
structure and functioning of the tropical oceanic
system. The amplitude of seasonal climatic variations
is relatively small (HasTENRATH, 1978}, most often
sea-walter temperature lies between 15 and 259,
and in addition the wvariability of the equatorial
current system is of a low enough amplitude
and frequency for primary production just fo

balance losses, mainly from herbivorous consumption
(WaLsH, 1976; Le Borang, 1981; VoiTuriez et al.,
1982).

Because both depth of the euphotic layer and
total incident radiation varied only within a small
range from day to day and from one cruise to
another, relationships between carbon fixation,
chlorophyll and depth show very significant correl-
ation coefficients, and are very similar for each
cruise, in spite of differences in the hydrological
and chemical structures {Vorrurigz, 1981, and
Oupor, 1983, respectively).

How far such equations are applicable to predict
the production in other areas is indeed to be
determined. Because water masses move under the
research vessel, the observations made at a fixed
location during several days are obviously similar
in the surrounding area. It was shown that these
relationships were also true at the position (20 N;
40 W). They are probably applicable in the whole
oceanic part of the Gulf of Guinea, provided that the
incident radiation and the chlorophyll concentration
are within the ranges of values used for establishing
the relationships.

Since equations were calculated with dataincluding
numerous values pertaining to nitrate-depleted
waters, there is hope that an extrapolation to the
wide oligotrophic areas may be conceivable, which
furthermore would constitute a possible approach
for elucidating a part of the mystery of the oligo-
trophic system.
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