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Abstract—Natural variability of the maximum quantum yield of carbon fixation (¢c max), as
determined from the initial slope of the photosynthesis-irradiance curve and from light absorption
measurements, was studied at three sites in the northeast tropical Atlantic representing typical
eutrophic, mesotrophic and oligotrophic regimes. At the eutrophic and mesotrophic sites, where the
mixed layer extended deeper than the euphotic layer, all photosynthetic parameters were nearly
constant with depth, and d¢ max averaged between 0.05 and 0.03 mol C (mol quanta absorbed) ™',
respectively. At the oligotrophic site, a deep chlorophyll maximum (DCM) existed and ¢¢ ax varied
from ca 0.005 in the upper nutrient-depleted mixed layer to 0.063 below the DCM in stratified waters.
Firstly, ¢c max Was found roughly to covary with nitrate concentration between sites and with depth
at the oligotrophic site, and secondly, it was found to decrease with increasing relative concentrations
of non-photosynthetic pigments. The extent of ¢¢ max variations directly related to nitrate
concentration was inferred from variations in the fraction of functional PS2 reaction centers (f),
measured using fast repetition rate fluorometry. Covariations between f and nitrate concentration
indicate that the latter factor may be responsible for a 2-fold variation in ¢¢ m.,. Moreover,
partitioning light absorption between photosynthetic and non-photosynthetic pigments suggests
that the variable contribution of the non-photosynthetic absorption may explain a 3-fold variation in
®c max- as indicated by variations in the effective absorption cross-section of photosystem 2 (ops;).
Results confirm the role of nitrate in ¢pc max variation, and emphasize those of light and vertical
mixing. Copyright © 1996 Elsevier Science Ltd

INTRODUCTION

The maximum quantum yield of photosynthesis is a critical variable in bio-optical models of
primary productivity (Bannister, 1979; Kiefer and Mitchell, 1983; Sakshaug et al., 1989;
Smith et al., 1989; Morel, 1991; Platt et al., 1992; Bidigare et al., 1992). In oxygenic
photosynthesis, it is defined as the maximum rate of O, evolved or CO, fixed per mole
absorbed photons (Kok er al, 1970; Myers, 1980; Falkowski and Raven, in press).
Although it sometimes is ecologically convenient to define an apparent quantum yield with
reference to incident rather than absorbed light (Odum, 1971; Dubinsky and Berman, 1976;
Dubinsky, 1980), the quantum yield relevant to bio-optical models is referenced to absorbed
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light (Kok and Radmer, 1976). Hence, we adopt here the latter, biophysically more formal,
definition.

For each molecule of O, evolved in the photosynthetic apparatus, two molecules of water
are photochemically oxidized, leading to the production of four electrons and four protons.
Each electron derived from water undergoes two photochemical reactions in series, and
each of the photochemical reactions has a quantum yield of unity (Kok et al., 1970).
Therefore, for each molecule of O, evolved, a minimum of eight quanta were absorbed,
giving a maximum quantum yield for oxygen evolution of 0.125mol O, (mol quanta)~!
(Kok, 1960). It should be noted that maximum yield for oxygen evolution is almost always
greater than that for CO, fixation. Electrons derived from the photochemical oxidation of
water are used to reduce nitrate and sulfate in addition to CO, (Myers, 1980; Ley and
Mauzerall, 1982; Dubinsky et al., 1986; Laws, 1991). Hence, it is commonly taken, based on
experimental data, that the maximum quantum yield for carbon fixation is ca 0.08 mol CO,
fixed per mol quanta absorbed (Myers, 1980; Bannister and Weidemann, 1984).

Biological oceanographers have often assumed that the maximum quantum yield is
constant (Platt et al., 1980; Kiefer and Mitchell, 1983; Kiefer et al., 1989; Morel, 1991). This
assumption has arisen from both mathematical convenience in parameterizing models and
consideration of theoretical aspects of photosynthetic processes (Bannister, 1974; Bannister
and Weidemann, 1984). It must be stressed, however, that the maximum achieved is, more
often than not, lower than the maximum value recalled above (Myers, 1980). There are a
number of potential reasons for a reduction in the maximum quantum yield. First, many
photosynthetic organisms contain pigments that absorb photosynthetically available
radiation (PAR) but do not transfer the absorbed excitation energy to a photochemical
reaction center (Haxo and Blinks, 1950; Dubinsky ez al., 1986). Secondly, the number of
photochemically competent reaction centers can vary as a function of irradiance {(Neale,
1987; Vassiliev et al., 1994; Olaizola et al., 1994; Long ez al., 1994) or nutrient status
(Welschmeyer and Lorenzen, 1981; Neale, 1987, Kolber et al., 1988; Cleveland et al., 1989;
Herzig and Falkowski, 1989; Falkowski et al., 1992; Falkowski, 1992; Greene et al., 1994,
Long et al., 1994; Olaizola et al., 1994; Vassiliev et al., 1994). Third, cyclic electron flow
around either photosystem 1 (PS1) Slovacek et al., 1980; Myers, 1987; Cha and Mauzerall,
1992) or photosystem 2 (PS2) (Heber er al., 1979; Falkowski et al., 1986a) permits
photochemical utilization of absorbed excitation energy without concomitant production of
O, or reduction of CO,. Hence, it should not be surprising that the maximum quantum
yields of photosynthesis observed in nature are lower than the theoretically achievable
maximum (Bannister and Weidemann, 1984; Cleveland et al., 1989; Babin et al., 1995).
What is unclear, however, is the extent of variability in the maximum quantum yield in the
oceans and the causes of the variability.

Definitions and determinations of quantum yields

From a practical standpoint, oceanographers often determine photosynthesis as the rate
of incorporation of radioactively labeled inorganic carbon into acid-stable particulate
organic matter. If the exposure to the label is for a sufficiently short period, respiratory
losses of radioactively labeled organic carbon are negligible and hence the rate of carbon
incorporation is a reasonable measure of gross photosynthesis (Eppley and Sharp, 1975; Li
and Goldman, 1981). The maximum quantum yield of carbon fixation, ¢c max, is calculated
from:
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e max = /12 000a* 1)

where 12 000 is the molar weight (mg) of carbon, o® [mgC (mgchla)™' (mol available
quanta m~2)7'] is the chlorophyll-specific initial slope of the photosynthesis-irradiance
curve (i.e. the “P® vs £ curve) determined from incubation experiments, and a* is the mean
chlorophyll-specific absorption coefficient of algae, weighted by the spectral distribution
[E(M)] of the photosynthetic available irradiance (from 400 to 700 nm; PAR) used during the
experiment; the a* [m® (mg chl @) ™'} is calculated as:

700 700
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400 400
where a,p*(2) are the spectral values of the chlorophyll specific absorption coefficient of
algae.

Calculations of ¢¢ yax for natural communities using Equations (1) and (2) have been
reported by Cleveland et al. (1989; 14 values), Schofield et al. (1993; 64 values), Lizotte and
Priscu (1994; 24 values), Marra and Bidigare (1994; 7 values) and Babin et al. (1995; 170
values). All five studies have revealed variability in ¢¢ max, although the causes of variability
could not be unambiguously identified and understood.

An indirect way of determining a quantum yield of photosynthesis is based on
measurements of variable fluorescence (Eppley and Sharp, 1975; Ley and Mauzerall,
1982; Falkowski and Kolber, 1993; Geider et al., 1993; Kolber and Falkowski, 1993;
Falkowski and Kolber, 1995). In this approach, active stimulated fluorescence techniques
[“pump and probe” fluorometry or fast repetition rate fluorometry (FRR); e.g. Vassiliev et
al., 1994] are used to measure the variable component of fluorescence, quantitatively
associated with photochemical efficiency of PS2. The principle is to measure the difference in
fluorescence signal emitted in vivo by chla in a dark-adapted condition, when all reaction
centers are oxidized, F,, and that obtained when all reaction centers are closed and
fluorescence is maximal, F, (Duysens and Sweers, 1963; Butler and Kitajima, 1975; Butler,
1978). The maximum quantum efficiency of photochemistry, denoted ¢ps;, is given by the
ratio (Fy, — F,,)/Fy; this yield should not be confused with the maximum quantum yield for
oxygen evolution or carbon fixation. ¢pg; is directly related to the fraction of functional PS2
reaction centers, f. However, fis better expressed by (Falkowski et al., 1986b; Kolber and
Falkowski, 1993; Lavergne and Leci, 1993; Lavergne and Trissl, 1995; Kolber and
Falkowski, 1992):

1P =F

s F &)

f

where the factor 1.8 represents the maximum value for the ratio (¥, — F,)/F, obtained in
nutrient replete, exponential-phase laboratory cuitures (Kolber ez al., 1988; see Appendix).
By following the rate of change of the fluorescence signal as a function of the intensity of the
actinic light, it is also possible to rapidly determine the effective absorption cross-section of
PS2, ops, [m? (quanta) ™'} (see later, equation (5)). Finally, the maximum quantum yield of
carbon fixation, ¢¢ max, can be related to photosystem 2 characteristics through (see Kolber
and Falkowski, 1993):
_ops29e f P2

¢C max — T (4)
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where #ps; is the total number (functional and non-functional) of PS2 per unit of chl a [mol
electron (mg chla)™'], ¢ is the quantum yield of electron transport for O, evolution
[assumed to be 0.25molQ, (mol electron)™!], R is the photosynthetic quotient
[mol O, (mol C)~'], and a* is calculated from equation (2) using the spectral distribution
of radiant energy [E(A)] delivered by the probe flash.

Both the maximum quantum efficiency of photochemistry, ¢psy, and the number of
functional reaction centers (note that these are not independent variables) are markedly
lower when algal cells are photoinhibited (Henley ez al., 1992; Long et al., 1994; Vassiliev et
al., 1994). However, in addition, a hyperbolic relationship between between the maximum
gquantum efficiency of photochemistry and the rate of nitrogen supply has been observed in
chemostat cultures (Kolber er al., 1988), as well as in natural phytoplankton assemblages
(Kolber et al., 1990; Falkowski et al., 1991; Geider et al., 1993). Nitrogen limitation would
induce losses of proteins involved in the structure of PS2 reaction centers and thereby
depress f'(Kolber et al., 1988; Falkowski ef al., 1989).

The changes in fluorescence flash yields that are related to the photochemical reactions in
PS2 can be observed only if light is absorbed by the reaction center. If excitation energy is
absorbed by pigments that do not transfer the energy to PS2 reaction centers, and if the
fraction of that transfered energy to the total absorbed energy is a variable, then the
relationship between the maximum quantum efficiency of photochemsitry and that for
carbon fixation will be variable. The converse is not true however. All electrons that are used
in the photosynthetic reduction of inorganic carbon originated from water and had to pass
through PS2. Hence, all changes'in f are directly reflected on ¢ max (eXpressed by equation
(4)). Therefore, if f'is sensitive to supraoptimal irradiance or nutrient supply, ¢c max Would
be similarly sensitive.

The first objective of the present study is to document variations in ¢ max in the ocean. To
reach this objective, about 200 values of this maximum yield were determined in the
northeast tropical Atlantic at three sites selected to represent typical EUtrophic,
MEsotrophic and oLlgotrophic regimes (EUMELI/JGOFS-France Program). These
measurements are a priori believed to reflect, in large part, the range of ¢¢ max natural
variability, given the diversity encountered in terms of physical conditions (light and density
vertical gradients), nutrient status and phytoplanktonic assemblages.

A second objective was to examine the sources of variability in ¢¢ max. TO accomplish
this, we simultaneously monitored the changes in the fraction of functional PS2 reaction
centers, f, using a Fast Repetition Rate fluorescence method (Kolber and Falkowski,
1992; Falkowski and Kolber, 1995) and compared these measurements with those obtained
for ¢¢ max. Our third objective was to assess the relative importance of nutrient deficiency, of
the presence of non-photosynthetic pigments and of possible photodamage in determining
the natural variations of ¢¢ max. The simultaneous measurements of ¢¢ max and £, and the
application of equation (4) are tentatively used to deconvolute these different effects.

MATERIAL AND METHODS

Eutrophic, mesotrophic and oligotrophic sites in the tropical northeast Atlantic (see
legend of Fig. 1) were occupied for 3, 4 and 6 days during the EUMELI no. 4 cruise (June,
1992). Nutrients and pigments, optical properties, P® vs E incubations and FRR
fluorometry measurements were made daily. Sampling was generally performed at dawn,
midday and dusk at 10 depths encompassing the whole algal vertical distribution. Samples
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Fig. 1.

Typical vertical profiles of density excess (o) and in situ fluorescence. The dashed line

indicates the bottom of the euphotic zone (Z.), i.e. where PAR is 1% of the surface value. The

eutrophic, mesotrophic and oligotrophic stations were located at 20°32N 18°35W, 18°30N 21°02W
and 21°02N 31°08W, respectively.

collected at dawn using 10-1 GoFlo bottles fixed on a Kevlar® wire were used for in situ

primary production measurements (JGOFS protocol, 1994). Midday and dusk samples

were collected using a rosette sampler with 12-1 Niskin bottles equipped with silicone
washers, and analyzed for nutrient and pigment concentrations. Micromolar NO, + NO,
and PO, concentrations were determined using a Technicon Autoanalyzer® using methods
of Wood et al. (1967) and Murphy and Ryley (1962), respectively. Nanomolar
determinations of NO, and NOj concentrations were performed also using a Technicon
Autoanalyzer™, following the method of Raimbault er al. (1990). Vertical profiles of
temperature, salinity and chla fluorescence were measured using a CTD (SBE9!1plus,
SEA-BIRD Electronics Inc.) and an in situ fluorometer (FL3000, Sea Tech Inc.).

Discrete sample pigment concentrations were determined using fluorometry,
spectrofluorometry, and HPLC. In all cases, filtration was performed using glass fiber
filters (Whatman GF/F). Fluorometric determination of chl a + pheopigment concentration
was performed as described by Parsons et al. (1984} using 100% methanol (rather than
acetone) and extraction duration of 0.5h. Spectrofluorometric determination of
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chlorophylls was carried out onboard using the method of Neveux and Lantoine (1993).
Samples for liposoluble pigment analysis were stored in liquid nitrogen immediately
following filtration and later measured by HPLC after extraction in 100% methanol at a
shore-base laboratory as described by Claustre and Marty (1995). The HPLC system
allowed a separation of divinyl-chla (DV-chla) and chla sufficiently well resolved to
quantify both concentrations using the peak heights. The extinction coefficient used for DV-
chla was 105.61g~" (Morel et al., 1993). All three pigment analysis methods provided
similar vertical patterns for total chla (chla and DV-chl g; hereafter denoted Chl), yet
fluorometric and spectrofluorometric measurements always led to values clearly above
those obtained by HPLC. As a rule, interpretation was based on HPLC results. When
HPLC data were missing, spectrofluorometric (or fluorometric) measurements were
used; they were “converted into HPLC data” by using conversion factors (calculated
from samples for which all methods were simultaneously applied). A “non-photo-
synthetic pigment index” (NPP index) was computed from the HPLC analyses as the
ratio (weight : weight) of non-photosynthetic pigments to which photoprotection is often
ascribed (i.e. zeaxanthin plus diatoxanthin, diadinoxanthin and [-carotene) to total
pigments (i.e. non-photosynthetic, chlorophylls and photosynthetic carotenoids; Bidigare
et al., 1990).

Daily measurements of submarine PAR (400-700 nm), performed using a custom-built
quantum meter, were used to calculate optical depth ({) at each station as:

{=K;z

where K ,is the vertical attenuation coefficient for downward PAR irradiance (m ') and z is
the depth (m); { is used to scale Figs 2-8. The euphotic layer, Z., operationally defined as the
depth of 1% surface PAR irradiance, corresponds to {=4.6.

In vivo absorption measurements of suspended particles were performed using 1-91 of
seawater filtered onto 25 mm Whatman GF/F glass-fiber filters under low vacuum pressure.
Wet filters were placed between a light source (tungsten lamp) and the entrance to an
integrating sphere connected by an optic fiber to a LI-1800UW Licor irradiance meter.
Transmitted light was measured between 350 and 750 nm with 1-nm resolution. The
baseline was measured prior to filtration using the same filter soaked for 1h in filtered
seawater. Absorption was also measured after pigment extraction, in order to determine the
spectral absorption due to unpigmented detrital particles. Pigments were extracted by
immersion of the filter in a small volume of methanol (Kishino ef al., 1985, 1986). Particles
were not washed from the filter. Both spectra (total particulate matter and non-algal matter)
were corrected for the pathlength ampilification (“‘B”) effect according to Bricaud and
Stramski (1990). Algal absorption was calculated by subtracting detrital from total particle
absorption (Kishino method) or by using the numerical decomposition technique of
Bricaud and Stramski (1990). Both methods lead to convergent results when applied to the
same sample. Spectral absorption coefficients [a(A)] were normalized to the sum of Chl and
pheopigments (when present) contents to derive algal Chl-specific spectral absorption

Fig. 2. Mean vertical (optical depth, {) distribution of NO,+NOQOj; concentration and chla+ DV-chla (Chl)

concentrations. For the mesotrophic and oligotrophic sites, NO, + NO; concentration is plotted on a log scale.

When undetectable, NO,+ NO; concentration is given the detection threshold value (3 nM). The dashed line

indicates the bottom of the surface mixed-layer and the euphotic depth is at { =4.6. The number of samples at each
depth is indicated beside each data point. The error bars indicate + the standard error.
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coeflicients [apn*(A)]. These values were convoluted (according to equation (2)) with the
spectral composition of light delivered by the lamp (in the incubator) or by the flash tube
(FRR fluorometer) to provide the appropriate a* values.

The PB vs E curves were determined using a radial photosynthetron (described in Babin et
al., 1994). Each seawater sample was dispensed into twelve 50-ml subsamples in polystyrene
tissue culture flasks inoculated with 2-12 pCi of H'*CO; ™ and stacked within an irradiance
gradient in front of a 250W arc lamp (OSRAM, HQI-T 250 W/D). All samples were exposed
to a PAR ranging from ca 15 to 550 pmol quantam~2s™!, except those collected near the
surface at the OLIGO site, which were exposed to ca 25-900 pmol quanta m ~%s~'. Samples
from 10 depths were simultaneously incubated for 60—120 min; each sample was maintained
at a temperature reproducing the in situ temperature (at 3-1°C).

The Chl-specific initial slope (o) and saturation level (PB,,,) of the PB vs E curves were
derived by fitting to experimental data points a hyperbolic tangent function (Jassby and
Platt, 1976) with a variable intercept, using the Quasi-Newton algorithm of Systat™
statistical package. Photoinhibition was generally observed at high irradiances for samples
collected below the euphotic zone at the OLIGO site. The corresponding points were
excluded from the curve-fitting procedure.

For determinations of f, 50~100 ml samples from discrete depths were dark adapted for
30 min. Fluorescence flash yields were measured in duplicate subsamples with a deck-based
FRR fluorometer (described in Greene et al., 1994; Vassiliev et al., 1994 and Falkowski and
Kolber, 1995). Briefly, in the FRR method, PS2 reaction centers are rapidly closed by a train
of 5-us flashlits that cumulatively saturate the photochemical reaction. The rate of closure of
reaction centers is used to derive the effective absorption cross-section of PS2 by fitting the
following expression on fluorescence and energy measurements:

i-1
F=F,+ FV|:1 - CXp(—O’psz ZIJ):I (5)

=0

where F;is the fluorescence flash yield recorded following the ith flash, F, is the fluorescence
flash yield prior to the FRR protocol, F, is the maximum variable fluorescence, i.e.
(Fm—F,), and I;is the energy of the jth flash in the burst train of flashes. The average of 20
sets of measurements on each sample were used to calculate F,, F,, and ops,. The average
coefficient of variation for the measurements was <2% on an individual sample, and < 5%
on replicate samples from the same station and depth.

The spectral output of the arc lamp used in the radial photosynthetron was determined
using a spectroradiometer (LI-COR LI-1800UW) equipped with a cosine collector fixed at
the end of a 2-m optic-fiber (see Babin ef al., 1994). The spectral composition of the xenon
flash tube used in the FRR fluorometer was derived from the manufacturers data (EG&G)
and spectral absorption characteristics of the blocking filters (see Kolber and Falkowski,
1993). The incubator source includes all PAR wavelengths, whereas the FRR flash source
has a restricted spectrum centered on 440 nm with half- max1mum width of 70 nm. These
differences must be accounted for before comparisons between o® and opg, can be made.
For example, a change in the absorption maximum wavelength between different
phytoplankton populations without a necessary change in the absorption amplitude w111
alter ops,. To correct for spectral difference in experimental lamps, measured values of a®
and ops; were normalized for an ideal “white” spectrum [i.e. with E(A) assumed to be
constant from 400 to 700 nm]. This normalization was made using:
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a*(white)

a*(incubator) (6a)

oB(white) = oB(exp)

and
a*(white)

2*(FRR) (60)

aps2(white) = opsz(exp)

where the subscript “white” refers to values for hypothetical white illumination and “exp”
refers to experimental values measured on the actual sources (lamp or flash tube).
Discussion below is based on a®(white) and opsy(White), even if a®(exp) or ops.(exp) are
used without normalization when calculating d¢ max (equation (1)) or the ratio of opg; to
a*(FRR) (equation (7) and Fig. 10 later on).

RESULTS

Diel and day-to-day variability in vertical profiles of all measured variables were small
compared to site-to-site differences. Therefore, the following site-to-site comparison is made
using mean profiles computed for all variables measured at each of the three sites.

While we make no assumption about the identity of the specific limiting nutrient, we
note that the addition of 4 pM NO; ™~ stimulated phytoplankton growth at the oligotrophic
site in simulated in situ incubations (Falkowski and Kolber, 1995). We also note that
nitrate : phosphate ratios were highly stable at all sites. Hence we simply reference nutrient
limitation to the nitrogen concentration (NO; + NO,).

Eutrophic site

The EUtrophic (EU) site, located about 130 km off the Mauritanian coast, was in a
permanent, nutrient-rich, upwelling area supporting a large phytoplankton community.
NO,+ NO; concentrations were >10puM in the surface layer (Fig. 2), and Chl was
uniformly distributed within the 40m upper mixed-layer (Fig. 1) with an average
concentration of about 4mgm > (Fig. 2). Pheopigment concentrations were on average
30% of total Chl+pheo concentration. Mean euphotic depth (Z,) was 17 m. Pigment
composition revealed a clear dominance of chl c-containing phytoplankton species, mostly
diatoms (Claustre, 1994). In vivo Chl-specific absorption spectra (Fig. 3) are also typical of
diatoms (Prézelin and Boczar, 1986), with low apn*(A) values, which indicate large pigment
packaging. Ratios of aB(exp)/a®(white) and opsa(exp)/opsa(white) were constant with
depth, averaging 0.9 and 1.73, respectively. The NPP index was <0.05 at all depths
(Fig. 4). of and P, were nearly constant with depth (Fig. 5). Therefore E, the irradiance
at which photosynthesis starts to saturate [with E, = PBmax/aB(white)], was also constant.
The maximum quantum yield $¢ max (~0.05), computed using equation (1) with a constant
a* value of 0.011 m? (mg Chi) ™!, and f'were also nearly constant with depth (Figs 7 and 8). It
should be noted, that replicated samples obtained in the upper 10 m during midday at this
site had dark-adapted variable fluorescence values 30-40% lower than those at 20 m depth.
The depression in variable fluorescence was abolished at dawn. The midday depression is
indicative of photoinhibitory damage to PS2 reaction centers (Long et al., 1994).



1250 M. Babin ez al.

015 EUTROPHIC
0.1
s
2 0.05 =
o
+ M
6 0 A T T T
g
L us{ MESOTROPHIC
1=
2
Q 0.1
&
Q
]
Q
§ 0.05 -
=
2
0 (U T T T
<
9
[$
E3)
Q
o
[70]
=
O

Wavelength (nm)

Fig. 3. Spectral values of the Chl specific absorption coefficient at different depths.
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Fig. 4. Mean vertical (optical depth, {) profiles of the NPP index. The dashed line indicates the
bottom of the surface mixed layer. The error bars indicate 4+ the standard error.

Mesotrophic site

The mesotrophic (MESO) site, located 400 km offshore and at the edge of the
Mauritanian upwelling zone, was remotely influenced by advected nutrient-rich waters.
NO,;+NO; concentration averaged 0.5pM within the mixed layer (Fig. 2), Chl
concentrations were roughly constant (~ 1 mg m ™) throughout the euphotic layer, before
decreasing at { > 5.5 (Figs 1 and 2), and pheopigments were undetectable. The absorption
band of phycoerythrin at 548 nm (Fig. 3) and flow cytometric measurements using red and
orange fluorescence (Partensky et al., 1996) both indicated a predominance of
cyanobacteria. Significant concentrations of chl ¢ and fucoxanthin indicated that diatoms
also contributed to algal biomass. The NPP index averaged 0.12, although this ratio may be
overestimated because the HPLC protocol used could not differentiate zeaxanthin from
lutein, the main light-harvesting carotenoid of chl b-containing species; the ratio of chib
to Chl averaged 0.2. Variability in the shape and amplitude of the a,,*(X) spectrum was
not statistically significant and therefore a constant @* [0.0452 m? (mg Chl)~!] was used for
& max calculations. Ratios of oB(exp)/aB(white) and opsa(exp)/opsx(White) were 0.92 and
1.88, respectively.

The o slope (Fig. 5) increased slightly from the surface down to {=4.6 while PB
remained fairly constant at 8 mg C (mg Chl) ™' h~". Consequently, £, decreased smoothly
with depth (Fig. 5). Both ¢¢ max and fincreased slightly with depth (Figs 7 and 8). As at the
EU site, the near surface samples had lower f-values at midday, but these were fully
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Fig. 5. Mean vertical (optical depth, {) profiles of the initital slope of the PP vs E curve (aP), the
maximum rate of carbon fixation (P®,.,) and the saturation irradiance (£;). The error bars indicate
+ the standard error.
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recovered before sunrise. Except for the deepest and the near surface samples, opg, was
essentially constant with depth (Fig. 8).

Oligotrophic site

The oligotrophic (OLIGO) site was located 1400 km offshore in the North Atlantic gyre.
The mixed-layer depth averaged about 70 m, but varied by as much as 20 m over the 10 days
spent at this site. The euphotic depth averaged ca 105 m and covaried with mixed-layer
depth. The variation in physical mixed-layer depth, resulting from internal wave effects, was
partly removed from the physiological responses by normalizing data to optical depths. At
this site, NO, + NO; was undetectable (detection threshold = 3 nM) in the mixed layer, and
Chl concentrations were extremely low, averaging ca 0.05mgm™> (Figs 1 and 2). A
nutricline developed between 100 and 120 m with NO, + NOj increasing to ca 9 pM below
~120m, and a deep Chlmaximum (DCM) developed with Chlconcentration reaching
0.25-0.30 mg m . Pheopigments were undetectable throughout the whole water column.

HPLC analysis of the phytoplankton pigment composition revealed a vertical segregation
of phytoplankton species (see the detailed analysis of Claustre and Marty, 1995). In the
surface mixed layer, the high NPP index (Fig. 4) was mainly due to a high zeaxanthin
concentration shared by cyanobacteria and prochlorophytes. Cyanobacteria were
dominant in this upper layer, as the DV-chl a to Chl ratio was only 0.28. Within the DCM
(between {=4 and 5), prochlorophytes became dominant with a DV-chla to Chlratio
reaching 0.5. The NPP index decreased in the water column in a gradual way throughout
the mixed layer, and abruptly below (Fig. 4). Additionally, the sum of 19-
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hexanoyloxyfucoxanthin and 19'butanoyloxyfucoxanthin (19"HF + 19'BF) to Chl within
the DCM was 0.38 (these pigments are typical of small chl c-containing picoeukaryotes; see
Hooks et al., 1988). From the DCM to { =10 (i.e. the 0.01% light depth), picoeukaryotes
were progressively more abundant as evidenced by the ratio of (19HF + 19'BF) to Chl
increasing to 0.53 and a ratio of DV-chla to Chl decreasing to 0.38. A similar vertical
distribution of algal species was observed by Morel et al. (1993) at the same location during
a previous cruise (EUMELI no. 3; October 1991). In the mixed layer, the ay,*(A) values
between 400 and 500 nm were particularly high (Fig. 3) because of high zeaxanthin to Chl
ratios. Within the DCM and below, the a,,*(A) values were notably diminishing at blue
wavelengths and additional absorption bands of DV-chlb (prochlorophytes) appeared
around 480 and 650 m. These results are consistent with the observation of an increase in the
ratio of DV-chl b to Chl, from 0.08 in the mixed layer up to 0.64 within the DCM. On the
upper shoulder of the DCM (100-120 m), intermediate ap,*(A) spectral patterns were
observed, in correspondence with moderate contributions of zeaxanthin and DV-chl 4.

Depth dependent variations in a,, *(A) were accounted for when computing ¢¢ max for the
OLIGO site. Absorption spectra were not always measured coincidentally with samples for
PB vs E and FRR determinations. When plotted as a function of {, the pooled OLIGO &*
values (pertinent to incubator and FRR experiments) form a regular pattern (Fig. 6); this
pattern was fitted by a hyperbolic tangent function in order to interpolate the value for each
sample at the needed optical depth. The same procedure was applied to the ratio a*(FRR)/
a*(white), which is depth-dependent (Fig. 6), whereas the ratio &*(incubator)/a* (white)
remains practically constant (0.78) with depth (not shown).

From the top to the bottom in the mixed layer, «® increased slightly, P2, decreased
slightly, whereas E; was halved (from ca 400 to 200 pmol quanta m~ s Fig. 5). Below
the mixed layer, of increased sharply (maximum at {=7) and PB..x and E; decreased
slightly. The vertical profile of ¢c max is similar to that of o®. Within the upper mixed layer,
dc max increased slightly [average =0.007 mol C (mol quanta)™ '] and between { =3.5 and 7
it increased up to 0.063 mol C (mol quanta) ~' (Fig. 7). At mid-day, f showed a depression
for the upper 1.5 to 2 optical depths, and then increased gradually from the surface to the
deep Chi maximum (Fig. 8). Variable fluorescence decreased for the deepest samples. The
near-surface depression in fluorescence yields was virtually abolished in predawn samples
(data not shown), while the low deep values were invariant throughout the day. On average,
the f-values in the mixed layer were 50-60% lower than those found at the EU site.
Throughout the water column, opg; increased slightly, but regularly.

DISCUSSION

Intersite differences

The EUMELLI sites were selected to compare the photophysiological responses of the
phytoplankton in three distinctly differing oceanographic regimes with respect to nutrient
availability, euphotic zone and mixed-layer depths, and phytoplankton biomass and species
composition.

At the eutrophic site, the mixed layer was twice as deep as the euphotic zone depth and
nutrients were abundant. A diatom-dominated algal community, with vertically uniform
pigment concentration and constant photophysiological responses (ocB, PR aph*(A),
dc maxs ), extended throughout the mixed layer. The MESO site was similar to the EU site
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a *(incubator) a *(FRR) / a *(white)

Fig. 6. Vertical distribution of a*(FRR), &*(incubator) and the ratio @*(FRR)/a*(white) at the

oligotrophic site (see text). The dashed line indicates the bottom of the surface mixed layer. Solid lines

represent the corresponding non-linear regression equations: @*(FRR) = —0.04 tanh[0.6({ — 4.9)] —

0.1 (R?=0.94), @*(incubator) = —0.00098 tanh[0.52(, — 4.9)] — 0.034 (R*=0.74), and 2*(FRR) /
@*(white) = —0.235 tanh[0.91( — 5.36)] — 2.32 (R? =0.85).

in that the mixed layer also extended beyond the euphotic zone, although the nutrient
concentrations and chlorophyll biomass (dominated by cyanobacteria) were much lower.
Physiological parameters were essentially constant even if some vertical trends can be
detected, indicating that a slight photoacclimation could have occurred within the not fully
homogenized algal community. The &* coefficients were higher than at the EU site (by a
factor of 3), and the relative proportion of non-photosynthetic pigments was noticeably
increased (Figs 3 and 4).

The oligotrophic site was dramatically different from the other two sites. Euphotic depth
(110 m) extended beyond the mixed-layer depth (70 m), giving rise to two physically
segregated algal communities. Nutrient-limited cells living in the upper mixed layer were
adapted to high irradiance conditions as indicated by high P®.ax, Er and NPP index values.
A low-light-adapted algal community existed in the stratified deep layers, forming a deep
Chl maximum, supported by higher nutrient levels. Both communities were dominated by
picoplankton, but with different species composition (Claustre and Marty, 1995).
Physiological parameters were essentially constant within the upper mixed layer.
Photoadaptative trends were detected, however, such as the slight decrease in P2 o Ex,
or the NPP index, which denotes that vertical mixing was not actively developed. Below the
surface mixed layer, strong gradients occurred in a®, aph*(A) and @¢ max- Distinct changes in
fand opg, were also apparent within the pycnocline.
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Fig. 7. Mean vertical (optical depth; {) profiles of the maximum quantum yield of carbon fixation
($c max). The dashed line indicates the bottom of the surface mixed layer. The error bars indicate +
the standard error.

Natural extent of Oc max variability

Several attempts have been made to derive the maximum quantum yield of carbon
fixation in marine environments. The first estimates were based on in situ measurements of
'4C uptake and were limited to those samples incubated at depths close to Z. so that
irradiance is less than Ej, and a direct estimation of a® becomes possible (reviewed by
Bannister and Weidemann, 1984). Historically, variability in ¢ max Was inferred from o
estimates by assuming a constant @*, derived from the literature. From measurements able
to discriminate between living and detrital particle absorption (Kishino et al., 1985, 1986)
obtained more accurate values of $¢ max (ranging from 0.02 to 0.1 mol C (mol quanta)~').
These estimates, however, were also limited to in situ data at the base of the euphotic zone.

Cleveland et al. (1989) reported the first depth profiles of G max by measuring both a®
and @* simultaneously. A 3-fold change in ¢¢ max [0.033—0.102 mol C (mol quanta)™]
occurred within their 14 values determined along two vertical profiles in the northwestern
Sargasso Sea. Lower ¢¢ max values and wider ranges of variation were then reported by
Schofield et al. (1993) in the southern California Bight [from 0.016 to 0.059 mol C (mol
quanta)”'], by Marra and Bidigare (1994) in the northwest Atlantic [from 0.005 to
0.065 mol C (mol quanta)™ '] and by Lizotte and Priscu (1994) in Antarctic ice-covered lakes
[from 0.0015 to 0.051 mol C (mol quanta)™!']. Recently, Babin et al. (1995) monitored
vertical and temporal variations in ¢¢ max Within the Estuary and Gulf of St Lawrence and
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Fig. 8. Mean vertical (optical depth; {) profiles of the fraction of functional PS2 reaction centers (f)

and the effective cross-section of PS2 (ops;). The dashed line indicates the bottom of the surface
mixed layer. The error bars indicate 1 the standard error.
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observed a 20-fold change in ¢¢ max [from 0.004 to 0.08 mol C (mol quanta) ™~ '] with clear
diel variations.

In the present study, ¢¢ max varied from 0.05 to 0.035 mol C (mol quanta)_1 between the
eutrophic and mesotrophic sites, respectively, with little depth dependence (Fig. 7). In
contrast, both the lowest [0.005molC (mol quanta)™'] and highest dc max values
[0.063 mol C (mol quanta)~'] were observed at the oligotrophic site with a global range
similar to those listed above.

Schofield et al. (1993) and Marra and Bidigare (1994) found no correlation between
®c max and environmental factors; Cleveland ez al. (1989) and Lizotte and Priscu (1994),
however, found a negative correlation with the distance from the nitracline; and Babin et al.
(1995) inferred variations to NNP. During EUMELI, it was possible to discriminate
between the influences of NO, + NO; concentration and of the NPP index on ¢¢ max, OWing
to the simultaneous measurements of f'and opsg; provided by the FRR technique, and to
detailed pigment analyses.

Relationship between ¢ max. f and nitrate availability

The dependence of ¢¢ max On nitrate supply observed in the laboratory (Cleveland and
Perry, 1987; Kolber et al., 1988; Herzig and Falkowski, 1989) suggests that nutrients should
play an important role in determining photosynthetic yields in nature (Welschmeyer and
Lorenzen, 1981; Chalup and Laws, 1990). At sea, correlations with the distance to the
nitracline, which may provide some indication about the nitrate supply, were reported by
Cleveland et al. (1989) and Lizotte and Priscu (1994). A similar correlation was also
suggested by Kolber et al. (1990) for the maximum quantum efficiency of photochemistry,
¢ps>. The data obtained from laboratory studies were based on the rate of supply of nutrient
(i.e. chemostat cultures), not on the concentration of nutrient per se. However, to a first
order, the flux of nutrients is related to their concentration within the euphotic zone, and a
qualitative relationship between ¢ps> and nitrate concentration was described by Falkowski
et al. (1991) and Geider et al. (1993).

The vertical profiles of f in the present study can be subdivided into three distinct
segments (Fig. 8). (i) A surface depression was observed during mid-day, resulting from
photodamage of reaction centers at supraoptimal irradiance (Baker and Bowyer, 1994;
Falkowski et al., 1994; Long et al., 1994). The photoinhibited portion of the water column is
restricted to the upper first optical depths and was found at all three sites. (i) Below the
photoinhibited portion, there is a part of the water column with intermediate or elevated
values of photochemical activity. In the OLIGO site the f~-values tended to increase slightly
with depth. (iii) In stable stratified layers at the OLIGO site, a deep section characterized by
a decrease in the quantum yield was found below the DCM. The loss of photochemical
activity in this portion of the water column likely reflects senescence of the cells, and is found
in all oceanographic regimes examined thus far (Falkowski, unpublished). Only the
intermediate section of the profiles can be usefully examined to understand the effects of
nutrient supply on photochemical energy conversion efficiency.

In the present study, any attempt to derive a relation between for ¢ ., and the distance
to the nitracline fails because no nitracline existed at the EU site and, in contrast, a strong
nitracline existed at the MESO and OLIGO sites; but f as well as ¢c max Were essentially
constant above this layer. Therefore, changes in fand ¢¢ ., Were examined with respect to
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NO, + NO; concentration. Let us note that the occurrence of such a strong nitracline and of
undetectable nutrient concentration in the upper layer suggest that NO,+ NO; flux was
negligible above the pycnocline at the OLIGO site.

The f~values for the three sites are plotted against NO, + NO; concentration in Fig. 9a.
The lowest f-values at each site correspond to samples that displayed signs of
photoinhibition (black symbols). Disregarding these three values, f increased from 0.42
to 0.57 when NO,+ NOj; concentration increased from undetectable levels to less than
1 uM. A distinct increase in f (up to 0.8) was found between the MESO and EU sites. If
it is assumed that nitrate availability is the sole factor affecting f, it induced a 2-fold
variation.

Theoretically, all factors affecting f should equally affect ¢pc max (see equation (4)). The
variations in ¢¢ m.x and in £, however, are not of the same amplitude (Figs 7 and 8) and the
pattern in Fig. 9b, where ¢¢c nax is plotted against NO,+NOj; concentration, differs
strongly from that in Fig. 9a. Note that no clear sign of photodamage appears on any of the
dc max vertical profiles. The technique used to determine Pp vs E curves, which lasts a few
hours between water collection and the end of incubations, may allow adequate time for
recovery from surface photodamage.

In Fig. 9¢c, ¢¢ max and fare compared for the three sites. This figure tends to show that a
rough covariation exists between these two yields, in spite of a large difference in their
respective range of variation. Such a difference suggests that factors other than nitrogen can
alter dc max Without affecting f. The lack of linearity between the two yields variations lies in
the fundamental difference in the processes they describe. ¢c max provides the bulk efficiency
by which photons absorbed by all algal components are used to fix carbon. Photon capture
and energy utilization can be described by the following three steps: (i) a fraction of the
photons absorbed by the various-algal pigments (in fact the whole algal matter) reaches chl a
antenna (of both PS2 and PS1); (ii) a fraction of the photons reaching the chl @ antenna leads
to charge separation at the level of the reaction center; and (iii) a fraction of the electrons
produced by light reactions is utilized for CO; reduction. These three steps are explicitly
represented in equation (4), by a photon transfer efficiency term (opsanps2/a*), a functional
term (f), and the photosynthetic quotient (R), respectively.

It should be noted that variable fluorescence measurements proceed from the basis of
photons absorbed by PS2 reaction centers; i.e. if excitation energy is absorbed but does not
lead to a photochemical electron transfer in PS2, no changes in fluorescence will be observed
within the 150 us of exposure to the FRR flashes. The fluorescence analysis requires no
assumptions about a*, but conversely does not account for photons that are absorbed by the
cell and are not used in linear electron transport.

Effect of non-photosynthetic pigments on Gc max

The photosynthetic quotient can vary only between 1 and 1.4 mol O, (mol C)~ ! (Laws,
1991), and is never far from the second value in the marine environment. Therefore, the
variationin R [in equation (4)] cannot be at the origin of the divergence between ¢¢ max and
evolutions. The variations in transfer efficiency are more likely responsible for the larger
variation in ¢¢ max, compared to that in f. Photosynthetically active pigments transfer
absorbed photons to chl @ within the antenna at an efficiency approaching 100% (reviewed
by Fork and Mohanty, 1986 and Govindjee and Satoh, 1986). The role of dissipative, non-
photosynthetic, pigments in altering the transfer efficiency is to be examined. This working
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Fig. 10. Plot of (a) ¢ max, (b) dc max /f and (c) ops2/a* as a function of the non-photosynthetic
pigment (NPP) index. The bottom panel (d) shows §¢ max [/ as a function of ops;/a*.

hypothesis is supported by the regular decrease of ¢¢ max When plotted as a function of the
NPP index (Fig. 10a).

The “xanthophyll cycle” is a prominent mechanism for photoprotection among plant
species (Demmig-Adams, 1990; Demmig-Adams and Adams, 1992). In this system,
zeaxanthin acts as an active photoprotectant pigment, probably by de-exciting the singlet
state of chl @, made possible by the close physical association of zeaxanthin molecules with
chl @ molecules. The high turnover of the xanthophyll cycle allows a rapid (~2 min)

Fig. 9. Plot of (a) ¢¢ max and (b) £, vs NO, + NO; concentration (log scale). When undetectable, NO, + NO;

concentration is given the detection threshold value (3 nM). The bottom panel (c) shows $¢ max as a function of f.

Black symbols in panel (a) correspond to the surface sample of each site. The data points corresponding to the deep
depression of f (ascribed in text to senescence) are not plotted.
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production of zeaxanthin when light conditions exceed E;. In most eukaryotic chl-c
containing algae, diatoxanthin would play a role analogous to that of zeaxanthin (e.g.
Olaizola and Yamamoto, 1994). Whilst zeaxanthin is an important photoprotectant in
eukaryotic plant cells, prokaryotes (dominant at the OLIGO site) lack the accessory
molecules required for a functional xanthophyll cycle (Partensky et al., 1993). Furthermore,
zeaxanthin molecules are associated with the cell wall rather than antenna chla in
cyanobacteria (Omata and Murata, 1983) and perhaps also in prochlorophytes (F.
Partensky, personal communication, 1994). Though zeaxanthin appears to have no direct
photoprotective role in prokaryotes (Kana et al., 1988), Bidigare et al. (1989) nevertheless
observed a spectrally dependent decrease in ¢c¢ nax in the Synechococcus clone WH7803 at
wavelengths corresponding to the zeaxanthin absorption maximum. The presence of any
absorbing substance that enhances a* but does not lead to additional photosynthesis, entails
a proportionate decrease of $¢ mux. While a® remains unchanged. Such “useless” absorption
(neither leading to photosynthesis nor to photoprotective de-excitation) is the main effect of
non-photosynthetic pigments on ¢¢ . to be considered for prokaryotes.

Measured values of ¢ max are highly correlated to the NPP index, and systematically
depressed when the non-photosynthetic pigments proportion increases (Fig. 10a~b). From
equation (4), the photon transfer efficiency can be isolated and expressed as:

opsy nps2/a* = ?%R @)

Assuming a roughly stable R (see above), the variability in the transfer efficiency is
reflected by change in the ratio ¢¢ max /f; which decreased with increasing NPP index (Fig.
10b). Assuming a relatively constant value of nps; (the total number of PS2 per unit chl a) a
regular variation of opg,/a* along with the NPP index can be identified for results from the
OLIGO and MESO: ssites, but not for the EU site (Fig. 10c). For this site, the opg»/a* values
stand apart, as perhaps a consequence of an increase in the PS2 size (i.e. 1/nps) by a factor
of 2. Figure 10d (as well as Fig. 10¢) is shown to illustrate the variability in #pg,.

The relative contribution of non-photosynthetic pigments to phytoplankton absorption
[cnp(A)] can be quantified using the following expression:
Yo <m>a,(i)
s <m>a,()

where a*,,(A).is the weight-specific absorption coefficient of the mth pigment in solvent and
<m?> is the concentration of this mth pigment. The numerator represents the sum of
absorption by non-photosynthetic pigments, while the denominator is the sum of all
pigments absorption. The spectral values of Chl-specific absorption by only
photosynthetically active pigments, denoted a*,.«(A), is derived from a*ph(A), the
measured Chl-specific absorption coefficient of algae, through:

Aye(A) = ap (M1 — enp(M)] (8b)

To apply equations (8a) and (8b), absorption spectra of pigments in solvent were obtained
from different laboratory phytoplankton cultures (using a photodiode array detector
connected on the HPLC line). To reproduce in vivo absorption, wavelength shifts were
applied to each pigment absorption spectrum (see Table 1). Figure 11 shows such a
decomposition (using equations (8a) and (8b)) of a a*,,(A) spectrum, measured near surface

Cap(h) = (8a)
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Table 1. Wavelength of maximum in vivo absorption (.. ), pigment weight-
specific absorption coefficient at Apay. [ @* (Amayx) ] and pigment concentration used
to compute the contribution of non-photosynthetic pigments in total
phytoplankton absorption (equations (8a), (8b), Fig. 11). Pigment
concentrations were measured on a sample collected at the surface (O0m) at the
oligotrophic site (pheopigments were absent). Values of Aq. were obtained from
absorption measurements in solvent, wavelength shifted according to Bidigare et
al. (1990). Only shifts in the blue part of the spectrum were considered as, over
550 nm, non-photosynthetic pigments have no contribution in phytoplankton
absorption (see equation (8b)). Values of a*( Anax) were also set according to
Bidigare et al. (1990). For pigments not considered by them, we applied the
wavelength shift and attributed the a*( A, ) value of the closest pigment in terms
of the spectral shape of absorption (as clustered in the table)

Pigment Amax a*(Amax) Concentration
(nm) (m*mg™") (ugm™)
Chlorophyll a 440* 0.0265* 29
Divinyl-chlorophyll a 448 0.0265 12
Chlorophyll ¢, + ¢ 460* 0.0708* 3
Fucoxanthin 491* 0.0368* 4
19HF 488 0.0368 11
19BF 486 0.0368 4
Peridinin 485 0.0368 1
B-Carotenet 462* 0.0603* 2
Zeaxanthint 462 0.0603 30
Diadinoxanthint 457 0.0603 6
a-Carotene 457 0.0603 2

*According to Bidigare et al. (1990).
TNon-photosynthetic pigment.

at the OLIGO site and when the NPP index is maximal. In this case, the spectrally integrated
‘7;11 is about 3 times larger than a’, (both computed using equation (2)). Therefore,
considering that when the NPP index is close to zero, a;. is strictly equal to 5;h, a 3-fold
increase in Q¢ max is to be expected at the OLIGO site, from the upper to the lower levels, or
as well, from the OLIGO (surface layer) to the EU site (all layers). Note that this range
corresponds to the one observed for opsy/a* for the MESO and OLIGO sites (400-1200).

First-order determinant of O max variations and the light—nutrient interaction

Cleveland et al. (1989) and Lizotte and Priscu (1994) on one hand, and Babin et a/. (1995)
on the other hand, respectively suspected effects of nitrogen and NPP on ¢¢ max. However,
their interpretations were based solely on correlation techniques. Deconvolution of the
effects of different environmental factors is largely impeded by the fortuitous covariability
often occurring between them at sea. At the OLIGO site, for instance (see Figs 2 and 4), the
NPP index is high near the surface, where nitrate is absent, and close to zero at depth where
nutrient is available. In the present study, the relationships between ¢¢ max and nitrogen or
NPP were shown to be causal, using independent approaches (carbon uptake
measurements, FRR fluorometry and pigments determinations). Nitrate and NPP were
found to be first-order determinant of ¢¢ max variations. The determination of f allowed
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Fig. 11. Example of partitioning in spectral values of the in vivo Chl specific absorption coefficient,
between total and photosynthetic phytoplankton pigments (see equations (8a) and (8b)).

association of a 2-fold variation in ¢¢ max With nitrate availability. Non-photosynthetic
pigments were found to be responsible for a 3-fold change in ¢¢ max- The concurrent effects
of these independent factors upon d¢ max could account for variations by a factor of 6. The
causes of the remaining 2-fold variation in ¢c max cannot be identified, even if the
photosynthetic quotient and cyclic electron flow around PS1 can be set forth. Cyclic electron
flow around PS1 can reduce ¢¢ max and is “invisible” to FRR fluorescence methods. The
cycle is related to the ratio of PS2:PS1 reaction centers. In diatoms, the ratio is generally > 1,
whilst in cyanobacteria it is generally <0.25. In prochlorophytes it is close to unity. Photons
absorbed by PS1 may facilitate photochemical electron transfers independent of CO,
fixation or O, evolution (and generate ATP in the process). Cyclic electron flow around PS1
conserves energy but is not “counted” in a photon budget for carbon assimilation. When
cyanobacteria are limited by dissolved inorganic nitrogen, the loss of PS2 photochemical
activity is not mirrored by a loss of photochemical activity in PS1 (Berges et al., 1996).

In addition to being a first-order determinant, nutrients may also play an indirect role in
dc max variations. For instance, nutrient limitation has been found to affect the ability of
phytoplanktonic cells to repair photodamaged reaction centers, and thus to favor
photoinhibition (reviewed by Falkowski er al, 1994). Herzig and Falkowski (1989)
observed a gradual decrease in the cellular content of light harvesting pigments and
gradual increase in the chlorophyll-specific absorption coefficient of algae with decreasing
nitrate supply. Kolber et al. (1988) and Greene et al. (1992) observed a nearly systematic
increase in the effective absorption cross-section of PS2 (opsy) under nitrate and iron
limitation, respectively. Moreover, nutrient limitation can lead to large changes in the
production of NPP (in fact, nutrient limitation is used in commercial production schemes to
enhance the production of carotenoids in microalgal mass culture). Hence, variations in
nutrient supply induce modifications in light absorption, energy transfer, and
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photochemical charge separation in marine phytoplankton. Such an indirect role of
nutrients in the ocean is hardly assessable. The present observations allow some remarks to
be drawn about this issue.

The extent of photoinhibition depends, on one hand, on the rate of damage to reaction
centers and, on the other hand, on the rate of repair of damaged reaction centers (Cullen and
Neale, 1994; Long et al., 1994). The former is a product of the effective absorption cross-
section of the reaction center (normally PS2 is the site of damage; Prasil et al., 1992), the
incident PAR, and a quantum yield for damage. Repair is critically dependent upon the rate
of supply of metabolic substrates, especially nucleic and amino acids (Prasil ez al., 1992). We
observed the effects of photoinhibitory damage at all three sites, however, the repair
mechanisms seemed to be able to mostly replace the damaged proteins within a day (there
was full recovery of photochemical competence at night). There was evidence of incomplete
repair at the OLIGO site (data not shown), however, in general we can conclude that the
damage/repair balance was comparable between sites. Note that the high E; values at the
OLIGO site probably contribute to limiting the rate of damage. The steep surface
depression in f observed near surface—obviously related to photoinhibition—was about
the same at all sites (Fig. 8). Moreover, the occurrence of such a steep depression in all three
cases indicates that photodamaged units were repaired before propagating down in the
water column. So, it can be concluded that nutrient limitation controls photoinhibition
neither near surface nor in the remainder of the mixed layer.

Rather than light, nutrient limitation may also be responsible for the high NPP index
observed in the mixed layer at the OLIGO site. If the role of nutrient is difficult to assess, a
clear view of how light actually controls the NPP index can be obtained by plotting the latter
as a function of the mean daily PAR in the surface mixed layer (PARz_,), computed as:
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[1 _ 6"4'52‘“'/2"]
4.6Zm/Ze

where PAR(0 ™) is the total daily PAR just beneath surface, and Z; and Z, are the depth of
the mixed layer and euphotic zone, respectively. It can be seen that a tight relationship exists
between the NPP index and PARz,, at the three sites (Fig. 12). It illustrates well how the
combination between vertical mixing and light actually controlled phytoplankton
photoacclimation (e.g. Cullen and Lewis, 1988) and supports the idea that the NPP
development is mainly regulated by light availability.

PARz, = PAR(0") ®

CONCLUSIONS

The maximum quantum yield of carbon fixation varied by about 12-fold, from 0.005 to
0.063 mol C (mol quanta)™', in the natural phytoplankton community of the tropical
northeast Atlantic. This range of variation was observed over three different sites
representing typical eutrophic, mesotrophic and oligotrophic situations at tropical
latitudes, and also at a single site (oligotrophic) between the upper layer and the deep
chlorophyll maximum. The initial slope of the PB vs E curve, a® (corresponding to the
product @* ¢ max), varied 8-fold.

Two of the major sources of variation in ¢ max were clearly identified in this study: (i) the
fraction of functional PS 2 reaction centers, f, led to a 2-fold variation in ¢¢ max. The
variations in f were largely brought about by nutrient limitation that affected the ability of
cells to synthesize photochemical reaction centers. (ii) Variations in the light absorption
contribution of non-photosynthetic pigments explained 3-fold variations in ¢¢ max. The
effect of fand NPP are multiplicative, and hence, their combined effect accounted for 6-fold
variations in ¢¢ max. The remaining 2-fold was not specifically identified; it could be related
to variations in cyclic electron flow around PS1 or in the photosynthetic quotient. Although
photoinhibition was not detected in ¢¢ max using a C technique, the steep surface
depression in f observed at all sites suggests that photoinhibition actually affected ¢¢ max to
the same extent in situ. These results establish that variations in ¢¢ max can be larger than
those for a@*, and that variability in both parameters must be considered independently in
bio-optical models of primary production (see also Morel et al., 1996).
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APPENDIX I

The terms used to describe fluorescence yields and their derivative products are sometimes confusing, and we
(Falkowski and Kolber) have used two different notations for expressing the fraction of functional PS2 reaction
centers. We will clarify the issues here.

It can be shown (Butler, 1978) that the maximum quantum efficiency (¢ps,) of photochemistry in PS2 is given by
the following relation:
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=2 (AD)

where F, is the normal fluorescence flash yield observed when all traps are open in the dark and Fp, is the maximal
flash yield obtained when all traps are closed (e.g. in the presence of DCMU, or following exposure to a saturating,
single-turnover flash). The maximum measured value of PS2 in microalgae is ca 0.75, but that is atypical. A more
typical maximum value is ca 0.63, and is remarkably independent of growth irradiance if cells are grown in nutrient-
replete conditions and are not photoinhibited.

When assaying the fraction of closed or open PS2 reaction centers, at any given time, it is convenient to normalize
the change in fluorescence to F,. We have described the relationship:
F, m = F, o _ F, v o__ F, m

—m_ A
Fo "R F (A2)

AgsaT =

This is a so-called Stern—Volmer representation of fluorescence quenching, and is related to ¢ps> by a hyperbolic
function [¢ps2 = Adsat /(1 — Adsat)l. The maximum value of Adsar is ca 1.8 (corresponding to a ¢ppsz =0.65).
Hence, we assumed that if all PS2 reaction centers are open and “functional”, Agsat ~1.8. Apsat is more linearly
related to O, evolving centers than ¢pps; (Falkowski er al., 1986b), although use of either will generally agree
throughout most of the functional region of the fluorescence responses we observe in the sea.

The use of Adgat to derive f is supported by theoretical arguments (Lavergne and Trissl, 1995), as well as
experimental data (Kolber et al., 1988). The model implicitly assumes that energy can be transferred between PS2
reaction centers (Lavergne and Trissl, 1995). That energy transfer between PS2 reaction centers occurs in natural
phytoplankton is certain.

APPENDIX II

NOTATION
Symbol Significance Units
Chl Sum of DV-chl a and chl a concentrations mg m™>
A Wavelength nm
a Mean absorption coefficient of algae weighted by the irradiance spectrum m? (mg Chl + pheo)™!
apn*(A) chl a-specific absorption coefficientof algae m? (mg Chl+ pheo) ™!
E(\) Scalar irradiance pmol quantam~2s ™!
PAR Photosynthetically available radiation pmol quantam~?s™!
of Chlorophyll-specific initial slope of the P® vs E curve mg C (mg Chl)™! (mol
available
. quantam™?)~!
PP Maximum rate of carbon fixation per unit Chl mg C (mg Chly~! h-!
E; Irradiance at which carbon fixation begins to saturates pmol quantam~?s ™!
&C max Maximum quantum yield of photosynthetic carbon fixation mol C (mol quanta) ™"
F, In vivo fluorescence flash yield induced by a weak probe flash Rel. units
Fy In vivo fluorescence flash yield induced by a weak probe flash and Rel. units
following a saturating flash
f Fraction of reaction centers that remains functional Dimensionless
bps2 Maximum quantum efficiency of photochemistry Dimensionless
Ops2 Effective absorption cross-section of PS2 m? (quanta) ™!
nps> Total number (functional and non-functional) of PS2 per unit of chl a mol electron (mg Chl)~!
be Quantum yield of electron transport for O, evolution (assumed to be mol O, (mol electron) ™!
0.25)
R Photosynthetic quotient m01102 (mol C©)~!

K, Vertical attenuation coefficient for downward PAR irradiance m
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Symbol Significance Units
¢ Optical depth Dimensionless
cap(A) Contribution of non-photosynthetic pigments to phytoplankton Dimensionless
absorption
a*, Weight — specific absorption coefficient of the mth pigment in solvent m?mg~!
<m> Concentration of the mth pigment pgm™3
a*,eA) Spectral values of Chi-specific absorption coefficient of m? (mg chl a) -1
photosynthetically active pigments
PAR Mean daily PAR in the surface mixed layer MJm~2day™!
PAR(0™)  Total daily PAR just beneath surface MJIm~%day™!
Znl Depth of the mixed layer m
Z. Depth of the euphotic zone m
aB(n) n=exp: experimental value of «®
n=white: value of aP estimated for white illumination conditions
Opsan) n=-exp: experimental value of ops;
n=white: value of opg, estimated for white illumination conditions
a*(n) n=FRR: value of a* obtained for the the FRR fluorometer

n=incubator: value of @* obtained for the incubator
n=white: value of @* computed for white illumination conditions




