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Abstract

Estimates of gross primary production (GPP) based on fast repetition rate fluorometer (FRRF) measurements
were compared with independent 14C and O2 at three stations during a spring bloom in the North Atlantic. A
photosynthesis versus irradiance (P-E) curve was constructed for each station from the observations of in situ
photon efficiency of photosynthesis. This composite P-E curve was compared with P-E curves determined for
discrete samples from 14C assimilation. Estimates of aChl and Pm

Chl from the 14C-uptake method were 1.5–2.5-fold
lower than those estimated from the FRRF data. Much of this discrepancy can be accounted for if 14C assimilation
approximates net phytoplankton photosynthesis with use of a photosynthetic quotient of 1.4 mol O2 (mol CO2)21.
Photosynthetic oxygen consumption may have also contributed to the difference. In situ GPP was calculated from
incident irradiance, light attenuation, light absorption by phytoplankton, and the light dependence of the in situ
photon efficiency. This estimate of GPP was two times greater than net community photosynthesis determined from
diel changes of in situ oxygen concentration. Thus, the in situ net O2 and in vitro 14C techniques yielded similar
estimates of phytoplankton photosynthesis that were about twofold lower than the estimates of GPP provided by
FRRF. Uncertainties in the FRRF technique associated with choosing an appropriate value of photosynthetic unit
size and fitting a P-E curve to the in situ measurements are discussed. Despite these uncertainties, the FRRF results
were consistent with the independent estimates of phytoplankton productivity.

Chlorophyll fluorescence can be used to estimate primary
production by use of both ‘‘active’’ (Kolber et al. 1998) and
‘‘passive’’ (Hu and Voss 1998) methods. The fast repetition
rate fluorometer (FRRF) provides measurements of the pro-
gressive closure of photosystem II (PSII) reaction centers
(Sakshaug et al. 1997) in response to flashes of excitation
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energy and is a technological development from the earlier
pump and probe (PP) technique (e.g., Kolber et al. 1998).
Both methods are based on similar principles. However, the
FRRF is a more flexible instrument, which gives relatively
instantaneous measurements of certain physiological param-
eters, thus shortening the overall protocol (Sakshaug et al.
1997). In addition, the FRRF provides a better signal-to-
noise ratio and allows more robust measurements in low
chlorophyll regions. As such, the FRRF allows phytoplank-
ton productivity to be examined with a spatial and temporal
resolution that is unprecedented in aquatic research. The
FRRF has the potential to provide more rapid and accurate
measurements of productivity in natural waters by allowing
the coupling of phytoplankton productivity to physical forc-
ing to be examined on the scales of transient phenomena
such as fronts or storms. These transient phenomena have a



803FRRF assessment of photosynthesis

disproportionate impact on productivity and are particularly
relevant within the context of the functional responses of
aquatic systems to global climate change.

A 1:1 relationship between 14C measurements and FRRF
estimates of carbon fixation was found by the originators of
the technique (Kolber and Falkowski 1993). This result is
somewhat surprising, since the FRRF measures gross elec-
tron transfer rate (ETR), which should be related to gross
photosynthesis, whereas 14C is commonly assumed to mea-
sure net carbon fixation (Williams et al. 1996). A recent
study by Boyd et al. (1997) found that PP technique under-
estimated 14C productivity by a factor of ;1.5. There are
numerous reasons why FRRF and 14C methods should not
give identical results. These include differences in sample
treatment (in situ versus in vitro incubations), differences in
currency (ETRs vs. carbon assimilation), and a number of
methodological problems with both techniques. The key as-
sumptions and uncertainties in the FRRF technique, as it is
applied to the study of natural phytoplankton populations,
have not been rigorously assessed.

Estimation of the rate of photosynthesis—The principles
governing the application of the FRRF for studies of marine
phytoplankton production are described by Falkowski and
Raven (1997). Here we summarize the estimation of pro-
duction from PP (Kolber and Falkowski 1993; Falkowski
and Kolber 1995; Boyd et al. 1997) and FRRF (Babin et al.
1996; Falkowski and Raven 1997; Sakshaug et al. 1997)
methodologies as the basis for a rigorous direct comparison
of production measurements that use FRRF, in vitro 14C as-
similation, and in situ diel O2 techniques in the Atlantic
Ocean.

The fluorescence yield (or efficiency) is a quantitative
measure of fluorescence from PSII and is defined as the ratio
of photons emitted to photons absorbed. The oxygen yield
is the ratio of O2 evolved to photons absorbed by PSII. Both
fluorescence and oxygen yields are the result of reactions
that occur in PSII (Falkowski and Raven 1997), and the ac-
tion spectra for these two processes are remarkably similar.
Measurements made by FRRF can be used to estimate gross
photosynthetic oxygen evolution from the following photo-
synthetic model (Kolber and Falkowski 1993):

PRCII(E) 5 E sPSII qP(E) fe(E) f, (1)

where PRCII(E) is the oxygen evolution rate (mmol O2 pho-
ton21 s21), E is the irradiance (mmol photons m22 s21), sPSII

is the photochemically effective cross-section for PSII (m2

photon21), qP is the photochemical quenching coefficient
(dimensionless and always #1.0) under ambient light, and
fe is the photon yield of electron transfer by PSII (mol O2

mol photon21). f is the proportion of PSII reaction centers
that are functional (dimensionless) and is directly related to
the variable fluorescence yield, Fv (see Methods).

Modification of Eq. 1 to take account of the relationship
between oxygen produced and carbon fixed and the concen-
tration of RCII reaction centers per unit volume gives pho-
tosynthetic carbon fixation per unit volume:

Pz 5 (Ez sPSII qPfe f nPSII [Chl a] 2.43 3 1015)/PQ, (2)

where Pz is the photosynthetic carbon fixation per unit vol-

ume of seawater at depth z (mol CO2 m23 h21), nPSII is the
ratio of RCII to chlorophyll a (mol photon [mol Chl a]21),
PQ is the photosynthetic quotient (mol O2 evolved [mol CO2

incorporated]21), [Chl a] is the Chl a concentration (mg
m23), and 2.43 3 1015 is a numerical factor to account for
the conversion of seconds to hours, photons to moles of
reaction centers, mol Chl a to mg Chl a, and mmol O2 to
mol O2. All other parameters are defined as in Eq. 1 but with
reference to depth z. As for nPSII, values for PQ must be
assumed or estimated by other methods. For convenience,
the PQ is assumed to be 1.0 for FRRF estimations of pro-
duction unless stated otherwise.

Methods

Sampling on the Merlim98 cruise of RV Pelagia (cruise
64 PE 114) in March 1998 was undertaken at three sites
along the 238W meridian: Sta. 1 at 438N (13–14.3.98), Sta.
2 at 408N (16–17.3.98), and Sta. 3 at 378N (18–19.3.98). At
each site, a series of conductivity temperature depth (CTD)
casts (a minimum of seven per site) was made over a 24-h
period starting at 0800 h GMT (0700 h local time). Sky
conditions throughout the diel sampling period remained
overcast at Sta. 1 but were predominantly free from clouds
at Sta. 2 and 3.

CTD instrument package—A SeaBird 91 CTD was
equipped with pressure, conductivity, temperature, and po-
larographic oxygen sensors. Also attached to the CTD frame
were a SeaTech 25-cm path length transmissometer (at 660
nm), a NIOZ cosine light sensor (550 nm), a set of Technicap
water samplers (10.3-liter capacity), and a Chelsea Instru-
ments (CI) FAST tracka titanium FRRF (serial number 182018)
with a 2p collector CI photosynthetically available radiation
(PAR) (400–700 nm) sensor. The FRRF was mounted onto
the CTD frame in place of one of the water bottles. The
CTD light and FRRF photosynthetically available radiation
(PAR) sensors were at the same height and gave comparable
outputs (r2 . 0.97). The PAR sensors measure the photon
flux density between 400 and 700 nm, herein subsequently
referred to as ‘‘irradiance.’’

The FRRF was configured with both a light chamber and
a dark chamber in which the phytoplankton are retained in
the dark long enough to allow relaxation of the variable fluo-
rescence yield (Fv) (the maximum fluorescence yield, Fm,
minus the minimal fluorescence yield, Fo). A grooved sun-
block, designed to prevent ambient sunlight from degrading
the quality of near-surface fluorescence response of the phy-
toplankton in the light chamber was mounted facing the
emission window of the FRRF light chamber. An intercali-
bration of the two chambers was performed from data col-
lected during the night casts. An ultraviolet-sterilized Milli-
Q water sample was also periodically measured in the dark
chamber, to correct for any fluorescence inherent to the in-
strument itself. All FRRF chambers and light sensor optical
heads were cleaned between immersions to prevent fouling.

The estimation of the proportion of functional reaction
centers (f) requires dark adaptation of fluorescence yields for
up to 30 min (Kolber and Falkowski 1993; Babin et al.
1996). Operational constraints prevented such measurements
being made, so f could only be estimated from in situ fluo-
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rescence yields that used the dark chamber. This procedure
may lead to an underestimation of f and, therefore, Pz, as a
result of nonphotochemical quenching processes.

FRRF data processing—The FRRF was operated under
the boot protocol, which provides a saturating flash sequence
consisting of a series of 100 subsaturation flashlets (each 1-
ms duration separated by a 1-ms interval) and a series of 20
relaxation flashlets (each 1-ms duration separated by a 50-
ms interval). An autogaining mechanism was not available;
therefore, the instrument sensitivity was preset from a
knowledge of Fm values at which each gain became saturated
and of fluorescence yields from the previous cast. Data were
logged to an internal memory card as one set of values av-
eraged from four flash sequences, resulting in a data collec-
tion rate of one set of values per 5 s per channel. The CTD
was held for 5 min at depths from which the bottle samples
were collected in order to obtain an extended series of FRRF
measurements (typically 20–30 measurements for each of
the light and dark chambers). A reduction in signal to noise
ratio for FRRF data from depths shallower than 5–10 m was
caused by interference from ambient red light close to the
surface.

Data were downloaded from the FRRF in binary format
and analyzed by use of a programme supplied by Z.S. Kol-
ber, to provide values of Fo, Fm, the functional absorption
cross section of PSII (sPSII ), and the minimum turnover time
for electron transport (t) for both the light and dark cham-
bers. The connectivity parameter (r) was fixed at 0.3 for all
data analyses. All fluorescence yields are given as instrument
units; the photochemical efficiency, Fv/Fm, is nondimension-
al; t is given in ms and sPSII in m2 mol RCII21.

14CO2 Primary production measurements—Water samples
from two to three depths were taken from each CTD cast
for photosynthesis-irradiance (P-E) experiments on the basis
of the uptake of 14C in a temperature-controlled photosyn-
thetron (Lewis and Smith 1983), essentially as described by
MacIntyre et al. (1996). Illumination in the range 10–1,700
mmol photons m22 s21 was provided by quartz-halogen
lamps, filtered through a 2.5-cm layer of water. Irradiance in
the manifold was measured with a Biospherical Instruments
QSL-101 4p sensor. The cells were held in darkness for up
to 30 min between sampling and incubation. The sample was
inoculated with 50 mCi mL21 of NaH14CO3 (58 Ci mole21,
Amersham CFA.3). The incubations were terminated after
60 min by adding 50 ml of glutaraldehyde to each aliquot.
Residual inorganic carbon was driven off by addition of 250
ml of 6 N HCl and shaking for 60 min, and then the incor-
poration of 14C was determined by liquid scintillation count-
ing. Total activity of NaH14CO3 was determined on 20-ml
aliquots of sample taken directly into scintillation cocktail
with 50 ml mL21 b-phenylethylamine. Total inorganic carbon
was assumed to equal 2.3 mM. Data were fitted by least-
squares, nonlinear regression to the following model:

PChl 5 {Ps
Chl [1 2 exp(2aChlE/Ps

Chl )][exp(2bChlE/Ps
Chl )]}

2 Po
Chl, (3)

where PChl (g C [g Chl a]21 h21) is the Chl a–specific pho-
tosynthetic rate at irradiance E (mmol photons m22 s21); Ps

Chl

is the light-saturated rate of photosynthesis that would be
observed in the absence of photoinhibition; aChl (g C [g Chl
a]21 h21) (mmol photons m22 s21)21 is the initial slope of the
P-E curve; bChl (g C [g Chl a]21 h21) (mmol photons m22

s21)21 is a photoinhibition parameter; and Po
Chl (g C [g Chl

a]21 h21) is an intercept parameter included to improve the
distribution of residuals at low irradiances. The maximum
photosynthesis rate, Pm

Chl, was calculated as follows:

Pm
Chl 5 Ps

Chl(a/a 1 b)(b/a 1 b)b/a. (4)

We measured the spectral output of the photosynthetron
lamp used for the 14C-uptake experiments with a spectral
irradiance photometer standardized against a NAST cali-
brated lamp. The photosynthetron spectrum was then com-
pared against in situ spectra measured for several depths at
each station. The photosynthetron spectrum was measured
at 1-nm intervals between 400 and 700 nm, whereas the in
situ light was only recorded at seven wavelengths corre-
sponding to the visible wavelengths of SeaWiFS. Therefore,
the in situ wavelengths were interpolated nonlinearly, fol-
lowing the shape of a global climatological solar spectrum,
to give corresponding in situ irradiance between 400 and 700
nm. The spectral distribution of the photon flux was then
normalized such that the total flux between 400 and 700 nm
was equal to unity as a means of comparing the light sources
(Fig. 1a). The effective Chl a–specific light absorption co-
efficient (a*) for the 400–700-nm wavelength interval was
then calculated for each light source as follows:

a* 5 S[E(l)a*(l)]/S[E(l)], (5)

where a*(l) is multiplied by normalized irradiance (El) and
then summed for all wavelengths (i.e., 400–700 nm).

The difference in effective absorption coefficient (a*) be-
tween the in situ and photosynthetron light spectra was ob-
tained by dividing the respective rate of light absorption by
the irradiance (E, which is equal to 1, since all spectra were
normalized). The ratio of mean effective absorption from the
photosynthetron light source is 0.53 (Sta. 1), 0.51 (Sta. 2),
and 0.41 (Sta. 3) of that measured for the in situ light field.
The difference between these two light sources at all three
stations was lowest for surface samples, since a greater pro-
portion of red light was observed close to the surface. There-
fore, the irradiance (400–700 nm) measured in the photo-
synthetron is only 0.41–0.53 as effective for photosynthesis
as a corresponding value measured in the water column. In
order to compensate for these differences in spectral quality,
we multiplied the irradiances measured in the photosynthe-
tron by 0.53 (Sta. 1), 0.51 (Sta. 2), and 0.41 (Sta. 3) before
calculating values of aChl and Ek.

A similar correction was applied to the excitation spectra
generated from the blue light-emitted diodes (LEDs) of the
FRRF (Fig. 1a). Peak excitation is at 478 nm with a 30 nm
half bandwidth. The ratio of mean effective absorption from
the FRRF is 1.44 (Sta. 1), 1.48 (Sta. 2), and 1.23 (Sta. 3) of
that measured for the in situ light field. The FRRF most
closely resembles the in situ spectrum in deeper waters, since
blue-green light penetrates deepest. Therefore, the effective
absorption of light from the FRRF (sPSII ) overestimates that
of the in situ light field by a factor of 1.23–1.48, and values
of FRRF sPSII were adjusted accordingly.
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Fig. 1. (a) Normalized (equal area) spectra of photon flux den-
sity (mmol photon m22 nm21), 400–700 nm, measured in the pho-
tosynthetron, in situ, and from the FRRF LED. The FRRF LED
spectrum was provided by John Atkins, CI. In situ data from seven
wavelengths were interpolated by following the shape of a global
climatological spectrum. (b) Mean Chl a–specific absorption spec-
trum (a*, 400–700 nm) for all samples taken at Sta. 1 (n 5 9), 2
(n 5 14), and 3 (n 5 10), irrespective of time of day or depth. The
mean a* at each wavelength is used in Eq. 5 for the calculation of
effective absorption under each of the light sources.

Fig. 2. (a) P-E curves reconstructed from data collected by use
of the FRRF at the three sampling sites. P-E curves are fitted with
use of least squares, according to Eq. 3. Rates of FRRF instanta-
neous production [P(E), Eq. 1] are given for both carbon (mg C
mg Chl a21 h21) and oxygen (mmol O2 mg Chl a21 h21) and assumes
a photosynthetic quotient of 1. (b) P-E curves determined from 14C-
uptake experiments. P-E curves are fitted by use of least squares,
according to Eq. 3. Data shown are from a 10-m sample from Sta.
2 (408N) incubated for 30, 60, and 120 min.

O2 measurements—Dissolved oxygen was determined by
use of the ‘‘Shibala’’ Winkler spectrophotometric method
(Pai et al. 1993). Glass stoppered bottles of 120 ml were
flushed and filled with water taken from each of 11 depths
for all rosette casts. Winkler chemicals (1 ml MnCl2 4 H2O,
600 g L21, and 2 ml NaOH, 250 g, and KI, 350 g L21) were
added within minutes after sampling by means of dispensers.
After shaking and storing of the bottles under water for at
least 1 h, 0.8 ml 20N H2SO4 was further added. The mixture
was stirred with a magnetic stirring bar until the precipitate
had dissolved completely. The brown-yellow solution was
siphoned to a Hitachi U1000 spectrophotometer equipped
with a 1-cm flow-cell (aperture 11 3 4 mm). Absorption
was measured at 456 nm on the analog output of the spec-
trophotometer connecting a four-digit voltmeter (Metex
M4650). In this way, we obtained a four-digit readout in the
extinction for absorbance, which was necessary in view of
the required accuracy. Corrections were made for the sea-
water color by subtracting the absorption value for untreated
seawater and for the effects of the volume of Winkler re-
agents on measured oxygen concentration. The reproduc-
ibility and stability of the method over 5 d and 15 samples
was 0.18%.

CTD water sample analyses—Water samples (1 liter) were
filtered under positive pressure through Whatman 25-mm
GF/F filters, and the filters stored at 2808C prior to analysis
for phytoplankton pigments upon return from sea. Total Chl
a was determined by spectrophotometric analyses after ex-
traction in acetone. Nutrients were measured colorimetrically
by use of a Technicon TrAAcs 800 Autoanalyzer.

Absorption spectra were measured on samples filtered
onto Whatman GF/F filters, stored at 2808C until analysis,
with a Hitachi U-3000 spectrophotometer fitted with a f60
integrating sphere, following the protocol of Tassan and Fer-
rari (1995). Corrections were made for multiple scattering
within the glass-fiber filter by use of a wavelength-indepen-
dent pathlength amplification factor determined from axenic
cultures of Synechococcus (strains WH7803 and WH8103).
Mean Chl a–specific absorption (a*) spectra collected from
the three stations are shown in Fig. 1b.

Modeling diel productivity—A basic model was construct-
ed for calculating primary productivity from the FRRF-de-
rived photosynthetic parameters for comparison with mea-
sured changes of water column oxygen concentrations
throughout the day. The model uses values of irradiance (E,
mmol photons m22 s21), light absorption, and the photosyn-



806 Suggett et al.

Table 1. Summary of the mean (6SE) Chl a–specific absorption (a*, m2 mg Chl a21), maximum light saturated photosynthesis (Pm
chl,

mg C mg Chl a21 h21), Chl a–specific initial slope (aChl mg C mg Chl a21 h21 [mmol photons m22 s21]21) and Ek (light saturation parameter,
mmol photons m22 s21) from all samples taken at each of the three sites. Values of a* were determined from discrete water samples; Pm

Chl,
aChl, and Ek were determined from P-E curves after 14C-uptake experiments on discrete water samples and in situ FRRF production estimates.
Only one P-E curve was described by the FRRF for each site. The means (6SE) are given for 14C data from shallow (10 m) and deep (30
m Sta. 1 and 2; 40 m, Sta. 3) water samples.

Sta. 1
(438N)

Sta. 2
(408N)

Sta. 3
(378N)

Absorption coefficient
FRRF P–E curves

a*
Ps

Chl

Pm
Chl

aChl

Ek

0.056 6 0.005
2.71
2.40
0.045

60

0.54 6 0.002
3.04
2.68
0.049

62

0.064 6 0.002
4.78
4.25
0.056

85
14C P–E curves Ps

Chl

Pm
Chl

aChl

Ek

shallow
deep
shallow
deep
shallow
deep
shallow
deep

2.28 6 0.05
1.66 6 0.14
2.09 6 0.02
1.47 6 0.16

0.022 6 0.001
0.022 6 0.002

107 6 8
79 6 3

1.89 6 0.26
1.57 6 0.11
1.69 6 0.19
1.37 6 0.10

0.021 6 0.002
0.022 6 0.002

92 6 8
73 6 5

2.08 6 0.19
1.52 6 0.39
1.96 6 0.21
1.32 6 0.46

0.023 6 0.001
0.022 6 0.009

89 6 3
71 6 11

thetic parameters determined with the FRRF. The incident
irradiance at the sea surface was estimated from the knowl-
edge of time of year and position. The diurnal variability of
the incident irradiance was extracted from the uncalibrated
ship-mounted PAR sensor and normalized against the high-
est value. Determination of in situ irradiance incorporates
the effects of both reflection and refraction at the sea surface
on the underwater light field. The estimates of reflection are
dependent on the solar elevation (b) and use a refractive
index (water : air) of 1.33 for seawater at ambient tempera-
tures at any wavelength within the PAR spectrum (Kirk
1994). The water surface is assumed to be flat.

In situ irradiance (E) at each time is calculated with re-
spect to depth (z) as the product of the surface irradiance
(E0,t) and the vertical attenuation coefficient (Kd). Values of
Kd were calculated at 10-m intervals from light data col-
lected by a PAR sensor mounted to the CTD frame. An
interpolation between these estimates provides a depth-de-
pendent Kd [Kd(z)] and accounts for vertical differences in the
spectral quality of PAR:

E(z,t) 5 E(0,t) exp[2Kd(z) z]. (6)

The rate of light absorption (a9, mmol photons m23 s21) is
given by the product of the irradiance (E) and the Chl a–
specific absorption coefficient (a*). Although a spectrum of
absorption may be available, a single value of a* was used
for the model, to correspond to the absorption at the peak
wavelength of FRRF LED emission (478 nm). In addition,
a9 includes a characteristic estimate for the Chl a concentra-
tion ([Chl a]):

a9(z,t) 5 E(z,t) a*(z,t) [Chl a]. (7)

The rate of primary production is constructed from the
product of the rate of light absorption (a9) and the photon
yield of photosynthesis (fp, (mol carbon) (mol photons)21).
Values of fp were calculated from FRRF estimates of in-
stantaneous production [P(E)] and available measurements

of a* where fp 5 P(E)/(a*E). A single relationship was
generated between fp and E from all diel measurements and
could then be applied throughout the model:

Model P(E)(z,t) 5 a9(z,t) fp(E). (8)

This model was formulated for data from each of the three
stations.

Results and discussion

FRRF and 14C measurements of Chl a–specific photosyn-
thesis—Rates of photosynthesis were calculated from FRRF
data for all three stations (Fig. 2a) by use of Eq. 2. The
molar Chl a : RCII ratio (i.e., the so-called photosynthetic
unit size [PSU]) was assumed to be 300 mol Chl a : mol
RCII. This value is considered to be typical of cyanobacteria
(Falkowski and Kolber 1995), which dominated the phyto-
plankton at all three stations, as shown by analytical flow
cytometry (Vedhuis pers. comm.). fe(E) was calculated from
a knowledge of the light saturation parameter, Ek (Kolber
and Falkowski 1993). Ek was estimated by fitting observa-
tions of Fv/Fm under ambient light (L) to a function that
describes the dependence of the photon efficiency of pho-
tosynthesis on irradiance (Fv/FmL 5 A[1 2 exp(2E/Ek)]/E,
where A 5 [Fv/FmL(MAX)]/Ek).

The P-E curves for the three stations (see also Table 1)
have reasonably similar light-limited initial slopes (aChl ) of
0.045, 0.049, and 0.056 mg C (mg Chl a)21 h21(mmol pho-
tons m22 s21)21 for Sta. 1, 2, and 3, respectively. However,
the light-saturated Chl a–specific photosynthetic rates (Pm

Chl )
varied between 2.4 and 4.25 mg C (mg Chl a)21 h21, with
the highest value at the southernmost station (Sta. 3: 37N).
The changes in Pm

Chl suggest differences in the photoaccli-
mation status of the phytoplankton at the three stations, with
those at the southernmost station being high-light acclimated
and those at the northernmost station low-light acclimated.
This hypothesis is consistent with the vertical structure of
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the water column, with the deepest wind-mixed layer at the
northernmost station.

Photosynthesis-irradiance response curves for carbon-14
uptake (Table 1, Fig. 2b) yielded mean values for the light-
limited initial slope of 0.021–0.023 mg C mg Chl a21

h21(mmol photons m22 s21)21 and mean values for light-sat-
urated photosynthesis (Pm

Chl ) of 1.3–1.5 mg C mg (Chl a)21

h21. The values of aChl are 2–2.5 times lower, and those of
Pm

Chl are 1.6–2.2 times lower than the corresponding param-
eter values determined with FRRF. There are several factors
that could account for these discrepancies, including an in-
correct assumption about the PSU size for FRRF calcula-
tions, an error in the estimation of Ek for the FRRF profiles,
a failure to account for uncoupling of gross electron transfer
(gross oxygen evolution) rates from net carbon-fixation rates
in the FRRF calculations, and/or errors in 14C assimilation
measurements associated with bottle effects. Although the
last possibility cannot be ruled out, the P-E response curves
for samples incubated for periods of 30, 60, and 120 min
were very similar (Fig. 2b). This result indicates that pho-
tosynthetic rates were not time-dependent (at least between
30 and 60 min), suggesting that the incubations were free
from artifacts due to sample contamination.

Reconciliation of FRRF and 14C measurements of photo-
synthetic rate— Estimation of the rate of photosynthesis per
unit Chl by use of the FRRF is dependent on assuming an
appropriate value for the PSU. Observations on laboratory
cultures indicate that PSU size can range from as low as 133
mol Chl a : mol RCII in Synechococcus spp. (Barlow and
Alberte 1985) to as high as 619 mol Chl a : mol RCII in
Dunaliella tertiolecta and 609 mol Chl a : mol RCII in Ske-
letonema costatum (Falkowski et al. 1981).

Photosynthetic rates calculated from Eq. 2 vary inversely
with PSU size (linearly with nPSII ). If we assume values of
420–720 mol Chl a : mol RCII, there is general agreement
between aChl and Pm

Chl values determined from the FRRF and
14C methods. However, such an assumption is not warranted,
because the phytoplankton at all three stations was domi-
nated by cyanobacteria. Furthermore, indirect estimates of
PSU size from measurements of the Chl a–specific light ab-
sorption coefficient (Fig. 1b) and sPSII suggest lower values
typical of cyanobacteria. We obtained a mean value for
PSURCII of ;220 mol Chl a mol RCII21, as follows. PSU
size is related to sPSII, a*, and fm through the relation PSUO2

5 sO2/(fma*), where PSUO2 is the ratio of Chl a to oxygen
evolved in a saturating, single turnover flash and sO2 is the
cross-section for O2 evolution (Mauzerall and Greenbaum
1989). We note that sPSII 5 sO2 (units of m2 photon21), PSURCII

5 PSUO2/4, and fm 5 0.125 mol O2 mol photons21. In order
to account for nonfunctional PSII reaction centers, it is also
necessary to scale by 1.8/(Fv/Fo). Thus, PSURCII 5 (1.8 sPSII )/
(0.5Fv/Foa*), allowing us to calculate values for PSURCII of
149–304 (mean 6 SE, 223 6 9) for the three stations. These
calculations do not help to reconcile the 14C and FRRF re-
sults because they suggest that we underestimated, rather
than overestimated, photosynthesis with the FRRF. However,
a number of uncertainties remain in the estimation of PSURCII,
including the assumption of equal distribution of excitation
energy between RCI and RCII within the wavelength band

of the FRRF light source, evaluation of the fraction of pho-
tochemically active RCIIs from 1.8/(Fv/Fo), and measure-
ment of the absorption of light by photosynthetic pigments.

The values of the light saturation parameter (Ek) obtained
from 14C-uptake P-E curves exceed those from the FRRF P-E
curves by a factor of 1.2–1.8 for Sta. 1 and 2 but are rela-
tively comparable for Sta. 3. However, there is some uncer-
tainty in which values of the Ek determined by 14C assimi-
lation should be used, given the 1.3-fold variation between
shallow and deep samples. Given that the FRRF approach
determines Ek for the water column, then it would be most
appropriate to make the comparison with the highest values
of Ek determined by 14C assimilation. The divergence be-
tween FRRF and 14C determinations of Ek may, in part, re-
flect an inaccuracy in the calculation of Ek for FRRF pro-
duction via the Fv/FmL versus irradiance curves. If the Ek

determined by FRRF is underestimated, then subsequent cal-
culations of the photon yield of electron transfer (fe) will
be underestimated, and the value of Pm

Chl will be increased.
Conversely, an overestimation of Ek would increase the dif-
ference in Pm

Chl between the FRRF and 14C techniques. Thus,
accurate knowledge of Ek is required for determining the
point at which maximal light-saturated photosynthesis oc-
curs in the calculation of FRRF production. Corresponding
values of aChl from the P-E curves are not sensitive to chang-
es in Ek but are instead determined by the accuracy of other
variables that contribute to estimates of P(E) via the FRRF.

The FRRF provides a measure of the rate of electron
transfer through RCII, which should be proportional to the
gross rate of oxygen evolution. The assimilation of 14C is
commonly assumed to represent net carbon dioxide fixation
even when incubation times are relatively short (#1 h; Wil-
liams et al. 1996). Therefore, the rate of gross oxygen evo-
lution should not be expected to equal that of net carbon
fixation. Among the processes that can account for the di-
vergence of gross oxygen evolution from net carbon dioxide
assimilation are (1) ‘‘dark’’ respiration, (2) the use of reduc-
tant generated by photosynthetic electron transfer for reac-
tions other than carbon dioxide fixation, (3) photorespiration,
and (4) the Mehler reaction (light-driven oxygen consump-
tion by the photosynthetic electron transfer chain).

Typically, dark respiration can account for a 10% reduc-
tion in gross photosynthesis. The use of reductant for pro-
cesses other than carbon assimilation is accounted for as the
photosynthetic quotient (O2/CO2). This parameter can vary
from 1.4 6 0.1 when cells are growing with nitrate as the
N source to 1.1 6 0.1 when ammonium is the N source
(Laws 1991) but has been reported as high as 2–3 for mixed
assemblages of phytoplankton (Williams and Robertson
1991) and in cultures of Synechoccocus (Grande et al. 1991).
Photorespiration is thought to be unimportant in marine phy-
toplankton. The Mehler reaction has been reported to ac-
count for 50% of gross oxygen evolution at light saturation
in Synechococcus (Kana 1992).

Thus, a combination of a net-to-gross photosynthesis ratio
of 0.9, a photosynthetic quotient of 1.4–2.0, and the Mehler
reaction could account for about a 2–3 fold difference be-
tween 14C assimilation and gross oxygen evolution. Consis-
tent with this suggestion, Kana (1992) found that light-sat-
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Fig. 3. Relationships between (top) FRRF-measured and mod-
eled Chl a–specific rates of in situ instantaneous production
[PChl(E), mg C mg Chl a21h21] (Sta. 1, n 5 24; Sta. 2, n 5 24; Sta.
3, n 5 32, P , 0.001), (middle) measured and modeled in situ
irradiance (E, mmol photons m22 s21) (Sta. 1, n 5 24; Sta. 2, n 5
24; Sta. 3, n 5 32, P , 0.001), and (bottom) measured Chl a–
specific rates of FRRF instantaneous production and 14C uptake for
the corresponding depth and time (n 5 22, P , 0.001).

urated gross oxygen evolution rates exceeded light-saturated
14C assimilation rates in laboratory cultures of Synechococ-
cus by a factor of up to three.

The Mehler reaction is likely to account for uncoupling
of gross oxygen evolution from net carbon dioxide fixation
at irradiances that exceed Ek but is not thought to be impor-
tant at low irradiances corresponding to the initial slope re-
gion of the P-E curve (Kana 1992). The initial slopes (aChl )
from the FRRF P-E curves exceed those from the 14C curves
by a factor of 2.0–2.5 (Table 1). This difference is generally
higher than can be explained relative to the importance of
CO2 and other compounds as electron acceptors through the
photosynthetic quotient (Falkowski and Raven 1997) and of
dark respiration.

Model of in situ productivity based on FRRF parame-
ters— The primary production model takes into account diel
changes in incident solar radiation, vertical light attenuation
within the water column, light absorption by phytoplankton,
and the irradiance-dependence of the photon efficiency of
photosynthesis. The output was determined with a depth in-
terval of 2 m (0–40 m) and a time interval of 7 min for data
from each of the three sites. Comparisons between the mod-
eled and (FRRF) measured values of both in situ light and
rates of production yield highly significant relationships with
a gradient close to 1 (Fig. 3). However, the lack of data
provided by the FRRF at high light intensities limits the
range of these comparisons. A close agreement is also ob-
served when corresponding data of 14C-uptake and FRRF
instantaneous rates of Chl a–specific production are com-
pared (FRRF PChl 5 14C PChl*2.166, r2 5 0.591, n 5 22, P
, 0.001). Thus, the FRRF yields estimates of production
that are approximately two times greater than from the 14C
technique.

The mean in situ oxygen concentration, [O2], was mea-
sured throughout the water column at each of the stations
(Fig. 4). In situ [O2] displayed a clear diurnal increase at Sta.
2 and 3. Sta. 1 did not exhibit this pattern but rather showed
a general increase in [O2] throughout the water column be-
tween 0800 and 1000 h GMT casts but a decrease during
the afternoon casts. There was evidence of advection in the
temperature and salinity data for Sta. 1 that precludes a com-
parison of the FRRF productivity with changes of the in situ
O2. The cumulative production of O2 from the model is con-
sidered for the diel period (Fig. 4). If we assume that the
initial (mean) concentration of O2 in the water column is
close to that measured at 0800 h GMT by the Winkler meth-
od, the characteristic sigmoid trend of cumulative oxygen
production from the model follows that of the measured ox-
ygen content of the water throughout the day but is greater
by just over a factor of two at Sta. 2 and 3. This difference
reflects an offset between the net oxygen production of the
water column, as measured by the Winkler method, and the
gross oxygen production from PSII (model/FRRF), which
remains throughout the diurnal period. A similar relationship
is not observed at Sta. 1 (Fig. 4), perhaps because of water
column advective processes.

Conclusion

Despite the growing use of fluorescence techniques to pro-
vide estimates of production, there are few published com-
parisons with more ‘‘standard’’ techniques, such as 14C up-
take. Kolber and Falkowski (1993) obtained a coefficient of
determination (r2) of 0.74 and a slope of 1.06 between paired
data from PP fluorescence and 14C-derived (Chl a–specific)
instantaneous production. Boyd et al. (1997) observed a
weaker relationship when comparing Pm

Chl from vertical pro-
files (P-E) using the PP fluorometer and from discretely mea-
sured 14C samples; they also observed Pm

Chl values from the
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Fig. 4. Relationships between measured oxygen concentrations shown as symbols (Winkler
method, mmol O2 m23) and modeled cumulative production curves (mmol O2 m23). Both measured
and modeled data represent the means for 0–40 m at each station. Modeled O2 production was
calculated under the assumption of an initial [O2] that approximated to the initial mean measured
[O2] (0800 h GMT). The (mean) production is shown for the true modeled O2 production values
(PO2) divided by 2 and expressed cumulatively. A regression between true modeled O2 production
and measured [O2] from Sta. 2 (408N) gives modeled [O2] 5 2.921 3 measured [O2] 2 558.4, r2

5 0.888, n 5 4, 0.02 . P . 0.01. A significant relationship is also observed for data from Sta. 3,
where modeled [O2] 5 3.082 3 measured [O2] 2 579.5, r2 5 0.889, n 5 5, P , 0.001.

PP method that were markedly lower than those from 14C-
uptake experiments. However, both these comparisons are
limited, since PP methodology involves more assumptions
than the FRRF methodology—for example, sPSII must be as-
sumed to be constant or measured on-deck for the PP tech-
nique. Furthermore, these studies used periods of 14C (time
integrated) incubation (2–6 h) that were longer than those
for the 14C data described here.

Our results show that the FRRF gives in situ estimates of
gross O2 evolution which are positively correlated but sig-
nificantly higher than those obtained from 14C-uptake meth-
odology. Although this discrepancy can be largely accounted
for if the 14C technique approximates net phytoplankton pho-
tosynthesis, the possibility remains that a part may reflect
oxygen cycling (Kana 1992). Our FRRF versus 14C compar-
ison is consistent with comparisons of gross O2 production
with 14C assimilation (Williams et al. 1983; Grande et al.
1989; Langdon et al. 1995).
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