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Abstract
Diatoms account for about 40% of primary production in highly productive ecosystems. The development of a new generation 
of fluorometers has made it possible to improve estimation of the electron transport rate from photosystem II, which, when 
coupled with the carbon incorporation rate enables estimation of the electrons required for carbon fixation. The aim of this 
study was to investigate the daily dynamics of these electron requirements as a function of the diel light cycle in three relevant 
diatom species and to apprehend if the method of estimating the electron transport rate can lead to different pictures of the 
dynamics. The results confirmed the species-dependent capacity for photoacclimation under increasing light levels. Despite 
daily variations in the photosynthetic parameters, the results of this study underline the low daily variability of the electron 
requirements estimated using functional absorption of the photosystem II compared to an estimation based on a specific 
absorption cross section of chlorophyll a. The stability of the electron requirements throughout the day would suggest it is 
potentially possible to estimate high-frequency primary production by using autonomous variable fluorescence measure-
ments from ships-of-opportunity or moorings, without taking potential daily variation in this parameter into consideration, 
but this result has to be confirmed on natural phytoplankton assemblages. The results obtained in this study confirm the low 
electron requirements of diatoms to perform photosynthesis, and suggest a potential additional source of energy for carbon 
fixation, as recently described in the literature for this class.

Keywords Phytoplankton · Photosynthesis · PAM · 13C incorporation · Electron transport rate (ETR)

Introduction

Because primary production sustains each group in the 
marine food web (Pauly and Christensen 1995), accurate 
estimation of its short-term dynamics is a key to capturing, 
understanding, and managing marine ecosystems (Cloern 
et al. 2014). The main method traditionally used to estimate 
primary production is carbon (13C or 14C) incorporation 
(Babin et al. 1994; Cloern et al. 2014). The disadvantage of 
this method is the long incubation time, which prevents the 
estimation of high-frequency primary production at spatial 

and temporal scales. An alternative rapid and automatic way 
of obtaining high-frequency measurements is fluorometry, 
which is based on variations in the fluorescence of photo-
system II (PSII). This flexible, sensitive, and non-invasive 
method (Kromkamp and Forster 2003) enables access to 
the photosynthetic rate but not to production in terms of 
fixed carbon (Kolber and Falkowski 1993; Barranguet and 
Kromkamp 2000). Two principal fluorescence-based meth-
ods are currently used, the single-turnover method (ST) and 
the multi-turnover method (MT) (Kromkamp and Forster 
2003). The ST method progressively reduces the first stable 
acceptor, QA. This method makes it possible to calculate 
the functional absorption of the PSII (σPSII) and to deter-
mine a fluorescence-based photosynthetic rate that can be 
used to estimate a fluorescence-based carbon fixation rate 
(Kolber and Falkowski 1993). The MT method classically 
used in pulse amplitude modulated (PAM) fluorometry can 
reduce the total set of electron acceptors. When combined 
with estimation of the specific absorption of the chlorophyll 
pigment (a*), the MT method enabled estimation of the 
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electron transport rate (ETR) (Barranguet and Kromkamp 
2000; Napoléon and Claquin 2012). The development of 
new generations of fluorometers makes it possible to merge 
some of the advantages of the two fluorescence methods and 
to refine and improve the estimation of the ETR (Schreiber 
et al. 2012). In order to calculate high-frequency carbon 
incorporation, the ETR values can be plotted against the car-
bon incorporation rate determined using 13/14C methods to 
estimate the electrons needed to fix a mole of carbon (φe,C) 
(Kolber and Falkowski 1993; Barranguet and Kromkamp 
2000; Kromkamp and Forster 2003; Juneau and Harrison 
2005; Marchetti et al. 2006; Hancke et al. 2008b, 2015; 
Napoléon and Claquin 2012; Napoléon et al. 2013a; Zhu 
et al. 2016; Schuback et al. 2017). However, this parameter 
does not remain spatially and temporally constant due to the 
many physical, chemical, and biological factor that influ-
ence both carbon fixation and electron fluxes, for example, 
temperature (Morris and Kromkamp 2003), concentration 
of nutrients (Napoléon et al. 2013b), or species composition 
(Behrenfeld et al. 2004). However, the main parameter that 
influences primary production is the irradiance level. There 
are many different time scales of variations in light intensi-
ties ranging from variations due to waves at the air–water 
interface to variations in the light regime at seasonal scale. 
The most important level of variation in irradiance is the 
light–dark rhythm (Falkowski 1984), which strongly influ-
ences daily primary production rates. The diel variations 
in primary production can generally be explained by the 
circadian rhythms (Prézelin 1992) and species composition 
(Litchman 1998; Huisman et al. 2004). However, at a high 
level of irradiance, photoacclimation has been shown to be 
the main process affecting the photosynthetic apparatus and 
can greatly affect the daily primary production dynamics 
(Macintyre et al. 2002; Behrenfeld et al. 2004; Van De Poll 
et al. 2009).

Although some authors have investigated ETR/C relation-
ships and φe,C dynamics, none have studied daily variations 
in φe,C that could influence estimations of daily primary pro-
duction using variable fluorescence techniques. This point 
is particularly important in the context of achieving inde-
pendent estimations of primary production based on ETR 
estimation from ships-of-opportunity or moorings (Lawrenz 
et al. 2013; Napoléon and Claquin 2012; Silsbe et al. 2015; 
Houliez et al. 2017; Claquin et al. in prep). The aim of this 
study was to investigate the daily dynamics of ETR/C rela-
tionships and φe,C as a function of the diel light cycle consid-
ering photosynthetic parameters dynamics in order to better 
understand daily variations in primary production. Further-
more, the different methods currently used to estimate ETR 
can influence the estimation of φe,C (Lawrenz et al. 2013). 
For that reason, ETR was estimated, in this study, using two 
different methods based on the same rETR measurements. 
On the one hand using a* (Barranguet and Kromkamp 2000; 

Morris and Kromkamp 2003; Napoléon and Claquin 2012; 
Napoléon et al. 2013b), and on the other hand, using σPSII 
(Schreiber et al. 2012). In addition to comparing the two 
methods of estimation, our aim was to understand if the 
methods produce different pictures of φe,C daily dynamics. 
The study was conducted on three species belonging to the 
same phylum, the diatom species (Bacillariophyceae), which 
is one of the most important groups of primary producers 
(Armbrust 2009) in marine ecosystems (Nelson et al. 1995; 
Geider et al. 2001) and which plays a major role in export-
ing organic carbon (Buesseler 1998; Ducklow et al. 2001; 
Henson et al. 2012).

Methods

Culture conditions

Three cosmopolitan marine diatom species (Bacillariophy-
ceae) were investigated in this study: two centric diatoms, 
Thalassiosira pseudonana (Hasle and Heimdal, CCMP H1), 
which is a model for diatom physiology studies, Skeletonema 
marinoï (Sarno & Zingone, isolated in the English Channel), 
which is particularly abundant during spring blooms, and 
the pennate diatom Pseudo-nitzschia australis (Frenguelli, 
isolated in the English Channel), which produces “Domoic 
acid,” which is responsible for amnesic shellfish poisoning 
(Thorel et al. 2014).

For each species, semi-continuous cultures (2.5 l) were 
performed in triplicate in sterile 4 l Pyrex flasks using auto-
claved and filtered natural poor seawater enriched in nutri-
ents with f/2-medium (Guillard and Ryther 1962). The cul-
tures were maintained in an incubator (Snijders Scientific, 
Netherlands) at 18 °C with a step-by-step sinusoidal light 
intensity cycle and a 12:12 h light/dark photoperiod. The 
light intensity, provided by daylight fluorescent lamps, was 
varied step by step from 0 to 175 µmol photons m−2 s−1 at 
2 pm which mimic the variation of the integrated light in 
coastal English Channel (Seine Bay, SOMLIT data, Luc-
sur-mer, France).

Each day of culture growth, cultures were manually 
mixed by gentle swirling every 4 h during the light cycle and 
the integrity of the cells was checked under the microscope. 
Biomass was estimated by in vivo chla measurements using 
a turner TD-700 fluorometer (Turner Designs, California 
USA) and dilutions were performed to maintain maximum 
exponential growth. Experiments were started when the 
cells kept their growth rate constant for 5 consecutive days 
(Claquin et al. 2008). During experiments, chlorophyll a 
(chla) concentrations, chlorophyll-specific absorption cross 
sections (a* and σPSII440), and photosynthetic parameters 
were measured at hourly intervals during the light cycle and 
13C incubation experiments were performed three times a 
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day: 8:30 am, 2 pm, and 7:30 pm (i.e., 0.5, 6, and 11.5 h, 
respectively, after experimental dawn).

Chlorophyll parameters

To measure the chla concentration, at each hour of the 
experiments, 10 mL of each culture was centrifuged for 
10 min at 4000 rpm. Pigments were extracted by adding 
90% acetone (v/v) to the pellet, which was stored for 12 h 
in the dark at 4 °C. After centrifugation at 4000 rpm for 
5 min at 4 °C, the concentration of chl a was measured in 
the supernatant using a Turner TD-700 fluorometer (Turner 
Designs, Sunnyvale, California, USA) and is expressed in 
µg L−1 (Welschmeyer 1994).

The chlorophyll-specific absorption cross section (a*; 
 m2 mgChl a−1) was obtained by measuring the in vivo opti-
cal density of the cultures in a spectrophotometer (Ultrospec 
1000) using Shibata method (Shibata et al. 1954). The a* 
was calculated using the average optical density between 
400 and 700 nm  (A400–700) and the concentration of chl 
a (mg m−3), according to the equation of Dubinsky et al. 
(1986) specific to concentrated suspension cultures:

Photosynthesis and primary production 
measurements

13C incubation

For each replication and three times a day, a volume of 
650 ml was inoculated with  NaH13CO3 (98 atom %, Sigma-
Aldrich) corresponding to 15% enrichment of the dissolved 
inorganic carbon present. The homogenized enrichment was 
shared between ten 62-ml culture flasks including a dark 
flask used to estimate incorporation of non-photosynthetic 
carbon. All the flasks were placed in line inside a photo-
synthetron [modified from Babin et al. (1994)] maintained 
at 18 °C by a water circuit and illuminated by a U-shaped 
dimmable fluorescent tube (OSRAM, DULUX L, 2G11, 
55W/12–950, daylight). Each 62-ml flask was then illumi-
nated with constant light for 90 min before collection. The 
light intensity in each flask was measured using a micro-
spherical quantum sensor (US-SQS; Walz) connected to a 
LI-COR 1400 data logger. Irradiance (E) varied from one 
flask to another with values of 0, 24, 36, 54, 80, 122, 285, 
426, 608, and 848 µmol photons m−2 s−1, respectively. After 
incubation, each flask was filtered on GF/F filters (pre-com-
busted at 450 °C for 4 h) and stored at − 20 °C until analysis. 
Before analyses, filters were exposed to fuming HCL for 4 h 
and dried at 50 °C for 12 h to remove carbohydrates. After 

(1)a* =
A × 100 × ln(10)

[Chl a]
.

being placed in tin capsules, the samples were conserved at 
50 °C until measurement.

The isotopic ratio of 13C to 12C and the concentration of 
particulate organic carbon (POC) were determined using an 
EA 300 elemental analyzer (Eutovector, Milan, Italy) com-
bined with a mass spectrophotometer (IsoPrime, Elementar). 
After the dark incorporation value was subtracted, the car-
bon fixation rates  (PChl; mmolC mgchla−1 h−1) were calcu-
lated according to Hama et al. (1983).

The  Pchl(E) values were plotted against the irradiance 
values (E) applied during the experiment to generated PE 
curves (see below).

Multi‑color‑PAM fluorometry

The Multi-Color-PAM fluorometer (Walz, Effeltrich, Ger-
many; Schreiber et al. 2012) makes it possible to analyze 
the kinetics of the O–I1 fluorescence rise at 440 nm by using 
the fitting routine of the PamWin-3 program based on the 
reversible radical pair model of PSII of Lavergne and Trissl 
(1995) extended to account for  QA-re-oxidation (Schreiber 
et al. 2012). This ST method enables estimation of the con-
stant time of QA-reduction during the O–I1 rise (τ; ms) and 
calculation of the functional absorption of the PSII (σPSII440; 
 nm2) as follows:

where L is Avogadro’s constant and I is the pho-
ton fluence rate of the light driving the O–I1 rise (E; 
µmol quanta m−2 s−1). The σPSII440 values were then calcu-
lated on a 3 ml not-concentrated sub-sample at each hour of 
the experiments.

The Multi-Color-PAM device also enables estimation 
of the maximum energy conversion efficiency or quantum 
efficiency of PSII charge separation (Y(II)max: fluorescence 
ratio). After 10 min of dark acclimation to allow oxidation 
of the electron acceptor pool, a second 3 ml not-concentrated 
sub-sample was transferred into the measuring chamber. The 
sample was excited by a low-frequency measuring light 
(1 µmol photons m−2 s−1; λ = 440 nm) to access the quasi-
dark level of fluorescence yield  (F0). After a saturating light 
pulse (2 500 µmol photons m−2 s−1; λ = 440 nm), making it 
possible to reduce the pools of Quinone A (QA), Quinone 
B (QB), and part of the plastoquinone (PQ), the maximum 
fluorescence (FM) was obtained. After subtraction of the 
blank fluorescence measured on culture medium filtered 
through a GF/F glass-fiber filter, Y(II)max was calculated 
at each hour of the experiments according to the following 
equation (Schreiber et al. 2012):

(2)�PSII440 =
1

� × L × I
,

(3)Y(II)max =
FV

FM

=
FM − F0

FM

.
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In accordance with Eq. 3, Y(II)max variations are due to 
F0 and/or FM dynamics. However, the level of F0 and FM can 
depend on chla concentration or/and on σPSII440 dynamics 
(Oxborough et al. 2012). In order to identify the implication 
of these parameters in Y(II)max variations, the values of F0 and 
FM were divided by the concentration of chla and the σPSII440 :

After Y(II)max was estimated and independently from 
Eqs. 4, 5, the samples were exposed to 14 increasing levels of 
blue light (E;  λ = 440 nm) from 0 to 966 µmol photons m−2 s−1 
with 55 s at each step (E = 0; 12; 23; 24; 48; 77; 109; 158; 
224; 309; 445; 598; 766; 966 µmol photons.m−2 s−1). At each 
level of light, a steady-state fluorescence (FS) and a maxi-
mum fluorescence (FM′) were measured and Y(II) for each 
irradiance was determined using Eq. 6 (Schreiber et al. 2012). 
Subsequently, the relative electron transport rate (rETR; 
µmol m−2 s−1) which represents the rate of linear electron 
transport through PSII and is correlated with the overall photo-
synthetic performance of the phytoplankton (Juneau and Har-
rison 2005) was calculated for each irradiance following Eq. 7:

Calculation of the electron transport rate

Two methods of calculation were used to estimate the abso-
lute ETR from PSII. Firstly, the ETR  (mmol− mgchla−1 h−1) 
was estimated using the a*  (m2 mgChl a−1) values (Gilbert 
et al. 2000; Napoléon et al. 2013a) following Eq. 8 and called 
 ETRa*.

where  fAQPSII is the fraction of absorbed quanta to PSII 
assuming that, for diatoms, 74% of the absorbed photons 
were allocated to photoreactions in the PSII (Johnsen and 
Sakshaug 2007; Napoléon et al. 2013a). Secondly, the ETR 
was estimated using the σPSII440 values  (nm2) following Eq. 9, 
named ETR(II), and was converted in  mmol− mgchla−1 h−1 
according to Schreiber et al. (2012).

(4)
F0

(

or FM

)

[Chl a]

(5)
F0

(

or FM

)

[Chl a] × �
PSII440

.

(6)Y(II) =
FM

� − FS

FM
�

(7)rETR(E) = Y(II) × E.

(8)ETRa*(E) = rETR(E) × a* × fAQPSII × 3.6,

(9)ETR(II) =
rETR(E) × �PSII

Y(II)max

×
[PSII] × 36.105

[chla]
,

where [chla] is the chla concentration expressed in mg ml−1 
and [PSII] is the concentration of the PSII reaction centers 
in PSII ml−1 obtained as follows:

where [chla] is expressed in g ml−1 assuming a molecular 
weight of 900 g mol−1 per chl and a photosynthetic unit 
size of 1000 molecules of chl per electron transport chain 
as described by Schreiber et al. (2012).

PE curves

The  Pchl(E),  ETRa*(E), and ETRII(E) values were, respec-
tively, plotted against the irradiance (E) applied during 
each respective measurements. The mechanistic model of 
Eilers and Peeters (1988) (Eq. 8) was used to fit the data 
using SigmaPlot 11.0 (Systat Software Inc. Chicago, USA) 
and to extract the equation coefficients (a, b, and c) in 
order to calculate the maximum photosynthetic capacity 
(Pchl

max,  ETRa*
max, and ETR(II)max; Eq. 9) and the photo-

synthetic efficiency for  ETRa* (α*) and ETR(II) (α(II)) in 
(mmol mgchla−1 h−1).(µmol photons m−2 s−1)−1; (Eq. 10):

The  ETRa*
max and ETR(II)max values were plotted against 

each other in order to compared the two way of calculation.

Electrons required for C fixation (φe,C)

The model of the PE curves obtained from Pchl and each 
ETR (ETR(II) and  ETRa*) was used to calculated new values 
using the same irradiance level for all parameters (E = 0; 24; 
36; 54; 80; 122; 285; 426; 608; 848 µmol photons m−2 s−1). 
These values were plotted against each other in order to cal-
culate φe,C which corresponds to the initial slope of the rela-
tionship between Pchl and ETR (Barranguet and Kromkamp 
2000; Napoléon et al. 2013b). φe,C was calculated for each 
species in the triplicate cultures, at the three different times 
during the light period. Because ETR(II) was estimated by 
using σPSII440 and 13C incorporation using white light, a spec-
tral correction was performed by using the a*440:a* ratio 
(Suggett et al. 2004; Lawrenz et al. 2013). Therefore, three 

(10)[PSII] =
[chl a] × L

900 × 1000
,

(11)X(E) =
E

aE2 + bE + c

(12)Xmax =
1

�

b + 2
√

ac

�

(13)� =
1

c
.
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φe,C values were calculated, φe,C a*, φe,C
σ (not corrected), 

φe,C
σ (corrected).

Data analyses

In order to investigate the significant effect of the diel cycle 
on biological (a*, chla) and photosynthetic (Y(II)max, σPSII, 
 ETRa*

max, ETR(II)max,  PChl
max, φe,C) parameters, repeated 

measures analysis of variance (RM ANOVA) were per-
formed followed by Holm–Sidak pairwise comparison 
tests using SigmaPlot 11.0 (Systat Software). Previously, 
the presence of outliers, non-normality of residuals, and 
the lack of homoscedasticity were tested using Shapiro and 
Bartlett tests, respectively. Differences were considered sig-
nificant when the p value was less than 0.05. All plots were 
performed using SigmaPlot 11.0 (Systat Software). Linear 
regressions and Spearman correlations were also performed 
on plots.

Results

Chla and absorption cross section

Chla concentrations showed significant increasing trends 
as the sampling day advanced with values ranging from 
133.4 to 238.8 µg L−1 for T. pseudonana, from 261.2 to 
347.1 µg L−1 for S. marinoï, and from 43.1 to 55.3 µg L−1 
for P. australis which is in accordance with the growth 
stage of the cultures. The values of a* (Fig. 1a) decreased 
as the day advanced from 0.013 to 0.004 m2 mgchla−1 for 
T. pseudonana, from 0.038 to 0.030 m2 mgchla−1 for P. 
australis, and remained almost constant for S. marinoï at 

0.007 ± 0.0006 m2 mgchla−1. The σPSII440 (Fig. 1b) showed 
no significant differences over the course of the day for T. 
pseudonana with a daily mean value of 2.98 ± 0.28 nm2. For 
S. marinoï, the lowest value (1.71 ± 0.20 nm2) recorded at 
2 pm differed significantly from the other values recorded 
during the day (in mean 2.44 ± 0.17  nm2). For P. australis, 
values ranged between 2.64 ± 0.55 and 4.16 ± 1.05  nm2 but 
due to the high variability between replicates, no significant 
differences were recorded (RM ANOVA, p = 0.185).

Quantum efficiency of PSII charge separation

Y(II)max (Fig. 2) showed high values ranging between 0.621 
and 0.668 for T. pseudonana, between 0.502 and 0.636 for S. 
marinoï, and between 0.652 and 0.680 for P. australis. For 
T. pseudonana, values after 2 pm were significantly lower 
than values before. For S. marinoï, a significant decrease 
was measured from 11:30 am to 2 pm followed by a sig-
nificant increase from 2 pm to 4:30 pm. For P. australis, 
despite a low variability, values increased significantly in 
the morning from 7:30 am to 12:30 pm, decreased signifi-
cantly between 12:30 pm and 2 pm, and no differences were 
recorded between 2:00 pm and 8:30 pm.

The dynamics of FM and F0 were investigated in order 
to explain the variations in Y(II)max (Eqs. 4, 5). For T. 
pseudonana, the significant decrease observed in Y(II)max 
at 2:00 pm was also observed for (F0 (or FM))/chla and 
for (F0 (or FM))/(chla σPSII440) (Fig. 2a, b) but the vari-
ation in  FM (Fig. 2b) was greater. Thus, the Y(II)max can 
be attributed to a marked decrease in FM independently 
of chla or σPSII440. For S. marinoï, the significant lowest 
value of Y(II)max observed at 2 pm was also observed 
for FM/chla but not for FM/(chla σPSII440) (Fig. 2d). This 

Fig. 1  Daily dynamics of a specific absorption of the chlorophyll pig-
ment (a*;  m2 mgChla−1) and b functional absorption cross section of 
the PSII (σPSII,  nm2) in the three species studied. The white circles 
represent T. pseudonana, the black circles represent S. marinoï, and 

the black triangles represent P. australis. The gray bar plot represents 
irradiance dynamics (µmol  photons  m−2  s−1) over the course of the 
day (times)
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variation is therefore mainly linked to σPSII440 dynamics. 
For P. australis, the slight decrease observed after 2 pm for 
Y(II)max was associated with a slight increase in FM/chla, 
while FM/(chla σPSII440) remained stable (Fig. 2f). Thus, 
the Y(II)max variation can be attributed to the observed 
increase in σPSII440 (Fig. 1b).

Photosynthetic parameters

The photosynthetic efficiency of PSII electron transport 
(α; µmol L−1 h−1 (µmol photons m−2 s−1)−1) showed differ-
ent trends between species and methods (Fig. 3). The αa* 
values (Fig. 3a) were higher than the α(II) values (Fig. 3b) 
especially for P. australis.

For T. pseudonana, the values of αa* were significantly 
lower after 2 pm than before (RM ANOVA p < 0.001; 
Holm–Sidak pairwise comparison), while values of α(II) 
did not differ (RM ANOVA; p = 0.059). For S. marinoï, 
αa* and α(II) values remained stable throughout the day 
despite the weak yet significant variations observed at 
2 pm, 7:30 pm, and 8:30 pm in both parameters (RM 
ANOVA, p < 0.001; Holm–Sidak pairwise compari-
son). For P. australis, high variability between replicates 
resulted in no significant differences for αa* (RM ANOVA, 
p = 0.195) and α(II) (RM ANOVA, p = 0.048) values.

The maximum electron transport rate  (ETRmax; 
 mmol− mgchla−1 h−1) differed as a function of the method 
of calculation used (Fig.  4). The mean values ranged 
between 0.49 and 10.26 mmol− mgchla−1 h−1 for  ETRa*

max 
(Fig. 4a) and between 0.45 and 1.39 mmol− mgchla−1 h−1 
for ETR(II)max (Fig. 4b). An increase in  ETRmax values 
was observed in each species at the beginning of the day 
until reaching a maximum, whose timing and value dif-
fered as a function of the method and species (Table 1). 
After this maximum value, a decrease in  ETRmax val-
ues was observed. Comparison between the two  ETRmax 
estimations showed higher values for  ETRa*

max than for 
ETR(II)max. The discrepancy between the two ETR esti-
mations is species dependent (Table 1); the weakest rela-
tionships were observed for P. australis, and the biggest 
differences between ETR values were observed for P. aus-
tralis with, respectively, a maximum value of ETR(II)max 
of 1.19  mmol−  mgchla−1  h−1 and maximum value of 
 ETRa*

max of 10.26 mmol− mgchla−1 h−1.

Electron requirements for carbon fixation (φe,C)

Pchl(E) values were plotted against ETR(E) values and 
strong linear regressions were found (Fig. 5; R2 > 0.92). 
Using ETR(II), φe,C

σ (not corrected) values ranged between 
3.06 and 6.74 mol electrons molC−1, while after spectral 
correction, φe,C

σ (corrected) values ranged between 1.92 
and 3.57 mol electrons molC−1. Using  ETRa*, φe,C

a* val-
ues ranged between 1.69 and 43.20 mol electrons molC−1 
(Table 2). The φe,C

σ. values by comparing the three times of 
sampling did not significantly differ over the course of the 
day (Table 3). Conversely, the φe,C

a* values did significantly 
differ for T. pseudonana and P. australis. φe,C

a*. Values of 
T. pseudonana showed significant variations between the 
three sampling time (H1, H2, and H3), while for P. austra-
lis, φe,C

a* values of H1 significantly differ from H2 and H3 
(Table 3).

Discussion

Physiological responses to the light regime

Variations in phytoplankton productivity and associated 
physiological responses are known to occur at short time 
scales (Falkowski 1984; Greene et al. 1994; MacIntyre and 
Cullen 1996; Jouenne et al. 2005; Lavaud 2007). For dia-
toms, the degree of variability in photosynthesis appears 
to be particularly pronounced and it is assumed that diel 
oscillation in photosynthesis are not clock-controlled but 
regulated by diel variations in environmental light (Prézelin 
1992; Dimier et al. 2007, 2009; Lavaud et al. 2007; Key 
et al. 2010; Wu et al. 2012). In addition, diel variability in 
photosynthetic parameters could also be linked to the cell 
cycle stage as shown on the diatom Cylindrotheca fusiformis 
synchronized by using cell cycle inhibitors (Claquin et al. 
2004), but here, the cell cycle influence is hidden because 
the diatom growth is not naturally synchronized (Martin-
Jézéquel et al. 2000; Claquin et al. 2004). In this study, pho-
tosynthetic parameters showed no parallel changes with the 
irradiance level. Indeed, despite an increasing trend in pho-
tosynthetic parameters (ETR(II)max, α, Y(II)max) in the morn-
ing correlated with the irradiance level, the highest values 
were not correlated with the maximum intensity (Figs. 3, 4; 
Table 1). The relationship between light and photosynthesis 
is clearly described: at the lowest light levels, photosynthe-
sis is a linear function of irradiance while with increasing 
light, photosynthesis becomes light-saturated and remains 
unchanged unless photoinhibition occurs, which leads to a 
decrease in photosynthetic capacity (Behrenfeld et al. 2004). 
In T. pseudonana and S. marinoï, the highest values in the 
morning were followed by decreasing values at the highest 
intensity. This result suggests activation of photoacclimation 

Fig. 2  Dynamics of Y(II)max (fluorescence ratio), FM (right panel) 
and F0 (left panel), F/chla, and F/(chla σPSII440) for each studied spe-
cies studied: T. pseudonana (a, b), S. marinoi (c, d), and P. australis 
(e, f). The black circles represent raw FM and F0 data; the empty cir-
cles represent FM/chla and F0/chla data; and the black triangles rep-
resent the FM/(chla σPSII440) and F0/(chla σPSII440). The gray bar plot 
shows irradiance (µmol photons m−2 s−1) dynamics over the course of 
the day (times)

◂
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processes leading to reorganization and/or to reduction in 
pigment content under excessive light intensity to protect 
cells against possible damage to photosynthetic units, which 
can cause a slight decrease in photosynthetic efficiency 
(Macintyre et al. 2002; Dubinsky and Stambler 2009).

As samples were adapted to darkness before PAM meas-
urements, any modulation of Y(II)max values was caused by 
an increase in non-photochemical quenching (qN) which 
may have two major explanations: (i) a reorganization of 
PSII antennae to increase the dissipation of energy or (ii) 
the alteration of photosystems corresponding to damage on 
PSII reaction centers (Kolber and Falkowski 1993). The first 
reason could thus be illustrated by the variation in func-
tional absorption cross section of the PSII (σPSII440) values, 
while the second reason will be independent from it but will 
still influence FV/FM. As observed for T. pseudonana in this 

study (Fig. 2), Y(II)max dynamics was independent from 
σPSII440 as illustrated by the decrease in F0/(chla σPSII440) in 
comparison with F0/chla. At 2 pm, the decrease in Y(II)max 
is due to a decrease in FM/chla, while F0/chla remains con-
stant and can be explain by short-term photoacclimation as 
regulation of the xanthophyll cycle. After 2 pm, the decrease 
in F0/(chla σPSII440) which represents a proxy for the concen-
tration of active reaction centers (Oxborough et al. 2012) 
could illustrate some damage in the photosystems. However, 
due to the relatively low irradiance applied (175 µmol pho-
tons m−2 s−1), this hypothesis is debatable and the decrease 
observed in F0/(chla σPSII440) could rather be induced by 
some other photoacclimation processes which could induce 
a decrease in the concentration of active PSII and thus a 
decrease of the PSII to PSI ratio. In S. marinoï, Y(II)max 
dynamics were linked to σPSII440 values and thus could be 

Fig. 3  Dynamics of the photosynthetic efficiency of the PSII (α; rel. 
unit) calculated using a a* (αa*) and b σPSII440 (α(II)) for each species 
studied. The black circles represent S. marinoï, the white circles rep-

resent T. pseudonana, and the black triangles represent P. australis. 
The gray bar plot shows irradiance (µmol photons m−2 s−1) dynamics 
over the course of the day (times)

Fig. 4  Dynamics of the maximum electron transport rate  (ETRmax; 
relative unit) calculated using a a*  (ETRa*

max) and b σPSII440 
(ETR(II)max) for each species studied: T. pseudonana (empty circles); 

S. marinoï (black circles); and P. australis (black triangles). The gray 
bar plot shows irradiance (µmol photons m−2 s−1) dynamics over the 
course of the day (times)
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explained by reorganization of the PSII antennas. This 
observation is in agreement with the work of Weis and Berry 
(1987) who showed that an increase in  qN could be induced 
by a decrease in σPSII. In P. australis, ETR(II)max remained 
constant when the light levels were high. A decrease in light 
absorption illustrated by a* values was offset by an increase 
in σPSII440 values which appears to allow constant electron 
transport inside the PSII. Thus, the diatom species investi-
gated in this study appear to have regulated their absorption 
of energy used for photosynthesis by activation of physiolog-
ical responses, such as the modulation of σPSII440 to optimize 
photosynthesis like P. australis or to prevent damage to PSII 
like S. marinoï. These results confirm the species-dependent 
capacities and the different strategies used for photoacclima-
tion in the same phylum.

Dynamics of φe,C

In this study, rETR values were used to estimate ETR using 
two commonly used methods,  ETRa* (Barranguet and 
Kromkamp 2000; Morris and Kromkamp 2003; Napoléon 
and Claquin 2012; Napoléon et al. 2013b) and ETR(II) 
(Schreiber et  al. 2012).  ETRa* values were higher than 
ETR(II) and the  ETRmax obtained using the two methods 
were weakly correlated (Table 1). This result can be eas-
ily explained as due to  a* estimation which corresponds to 
an average of total pigment absorption including non-pho-
tosynthetic and photo-protective pigments but also includ-
ing a “package effect” (Fujiki and Taguchi 2002; Johnsen 

and Sakshaug 2007) which can vary with the length and 
the biovolume of the species. This is in accordance with 
our data. S. marinoï which present the lowest biovolume of 
tested species showed the highest correlation between both 
 ETRmax. However, ETR(II) is based on σPSII measurements 
at a narrow waveband (440 nm in the present study) which 
does not represent the whole photosynthetic active radia-
tion spectrum (Schreiber et al. 2012). Thus, both approaches 
present some biases which can lead to a weak correlations 
between the two ETR estimates as a function of pigment 
phytoplankton groups (Johnsen and Sakshaug 2007), growth 
conditions (Hancke et al. 2008a; Napoléon et al. 2013b), and 
species (present study). Here, the two approaches were used 
to evaluate the discrepancy between φe,C. estimations and 
to assess the impact of the method on the characterization 
of φe,C. daily dynamics. In the three species studied, a lin-
ear relationship was obtained between ETR and Pchl values 
in agreement with the results of previous studies (Lawrenz 
et al. 2013; Napoléon et al. 2013b), which confirms that 
it is possible to accurately estimate primary productivity 
using variable fluorescence measurements (Barranguet and 
Kromkamp 2000; Napoléon and Claquin 2012). Our results 
showed that the method used influences greatly the φe,C esti-
mations and it is consequently important to consider which 
method was used before comparing studies or φe,C estima-
tions in different locations and conditions.

Considerable spatial and temporal variability of φe,C 
values is reported in the literature (Lawrenz et al. 2013; 
Napoléon and Claquin 2012; Hancke et al. 2015). At longer 

Table 1  Linear regression and Spearman correlation between the two ETR estimations using a*  (ETRa*
max) and σPSII440 (ETR(II)max) for each 

species studied

T. pseudonana Maximum ETRa*
max = 2.94 mmole–.mgchla–1.h–1 ; recording time: 9:30 am 

Maximum ETR(II)max = 1.39 mmole–.mgchla–1.h–1 ; recording time: 11:30 am 
Linear regression: ETR(II)max = 0.37 + 0.07 x ETRa*

max 
R2 = 0.39 ; p-value < 0.01; n=39 
Spearman correlation coefficient: 0.65 
p-value < 0.001; n = 39 

S. marinoï Maximum ETRa*
max = 1.46 mmole–.mgchla–1.h–1; recording time: 9:30 am 

Maximum ETR(II)max = 0.86 mmole–.mgchla–1.h–1; recording time: 9:30 am 
Linear regression: ETR(II)max = 0.15 + 0.15 x ETRa*

max 
R2 = 0.84; p-value < 0.001; n=39 
Spearman correlation coefficient: 0.91 
p-value > 0.05;  n = 39 

P. australis Maximum ETRa*
max = 10.26 mmole–.mgchla–1.h–1; recording time: 9:30 am 

Maximum ETR(II)max = 1.19 mmole–.mgchla–1.h–1; recording time: 5:30 pm 
Linear regression: ETR(II)max = 0.79 + 0.15 x ETRa*

max 
R2 = 0.15; p-value < 0.001; n=39 
Spearman correlation coefficient: 0.48 
p-value < 0.01; n = 39 

The correlation coefficient, the p value and the headcount (n) are given for each analysis. The maximum values of each ETR are given with the 
recording time. The plot represents the ETR(II)max values (Y axis) as a function of the ETRa*max values (X axis) fitted to the linear regression 
whose equation is given
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time scales, it is accepted that φe,C. variability is influenced 
by the seasonal dynamics of environmental parameters 
(light, nutrients, temperature, etc.) and by the species com-
position of phytoplankton assemblages. At the daily scale, 
our results showed that variability of φe,C from  ETRa* can 
be higher between triplicates at the same sampling time 
than at the different sampling time over the course of the 
day, as shown by the high standard deviations for S. marinoï 
(Table 2). Thus, daily estimation of the primary produc-
tion using the  ETRa* will have to take into consideration the 
large variability and the weak repetitiveness in the resulting 

values. The variation in φe,C
σ values estimated using ETR(II) 

presented a lower variability over the course of the day with 
notable repetition between replicates (Table 2). For the esti-
mation of daily primary production, it therefore appears that 
the φe,C

σ values are better suited to transforming variable flu-
orescence data into carbon rate units without needing to take 
any daily variations into consideration. This result means it 
could be possible to estimate high-frequency primary pro-
duction using autonomous variable fluorescence measure-
ments from ships-of-opportunity or moorings (Napoléon 
and Claquin 2012; Lawrenz et al. 2013; Silsbe et al. 2015; 

Fig. 5  Linear relationship between ETR(E) (ETR(II) or  ETRa*; 
 mmol−  mgChla−1  h−1) and  Pchl(E) (mmolC  mgChla−1  h−1) for each 
species studied: (T. pseudonana (a, b), S. marinoi (c, d), and P. aus-

tralis (e, f)) at each sampling time (9:30 am: white triangle; 2:00 pm: 
black circles; 7:30 pm: black triangles)
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Houliez et al. 2017, Claquin et al. in prep) without taking a 
potential daily variation in φe,C into consideration. However, 
in this work, cultures are grown in controlled environments 
which are far from in situ conditions encountered by phy-
toplankton communities like the potential nutrient depriva-
tions or the biotic/abiotic stresses for instance. Therefore, 
further investigations are needed to validate our finding for 
field application. Anyway, low-frequency φe,C estimations 
are still necessary as a function of water masses and seasons.

The φe,C
σ. values obtained in this study with ETR(II), 

which ranged from 3.06 to 6.74  mol electron  molC−1 
before spectral correction and ranged from 1.92 to 
3.57 mol electron molC−1 after spectral correction, were in 
the range defined in several studies referenced by Lawrenz 
et al. (2013) at between 1.15 and 54.2 mol electron molC−1 
with a mean of 10.9  mol electron  molC−1, and in the 
lower range to the values obtained from PAM measure-
ments (Hancke et al. 2015 and citations therein). However, 
our values were low compared to a large number of φe,C. 

estimated in situ which, for example, ranged between 15.9 
and 35.7 mol electron molC−1 for deep alpine lake phyto-
plankton (Kaiblinger and Dokulil 2006) or between 9.17 
and 125 mol electron molC−1 for nutrient-limited cultures 
of phytoplankton (Napoléon et al. 2013b). The primary 
sources of φe,C. variation are variations in environmental 
parameters which lead to high values of φe,C. including 
salinity, temperature (Morris and Kromkamp 2003), nutri-
ent limitations (Babin et al. 1996), a shift in community 
composition, or light stress (Napoléon and Claquin 2012; 
Lawrenz et al. 2013). These results also confirm the low 
electron cost for diatoms to performing photosynthesis 
under non-limiting nutrient conditions (Napoleon et al. 
2013b). Under optimal growth conditions, the value of 
φe,C. would be between 4 and 6 moles (Lawrenz et al. 
2013) which is in agreement with the results obtained in 
the present study. Values of φe,C < 4 appear to be physi-
cally impossible and could be due to methodological or 
calculation errors that could lead to underestimations of 

Table 2  Hourly and daily φe,C. 
values (mean ± SD) estimated 
from the linear regressions 
(y = ax + b) between ETR(E) 
(mmol mgChla−1 h−1) and 
 Pchl(E) (mmolC mgChla−1 h−1) 
for each species studied (three 
replicates per species)

With y = ETR(E) (ETR(II) or ETRa*), x = Pchl(E), and R² the correlation coefficient of the relationship 
all replicates pooled. The spectral correction was applied on the φe,C. values from ETR(II) using the ratio 
a*440:a*

Species Time of day Pchl vs.  ETRa* Pchl vs. ETR(II)

φe,C.a* R2 φe,C
σ

not corrected
R2 a*440:a* φe,C

σ

corrected

T. pseudonana 8:30 am 8.85 ± 1.0 0.99 3.24 ± 0.21 0.99 1.68 1.92 ± 0.11
2 pm 4.64 ± 0.95 0.99 3.93 ± 0.45 0.99 1.66 2.37 ± 0.27
7:30 pm 2.16 ± 0.74 0.96 3.52 ± 0.47 0.96 1.58 2.22 ± 0.29
Daily 5.21 ± 3.03 – 3.56 ± 0.45 – – 2.17 ± 0.22

S. marinoï 8:30 am 6.80 ± 0.07 0.98 4.85 ± 0.21 0.98 1.88 2.58 ± 0.11
2 pm 6.44 ± 1.64 0.98 4.12 ± 0.70 0.98 1.85 2.23 ± 0.38
7:30 pm 6.04 ± 0.39 0.99 4.91 ± 0.39 0.99 1.92 2.56 ± 0.20
Daily 6.43 ± 0.91 – 4.62 ± 0.56 – – 2.45 ± 0.23

P. australis 8:30 am 39.74 ± 4.02 0.99 5.77 ± 1.01 0.99 1.62 3.57 ± 0.62
2 pm 22.63 ± 0.37 0.99 4.12 ± 0.50 0.99 1.61 2.56 ± 0.31
7:30 pm 18.19 ± 2.92 0.92 3.69 ± 0.74 0.92 1.64 2.25 ± 0.45
Daily 26.86 ± 10.17 – 4.53 ± 1.16 – – 2.79 ± 0.46

Table 3  Results of the one way repeated measures analysis of variance (RM ANOVA) for the φe,C values which were estimated from the linear 
regressions between ETR(E) (ETR(II) or ETRa*) and Pchl(E) for each species studied (three replicates per species)

The difference was considered as significant when p value < 0.05. If difference was significant, an all pairwise multiple comparison procedure 
was performed using the Holm–Sidak method. The differences between sampling times (H1, H2, or H3) are given by a group name (a, b, or c) in 
exponent

Species φe,C.a* φe,C.σ

p value Holm–Sidak method p value Holm–Sidak method

T. pseudonana < 0.001 H1a–H2b–H3c 0.237 Not signifiant
S. marinoï 0.713 Not signifiant 0.228 Not signifiant
P. australis < 0.001 H1a–H2b–H3b 0.102 Not signifiant
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up to 53% (Lawrenz et al. 2013) but the present study 
was conducted under controlled conditions and meth-
odological errors are thus assumed to be low. Moreover, 
with the spectral correction applied on the φe,C

σ. values 
that should lead to more accurate values, our results were 
systematically < 4 mol electron molC−1. However, the 
a*PSII:a* ratios calculated to perform these corrections 
were overestimated because taking non-photosynthetic 
pigments as describe by Suggett et al. (2004) which lead 
to a slightly underestimation of the φe,C

σ corrected values. 
The a*PSII:a* ratio values used as a correction factor were 
in agreement with the values described in the literature 
(Lawrenz et  al. 2013 and citations therein); therefore, 
the bias of our correction is probably weak. Moreover, 
the ratio 435:675 nm (blue and red peaks of in vivo chla 
absorption spectra) which could give us an indication of 
the accessory pigment contribution did not differ between 
species (in mean 1.81 ± 0.38 for all species and sampling 
times). The low φe,C

σ. values observed suggest that an 
additional source of energy might be used for carbon fixa-
tion. It was recently shown that diatoms are able to opti-
mize their photosynthesis through the exchange of energy 
between plastids and mitochondria (Bailleul et al. 2015). 
Indeed, when the ATP:NADPH ratio generated by a linear 
electron flow is insufficient to fuel  CO2 imports into the 
plastid and assimilation by the Calvin cycle, diatoms are 
able to produced additional ATP via alternative pathways, 
particularly through extensive energy exchanges between 
plastids and mitochondria. This process could explain our 
values of φe,C < 4 mol electron molC−1 particularly since 
this activity has already been demonstrated in T. pseu-
donana (Bailleul et al. 2015). Further investigations are 
now needed to continue this work in order to improve our 
knowledge on electron fluxes related to carbon fixation 
and to improve future estimates of primary production 
estimated from these methods.
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