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List of symbols and abbreviations 

Abbreviation Definition Unit 

 
Maximum light-use efficiency (initial slope 

of the light-response curve) 
electrons/quanta 

() α related to absolute absorption of PSII electrons/quanta 

AL Actinic light  

Chl Chlorophyll  

DIN 
Dissolved Inorganic Nitrogen (NO3+NO2) 

(nitrites and nitrates) 
µL-1 

E Irradiance µmolphotons.m-2.s-1 

Ek 
Light saturation coefficient (the 

intersection of ETR(II)max and α) 
quanta m-2s-1 

Ek(II) Ek related to absolute absorption of PSII  quanta(PS II s)-1 

Eop PAR at ETRmax  µmol quanta m-2 s-1 

Eop(II) PAR at ETR(II)max quanta(PS II s)-1 

ETR(II) 
Electron transport rate related to PSII 

absorption 
electrons(PS II s)-1 

ETRmax Maximum electron transport rate µmol electrons s-1 

F0 
Minimal fluorescence level obtained after 

the application of a saturation pulse 
 

Fm 

Maximum fluorescence level obtained after 

the application of a saturation pulse on 

dark acclimated samples 

 

Fm’ 

Maximum fluorescence level obtained after 

the application of a saturation pulse on 

light acclimated samples 

 

FRR Fast Repetition Rate  

Fv/Fm 
Maximum quantum yield of PSII 

determined after 2.5 h of dark acclimation 
unitless 

G/B Green/blue light quality ratio  

G/R Green/red light quality ratio  

LHC Light Harvesting complex  
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λ Wavelength nm 

ML Measuring Light  

MT Multi Turnover  

NPQ 

Stern-Volmer type non-photochemical 

fluorescence quenching (Bilger and 

Björkman, 1990)  

unitless 

PAM Pulse Amplitude Modulation  

PAR Photosynthetically active radiation  µmol photons m-2 s-1 

PO4 Phosphates µL-1 

PS Photosystem  

PSII Photosystem II unitless 

PSU Photosynthetic Unit PSU 

P-E Light production curves  

PETλ Photosynthetic electron transport  

r.ETR Relative electron transport rate  µmol electrons m-2 s-1 

R/B Red/blue light quality ratio  

RC Reaction Center  

RLC Rapid Light Curve  

RuBISCO 
Ribulose-1,5-biphosphate carboxylase 

oxygenase 
 

Si(OH)4 Silicate µL-1 

Sigma(II)λ 
Wavelength-dependent cross section of 

PSII  
nm2 

ST Single Turnover  

XC Xanthophyll’s Cycle  

Y(II) Effective quantum yield of PSII unitless 

 



 

1 

 

General rationale and objectives 

 

 

Light is one of the most dynamic controlling factors of primary production in aquatic 

environments (MacIntyre et al., 2000; Dubinsky & Schofield, 2010; Raven & Geider, 2003; 

Köhler et al., 2018) where phytoplankton must cope to multiple scales of light variations in 

time and space (Darecki et al., 2011; MacIntyre et al., 2000). At the surface, incident light varies 

seasonally on a year scale and depending on the cloud cover and surface wave frequency on 

short time scales. Once light penetrates the water column it decreases exponentially (Kirk, 

2011). In offshore regions, light is able to penetrate to high depth while in coastal areas it is 

submitted to river outflows and resuspension of bottom sediments bringing organic and 

inorganic suspended matter which increase turbidity and ultimately impact primary production 

(Capuzzo et al., 2015; Philippart et al., 2013). Superimposed to light penetration issues, 

phytoplankton is dependent on hydrodynamics: under the effect of waves and turbulent mixing, 

which vary at different spa tio-temporal scales, cells are susceptible to be transported beyond 

the euphotic zone.  

Coastal regions such as the English Channel, an epicontinental and megatidal ecosystem, are 

good working areas for the study of light variation in terms of light intensity, but also in terms 

of spectral composition of the available light also called “light quality”. Very briefly, long 

wavelengths in the red spectrum are more quickly absorbed by water than short ones in blue 

bands (Kirk, 2011). This is mainly the case of open coastal waters where phytoplankton is 

exposed to predominant blue and green bands at higher depths and a full spectrum only in 

surface, even if during the bloom the high concentration of phytoplankton biomass and the 

preferential absorption of blue wavelengths could induce an increase on the proportional 

available red wavelengths of light. In some ecosystems like estuaries, there are high 

concentrations of colored dissolved organic matter (CDOM). These substances absorb 

primarily UV and blue wavelengths and skew the light field to long wavelengths in the red 

spectrum (Lawrenz and Richardson, 2017). As a result, the different light quality ratios changes 

between blue, green and red wavelengths (red/blue, green/blue or green/red) can highly impact 

microalgae physiology with important effects on primary production (see some examples of 

variation in López-Figueroa, 1992; Brunet et al., 2014; Jaubert et al., 2017). 
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Phytoplankton has developed, in function of the plasticity of each phytoplankton group, 

sophisticated structures to cope with the dynamic variations of light intensity and quality at 

different time scales which goes for example from the lifetime of cells to the time that brings 

different phytoplankton community successions. For this, phytoplankton is able to 

photoregulate, photoacclimate and photoadapt (Falkowski & LaRoche, 1991; Kirk, 1994; 

Raven & Geider, 2003; Moore et al., 2006; Dubinsky & Stambler, 2009). The two first 

processes take place by phenotypic variations during the cell lifespan. These processes, also 

known as ontogenetic adaptations, can include the variations on electron rate, enzymatic 

activation, thylakoids structure variation or chloroplasts position change (Falkowski & Raven, 

2007) at scales from seconds to minute (photoregulation), as well as pigment concentration 

and/or ratio variation, state of photoprotection, concentration of photosynthetic units (PSU), or 

ratio of PSII/PSI at medium and longer time scale from minutes to hours (photoacclimation). 

Concerning photoadaptation, also known as phylogenetic adaptation, it refers here to 

modifications of genotypes of microalgae and the development of specific strategies improving 

fitness across generations (Falkowski & LaRoche, 1991; Kirk, 2011; Moore et al., 2006).  

In aquatic ecosystems, microalgae are subject to large differences in light intensity, which, 

unlike terrestrial plants, are amplified due to the attenuation effect of the different substances 

present in the aquatic environment and the fact that their position is determined by the 

movement of the water (Dubinsky & Stambler, 2009). That means that microalgae need to 

switch, with a different degree of plasticity, between high and low lights. On one hand, under 

high intensity lights, cells may photoregulate and acquire a photoprotective state to reduce a 

potential photoinhibition (even if photoreparation and its energetic cost can be a potential 

strategy assumed as already proved by Raven in 2011). That is to say, cells rely an energy-

dissipation processes to avoid damage of photosynthetic apparatus (macro proteins of PSII) or 

the formation of free radicals and photoinhibition (Dubinsky & Schofield, 2010; Brunet & 

Lavaud, 2010; Demmig-Adams & Adams, 2006; Lavaud, 2007; Lavaud et al., 2007; Kaňa et 

al., 2012, 2019). On the other hand, at low lights photoacclimation may be focused on 

maximizing light absorption (Dubinsky & Schofield, 2010). Among these situations, it must be 

noted that photoacclimation takes places at the level of intracellular structures of photosynthetic 

systems and electron flow, being both in straight relation. In terms of structural changes, in 

response to light intensity and quality variations phytoplankton can vary their concentration 

and/or the proportion of pigments to adapt to the environment where they develop, but also the 

number and /or proportion of reaction centers, photosystems or ultrastructures such as the 
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number of thylakoids per grana for example (Dubinsky & Stambler, 2009). In terms of electron 

flow variations, phytoplankton also modulate the regulation of electron flow between 

photochemical reaction and non-photochemical quenching as thermal dissipation in case of 

excess of absorbed light.  

In coastal regions, it has been proven that photosynthetic properties of phytoplankton vary at 

very different time and spatial scales (Lizon et al., 1995a; Brunet & Lizon, 2003; Houliez et al., 

2013b, 2013a; Napoléon et al., 2012) but the dynamics of photoregulation/photoacclimation 

needs to be more developed in its complexity and take under consideration the combined 

variation of light quality and intensity (Combe et al., 2015). The question of spectral 

consideration in the water column in link with photosynthetic activity has evolved and been 

treated in different ways from field studies with different incubation systems, laboratory 

experiments first, and field and modelizations studies after (during the last 50 years) and the 

study of the different photosynthetic parameters derived from the light production curves 

(commonly known as P-E curves). Between the end of the 80’ and the decade of the 90’, the 

“action spectra” theory has shown important evolutions. Firstly, it was evidenced that the lack 

of consideration of a spectrally averaged initial slope α to predict photosynthesis under different 

optical waters would induce an underestimation of the integral photosynthesis in water column 

of 30% (Lewis et al., 1985a, 1985b). Lately, it has been also shown that the lack of consideration 

of the real spectral characteristic of submarine light and the real ability of phytoplankton to 

absorb light could lead to an underestimation of primary production rate by a factor of two 

(Laws et al., 1990). These facts support the need of using full spectra models (Kyewalyanga et 

al., 1992; Platt and Sathyendranath, 1988). Indeed, α could vary between different species and 

different light quality conditions in comparison to an α calculated in a simplified water column 

(Schofield et al., 1996) and P-E parameters could be corrected from the absorption spectra 

(Kyewalyanga et al., 1997). These questions have been discussed for many years but they were 

understudied in coastal areas to set the dynamics of photoregulation and photoacclimation 

processes as a general compromise between light quality and intensity and other controlling 

factors of available light for photosynthesis at the different scales of time and space of variation. 

This is possible now thanks to different technical tools. 

While the question of variations of photosynthetic activity and primary production in relation 

to light quality has evolved, it has also been the case for the technical approaches used. Initially, 

studies have been performed with time consuming incubations in the so-called 

photosynthetrons which reproduced large numbers of narrow spectral bands of light for many 
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subsamples (Lewis et al., 1983). Nevertheless, since then the tools have evolved and the 

physiological variables measured have also evolved from 14C (PP) to variable fluorescence and 

photophysiological variables, and the measure of the gross photosynthesis (GP) as a proxy of 

PP. Notably nowadays the techniques have evolved through the direction of variable 

fluorescence which allow the determination of precise physiological state variables at a higher 

frequency of sampling due to measuring times under the 14C incubations. Nowadays, measures 

of photosynthetic activity are mostly performed with variable fluorescence tools that allow the 

determination of: ii) physiological state variables (PSII maximum quantum yield); ii)functional 

absorption cross section that can be measured with FRRFf (Kolber et al., 1998) and nowadays 

also with the new MULTI-COLOR-PAM (Schreiber et al., 2012); and iii) photosynthetic 

electron transport (PET) derived from other P-E parameters like rapid light curves (originally 

only with PAM methods (Schreiber et al., 1986) and nowadays also with new generation FRRf 

act2 (Chelsea UK). At the beginning of development of these techniques, only one light color 

of measuring light has been frequently considered. The blue light has been mainly employed 

based on the absorption properties of chlorophyll a, the dominant pigment within phytoplankton 

(Schreiber et al., 2012). In 2012, Schreiber et al. have published a new technical possibility 

called MULTI-COLOR-PAM (WALZ) with five different wavelengths of actinic light and 

measuring light as well as fast kinetics protocols to the measure of wavelength dependent 

absorption cross section of PSII (Sigma(II)λ). This technical evolution was possible thanks to 

the resolution of the spectral light by the use of LED illumination (Schreiber et al., 2011). There 

are also other multi-spectral approach such as the development of a new mini-FIRe, (Gorbunov 

et al., 2020), a novel ultra-sensitive multispectral instrument, or other multispectral fluorometer 

with open hardware development platform controlled under Arduino (Hoadley and Warner, 

2017). Thanks to these techniques, it is now more practical and efficient to measure the 

wavelength dependency of all photosynthetic parameters and light absorption capacities at 

different wavelength dependent photosynthetic processes.  

Despite the evidence of both the influence of action spectra on photosynthetic parameter 

determination (Kyewalyanga et al., 1997; Lewis et al., 1985b), the knowledge of light quality 

sensing and wavelength dependent energy regulation on photosynthesis (López-Figueroa, 

1992; Mouget et al., 2004; Depauw et al., 2012; Schellenberger Costa et al., 2013a; Brunet et 

al., 2014; Valle et al., 2014) and the development of new techniques of variable fluorescence 

with the capacity to discriminate the photosynthetic activity at different wavelengths of 

measurement (Gorbunov et al., 2020; Hoadley & Warner, 2017; Schreiber et al., 2012), the 
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study of wavelength dependency has been mainly studied in cultures with a limited range of 

experimental conditions (Schreiber et al., 2012; Schreiber & Klughammer, 2013; Szabó et al., 

2014a, 2014b; Goessling et al., 2016; Hoadley & Warner, 2017; Goessling et al., 2018b). Multi-

spectral data available with natural phytoplankton community are quite limited and apart from 

some studies with microphytobenthos in the laboratory (Goessling et al., 2018a), currently only 

Gorbunov et al (2020) work focused on physiological and taxonomic analysis of phytoplankton 

communities to our knowledge. 

Therefore, this thesis has the goal to characterize the wavelength-dependency of photosynthesis 

in coastal phytoplankton communities. More precisely, this thesis aims: 

(1) To test the wavelength-dependency of photosynthesis in natural phytoplankton 

communities  

(2) To underline relationships between variations of wavelength dependency with biotic 

(phytoplankton community), and abiotic variables (light and physicochemical 

variables)  

(3) To characterize the spatial and the temporal variability of wavelength dependency  

(4) To define the potential dynamics of photoacclimation (including photoregulation at 

shorter time scale) at different scales 

This thesis is structured into five main parts. The first part is a presentation of a state of the art 

in the subject with a development of the basis and the associated theories with i) photosynthetic 

structures and process involved on light sensing in microalgae (intensity/quality), ii) a 

presentation of spectral dependency theory with a glossary of terms used in the domain, iii) 

photoregulation and photoacclimation processes (as a response to variations of light 

intensity/quality), and iv) an overview of the methodological approach in terms of 

instrumentation and statistics used for the study of wavelength dependency. The goal of the 

first chapter is to introduce the next chapters of this thesis and to specify the theoretical basis 

of this work to help in the understanding of measurements made on natural communities. The 

second and third parts will focus on the results acquired in the field and the analysis of spatial 

(second chapter) and temporal (third chapter) variation of wavelength dependency. The second 

chapter will analyze wavelength-dependency of photosynthetic parameters in natural 
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phytoplankton communities in coastal open areas of the English Channel (an example of 

epicontinental and megatidal ecosystem) during a spring bloom period at different spatial scales 

and will present the analysis of the controlling factors of photosynthetic wavelength 

dependency. This second chapter presents in deep detail also the analytical and statistical 

approach developed during this thesis for multi spectral photosynthetic data. The third chapter 

will describe the time variability of wavelength-dependency between different seasons when 

the shifts of variation controlling factors are the most important. Finally, a synthesis of the main 

results and a general discussion followed by conclusions and future perspectives will be 

presented in the fourth chapter.  
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1.1. Variation of light in aquatic environments 

Light variations are a central issue in this thesis because of their impact on primary production. 

Light is one of the most dynamic controlling factors of phytoplankton physiology and primary 

production (MacIntyre et al., 2000; Raven & Geider, 2003; Dubinsky & Schofield, 2010; 

Köhler et al., 2018). To understand the variations of wavelength dependency of photosynthesis, 

i.e., photoregulation and photoacclimation processes, it is important to first understand the 

variation of light (i.e., the light climate) in the aquatic ecosystem and more particularly in 

coastal regions. I will present a general background of the mechanisms leading to variations of 

the light climate in coastal areas. 

The photosynthetic active radiation (PAR) is comprised between 400 and 700 nm and is known 

as the visible spectrum of light. There are different potential sources of variation of the 

underwater light climate: that the ones taking place in the atmosphere by the effect of clouds, 

the diurnal and seasonal cycles, and the light variations due physical processes occurring in the 

water column. This thesis will be focused on the last one. In water masses, there are two main 

sources of variations of light climate (i.e., intensity and quality). The first one is dependent on 

light absorption by water molecules themselves, and organic and inorganic constituents. 

Briefly, as light penetrates in the underwater field, the wavelengths that are absorbed by the 

different constituents become less available, while those that are not absorbed enrich the 

underwater body (Kirk, 2011). In function of the relative particles that compose the underwater 

field, the vertical profile of the total PAR light and each of the wavelengths (or narrow 

wavebands defined) would present a stronger or steeper exponential profile of attenuation. In 

standard conditions, the blue wavelengths are the ones with the highest capacity of penetration 

in the water column compared to the red wavelengths. 

The variations on the presence of different constituents of the water body (organisms and 

organic and inorganic substances) lead to a variation of the light climate due to differential 

capacities of absorption of the different constituents. The light quality regime in underwater 

field is generally defined by the ratio among the different light colors which have paramount 

influence on physiological responses of microalgae (Figueroa et al., 1998; Ragni and Ribera 

d’Alcalà, 2004; Brunet et al., 2011; Jaubert et al., 2017). In this thesis, blue, green, and red light 

were studied by wavebands and defined by the integration of spectroradiometer measures 

between 410 and 490 nm, 480-580 and 600-700 nm, respectively, as described in chapter 2 in 

more details. Then, three different ratios are defined in the water surface: red/blue (R/B), 
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green/blue (G/B) or green/red (G/R). In coastal areas there are different water bodies with 

contrasted light quality profiles (Figure I.1). In areas like the English Channel it could be 

differentiated three different water masses as an example of the variations of light quality in the 

study area: an eastern and western coastal water body (Authie Bay and Brest Harbour 

respectively), and a clear offshore water body close to Jersey Islands. These profiles evidence 

the importance of variation of light quality in coastal regions.  

 

Figure I.1: Vertical profile of light quality ratios of three different water masses in the coastal area of 

the English Channel sampled during ECOPEL cruise (April 18th to Mai 3rd. The map in the top indicates 

the locations of the different water bodies: i) Authie Bay (brown circles) that was sampled on April 21st 
at 10:08 AM as an example of coastal water masses with influence of the Coastal flow (Brylinski et al., 

1991) and the dominance of Phaeocystis globose; ii) the offshore sample close to Jersey Islands (purple 

circles) that was sampled on April 28th at 11:20 AM; and iii)the Brest Harbor (orange circles) and that 

was sampled on April 30th at 1:48 PM. In the bottom of the figure it is shown the vertical profil of 

red/blue (R/B), green/blue (G/B) and green/red (G/R) for each water mass.   

 

In coastal areas, important river outputs are at the origin of the increase of the different organic 

and inorganic substances inducing a variation of the light climate because of the selective 
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absorption of these substances as previously cited. That is the case of the Colored Dissolved 

Organic Matter (CDOM). These substances are transported by the river outputs but they are 

also the result of the increase of phytoplankton biomass and degradation (Astoreca et al., 2009; 

Kirk, 2011; Vantrepotte et al., 2007). The characteristic of such substances is the absorption of 

blue wavelengths. This phenomena is responsible for the increase of red and green light that 

leads to development of dark waters in some estuaries with potential implications on the 

phytoplankton succession (Lawrenz & Richardson, 2017). These different considerations are 

illustrated in Figure I.2 which outlines the different parameters controlling the underwater light 

climate. 

 

Figure I.2 : Schematic representation of light variations issues in coastal areas like English Channel. 

The intensity and quality dynamic variations are due the effect of hydrodynamism and river outputs. 
Hydrodynamism variate the concentration of Suspended matter (SM) that cause an increase of turbidity 

but also affect the ratio between euphotic and mixed upper layer where phytoplankton growths. The 
continental influence by river outputs generates an increase of Colored Dissolved organic matter 

(CDOM) and nutrients (that consequently the growth and development of natural phytoplankton 

communities and the concentration of CDOM after the degradation of phytoplankton biomass). Data in 
the following chapters showed that during this study nn the English Channel, light intensity varied 

between 10 to 1200 μmol photons.m-2.s-1 and light ratios ranged between 0-2, 1-4 and 0-125 for R/B, 

G/B and G/R respectively. 

 

Superimposed to these processes, the increase of turbidity  due to resuspension of sediments 

(Capuzzo et al., 2015; Gohin et al., 2015) has important implications on the floristic 

composition and primary production (Philippart et al., 2013) (Figure I.2). This resuspension 
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takes place under the effect of hydrodynamism in coastal regions. Nevertheless, the effect of 

hydrodynamism does not only conduct effects on the light climate by suspended material. The 

hydrodynamics due to tide in megatidal seas are also responsible for vertical mixing. These 

factors change the depth of the mixed layer and export more or less cells through the vertical 

light gradient. The biological processes of photoregulation/photoacclimation relate to the 

intensity of hydrodynamism and the light climate described for example by the ratio between 

the euphotic and the mixed layer depths (Barlow et al., 2013; Dubinsky & Stambler, 2009; Kirk, 

2011). 

 

1.2. Light quality sensing and photosynthetic light reactions 

Photosynthesis is at the interface of several disciplines. The study of light in the domain of 

photosynthesis occupies a primordial position in quite different domains such as biophysics, 

(eco)physiology, ecology, or genomics etc. due to the importance of light as a controlling factor 

of photosynthesis. Therefore, a survey in different disciplines in which light has a fundamental 

position is beyond the scope of this introduction. This section aims to help the reader to 

understand the process of light harvesting, energy transfer and photochemical reaction, 

photoregulation, photoacclimation and the action spectra or wavelength-dependency theory 

evolution in ecology research. At the end of this chapter the reader will also find a glossary of 

the terminology used in this thesis associated with the topic of the wavelength dependency.  

 

1.2.1. Light absorption and energy transfer on photosynthetic organisms 

The perception of light on microalgae at different wavelengths is produced due to a particular 

non-protein molecule called chromophore that serves as a primary site to photon absorption due 

to its chemical structure. The electron delocalization after photon absorption takes place on 

unsaturated carbon chains conjugated on a π system which confirms the general structure of 

chromophores. Moreover, the larger the chromophores are, the longuer is the wavelength they 

absorb (Möglich et al., 2010). These molecules are bound to proteins forming the 

photoreceptors. Photoreceptors are involved in light regulated biological responses and they are 

found in many different species. A special kind of photoreceptors in marine organisms is the 

light-harvesting complexes and the reaction centers where the photosynthetic pigments are 
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found with a critical role in photosynthesis. Its importance lies in the fact that they are not only 

capable of absorbing light, but also energy transfer before triggering a photochemical reaction. 

Photosynthetic pigments are able to harvest light and transform it to a chemical potential 

gradient that is transferred across the thylakoid membrane among different compounds in the 

photosynthetic electron chain (Kirk, 2011; Möglich et al., 2010). During evolution, 

photosynthetic organisms have also developed other important photoreceptors which are worth 

citing. Indeed, these molecules take part on the perception of light as a source of information 

of the environment where microalgae develop and allow microalgae to adapt their physiology 

or behavior in function of environmental changes (Jaubert et al., 2017; Kianianmomeni and 

Hallmann, 2014). These photoreceptors are involved in multiple light mediated reactions such 

cell cycle progression (Huysman et al., 2013), movement (Cohn et al., 2015; Shikata et al., 

2013), gene expression (Fortunato et al., 2016), sexual reproduction (Moulager et al., 2007) or 

specially on photoacclimation (Jungandreas et al., 2014; Schellenberger Costa et al., 2013b, 

2013a). Indeed, photoreceptors can play an important role in some processes of feedback of 

regulation with the photosynthesis processes (Petroutsos et al., 2016; Schellenberger Costa et 

al., 2013a, 2013b). 

In the following sections the optical properties of pigments and after some particularities of 

photoreceptors in relation to photosynthesis will be presented first and then, the pigment 

classification and the composition of light harvesting antenna, and how light energy is 

transferred through the reaction centers where the first photoreaction occurs.  

 

a) Photosynthetic pigments and optical properties 

Photosynthetic pigments are classified in three different groups as a function of the chemical 

structure of the pyrroles molecules that make up the chromophores. Four different 

chromophores have emerged in photosynthesis: open tetrapyrrole chain (in phycobilins), closed 

tetrapyrroles, which are divided on chlorins (in most of chlorophylls unless chlorophylls c) and 

porphyrins (for example, chlorophylls c), and finally the carotenoids (Falkowski & Raven, 

2007; Kirk, 2011).  

Chlorophylls a, b, d and f are pigments with a chlorins structure while chlorophyll c is a 

porphyrin-based molecule. The closed ring of chlorins and porphyrins lead to their 

characteristic absorption properties. Both chlorins and porphyrins have two major different 
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absorption bands: the blue-green absorption band named B band, or Soret band (the blue band 

called Soret in honor of the researcher who discovered it), and a red absorption band named Q 

band (Figure I.3). The former reflects three higher singlet states that after excitation are 

submitted to a quick decay to the lowest singlet state which is represented by the latter 

absorption band (Morot-Gaudry and Farineau, 2011). There are two differences between 

chlorins and porphyrins: the presence of a saturation C-C bond in the fourth ring and a lack of 

solubility in water of porphyrins in comparison to chlorins. Their structural differences lead to 

relevant consequences on Soret and red absorption bands due to the break of symmetry of the 

molecule. When the fourth bond of chlorins is saturated, it brings to a delocalization of electrons 

in the rings that leads to a large absorption band and lower energy states. In the case of 

porphyrins pigments, a comparable absorption band is either missing or largely attenuated 

(Falkowski & Raven, 2007). 

 

Figure I.3 : Schematic absorption and fluorescence spectra of chlorophylls (from Li and Chen, 2015). 

The blue and red boxes represent chl a absorption wavelength band. The grey-blue represents the 
absorption extension at blue light region (mainly by Chl b and Chl d), and green boxes represent the 

absorption extension at red light region (mainly by Chl d and Chl f). The upward vertical arrows 
represent the vibronic transitions between the ground state and excited states. The Soret bands with 

shorter wavelength correspond to a transition to a higher excited state. The Qy absorption band with 

longer wavelength of chlorophylls corresponds to light that has the energy required to produce the 
transition from the ground state to the first excited state. The downward vertical arrow indicates the 

fluorescence. Between absorption and fluorescence emission, relaxation processes as thermal 

equilibration occurs (heat loss). 'a, b, d and f' represent Chl a, Chl b, Chl d and Chl f respectively. 

 

Chlorophyll a is the most widespread photosynthetic pigment. It is present in all known 

eukaryotic photosynthetic organisms and protists and has an essential role in photosynthesis. 

This pigment is found in reaction centers and the connection with the other peripheral pigments 
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is ensured due to the transfer of light energy between the peripheral pigments given their 

structure and spectroscopic properties. The role and association of other chlorophyll pigments 

in photosynthetic antenna are described in section 1.2.2.  

Carotenoids are large molecules whose optical properties are derived from the length of the 

carbon molecule chain that constitutes the pigment, the conjugated bond, and the presence of 

oxygen groups. There are more carotenoids known than chlorophylls. The main carotenoids in 

phytoplankton are fucoxanthin, peridinin, lutein, violaxanthin, antheraxanthin, zeaxanthin and 

diadinoxanthin (Falkowski & Raven, 2007; Kuczynska et al., 2015). These molecules display 

a maximum absorption in the blue-green band. Carotenoids also present a larger spectral 

property of absorption in function of variations of the chemical structure. Fucoxanthin, a 

characteristic photosynthetic pigment in diatoms, is an example of the spectral range of 

carotenoids. This pigment is bound to other pigments in the photosynthetic antenna (see 1.2.2) 

and has different absorption properties in function of its position of light harvesting antenna. 

Indeed, fucoxanthin can be classified into high (blue) and low(red) energy absorption as well 

as two different energy intermediate states in green waveband (Premvardhan et al., 2009, 2008). 

This property has great relevance. In function of different light quality conditions, microalgae 

would be able to adapt their pigmentary composition and/or orientation (Section 1.3) and as a 

result, their capacity of absorption will be improved in this green waveband on light.  

Phycobilins, presented in photosynthetic phycobilipigments, can be classified into three groups 

according to their structure: phycourobilin, phycoerythrobilin and phycocyanobilin and 

depending on the structure they can absorb blue-green, green, yellow or orange light.  

 

b) Photoreceptors and their role in photosynthesis regulation 

In marine microalgae, three different photoreceptors exist: i) photoreceptors absorbing blue 

such as the cryptochromes, phototrophins, aureochromes and proteins containing Light-

Oxygen-Voltage (LOV) domaint; ii) the rhodopsins which absorbs green light; and iii) 

phytochromes in red band (Figure I.4). 
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Figure I.4 : Photoreceptors in microalgae according to the range of visible light absorbed. Scheme 

based on Jaubert et al., (2017). LOV-HK are photoreceptors with a histidine kinase domain at the C-

terminos of LOV domain containing proteins (Jaubert et al., 2017) 

 

Considering the light quality variation in aquatic environments and the absorption of visible 

light in aquatic environments, the aquatic organism have been supposed to sense and adapt 

mainly in function of blue-green variations with little responses on the role of red light (Depauw 

et al., 2012; Fortunato et al., 2016). Using the new advances on molecular techniques, recent 

works have evidenced the role of some photoreceptors on processes of photoacclimation (Mann 

et al., 2017; Schellenberger Costa et al., 2013b) in diatoms and also in other green algae species 

like Chlamydomonas (Petroutsos et al., 2016). Schellenberger Costa et al., (2013b) showed that 

aureochrome, blue photoreceptors, were involved in photoacclimation and that blue light was 

essential for high light photoacclimation and the photoprotective state (Schellenberger Costa et 

al., 2013a). The red light plays nevertheless an important role too. Even if red light photon flux 

rapidly decreased in the photic zone (Kirk, 2011; Ragni & Ribera d’Alcalà, 2004), red light has 

an important role in metabolic changes like carbon allocation pattern (Jungandreas et al., 2014) 

and gene expression  (Fortunato et al., 2016; Jaubert et al., 2017) but also phototaxis or pigment 

synthesis (López-Figueroa, 1992). In the particular case of gene expression, it must highlighted 

that phytochrome are sensors of red and far-red light. It has been shown that after a far-red 

exposition a phytochrome-dependent expression of a series of genewas produced. The presence 

of red light is an indicator or proximity to the surface where the intensity of light is normally 

higher and would need to photoacclimate (Depauw et al., 2012; López-Figueroa, 1992). It is 

hypothesized that phytochromes, as red/far-red light sensors, could perceive chlorophyll 

autofluorescence and therefore either monitor chloroplast activity of its own cell, or perceive 

the presence of other phototrophs in the neighbourhood (Ragni & Ribera d’Alcalà, 2004). 
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Previous studies showed that red light was required to develop a photoprotective state on 

Pseudonitzschia multistriata (Brunet et al., 2014). 

 

1.2.2. Light harvesting Pigment Protein Complexes 

Light harvesting pigment protein complexes are a group of proteins that bind pigments and 

transfer the absorbed light from the excitation to a photosynthetic reaction center. Such 

structures are used to keep pigments in the right position and to optimize light harvesting. These 

structures are frequently named as photosynthetic antenna. There are two types of pigment 

protein complexes: i) the chlorophyll-protein complexes (Jeffrey, 1980; Larkum & Barrett, 

1983) and ii) the phycobiliproteins, which are water soluble molecules found in cyanobacteria, 

cryptomonads, Rhodophyceae or Glaucophyceae (fresh water microalgae) (Gantt, 1981). The 

composition of the light harvesting complex is especially important because in function of its 

composition, the phytoplankton present differentiated absorption capacities and differentiated 

spectral properties (Yentsch & Yentsch, 1979; Yentsch & Phinney, 1985; Beutler et al., 2002; 

MacIntyre et al., 2010). This classification differentiates five different groups: i) green algae, 

with a peripheral antenna composed of chlorophyll a/b bound to xanthophylls; ii) brown algae 

with chlorophyll a/c bound to xanthophylls; iii) blue algae, with phycobilisomes formed by 

phycocyanin; iv) red algae with phycobilisomes based on phycoerythrin; and v) a mixed group 

formed by a mixed of chlorophyll a/c and phycobiliproteins chlorophyll a/c and 

phycobiliproteins. 

 

Figure I.5 : Light harvesting complex antenna. Schematic representation from Holtzegel, 2016. The 

different pigments are bound in the LHC forming a funnel where light energy (symbolized in a rainbow 

colored arrow) is transferred (see section 1.3.3). 
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It is important to note that within the photosynthetic antenna, many accessory pigments 

constituting the light harvesting complexes are found. These pigments are photosynthetically 

active by transferring absorbed energy to the reaction centers. In this group of pigments, it can 

be found some carotenoids like the previously cited fucoxanthin. In diatoms for example, the 

light harvesting complex is formed by the fucoxanthin-chlorophyll protein complex (Gelzinis 

et al., 2015; Kuczynska et al., 2015). However, in this pigment antenna, there are also 

photoprotective carotenoids which absorb light but do not transfer energy to reaction centers. 

That is the case for the β-carotene and the xanthophylls, diatoxanthin, diadinoxanthin, 

violaxanthin, antheraxanthin, and zeaxanthin, which are engaged in the xanthophyll cycle (later 

named as XC) (Brunet et al., 2011) that play an important role in the photoregulation processes 

of phytoplankton. 

 

1.2.3. Photosynthetic energy transfer 

The process of energy transfer takes place by a process of resonance. This process is based on 

the overlap of the Qy band of chlorophyll with fluorescence emission of other auxiliary 

pigments of the photosynthetic antenna. When an auxiliary pigment on the antenna relaxes from 

its excited singlet state, the ground state leads to the emission of energy that allows chlorophyll 

a to undergo a transition from the ground state to the lowest singlet state. This process of energy 

transfer is known as Föster mechanism (Falkowski & Raven, 2007). 

The light absorption process itself does not constitute a photochemical reaction. The build up 

of reductants and oxidants in photosynthesis needs the absorbed light energy transferred 

through photosynthetic pigments to be involved in a chemical light reaction. This process 

occurs when light energy is used to excite and redistribute electrons from an electron donor. 

Electrons are then physically transferred from donors to receptors on a photochemically 

catalyzation of oxidation and reduction reactions and the creation of a potential gradient 

(Behrenfeld et al., 2008). These processes start when the excitation from light harvesting is 

conducted to the reaction center where the electron donors are found (water molecules for 

reaction center I for example) (Jeffrey & Vesk, 1977). The ultimate phase of electron transfer 

is the synthesis of an organic molecule on the Calvin cycle on the dark phase of photosynthesis.  

The wavelength dependency of the photochemical reaction of photosynthesis is known as 

action spectra (Falkowski & Raven, 2007). The action spectrum theory and the application on 

primary production studies are described in section 1.5. In the next section (section 1.3), general 
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ecological strategies known to improve the light harvesting and light utilization in marine 

phytoplankton organisms are presented. 

 

1.3. Ecological strategies to adapt to light climate 

Different photophysiological processes are involved in phytoplankton to cope with the 

dynamics of variation of environmental controlling factors. Regulations and adaptations of 

photophysiological characteristics of phytoplankton are a central subject of study in ecology 

because of their effect on the primary production estimations. There are multiple and 

particularly good references that review the processes of photoregulation and photoacclimation 

to light intensity variations in phytoplankton. For an extended revision in this subject, the 

following papers can be consulted: Anning et al., 2000; Behrenfeld et al., 2008, 2004; Brunet 

et al., 2011; Dubinsky & Schofield, 2010; Dubinsky & Stambler, 2009; Falkowski & Raven, 

2007; Kirk, 2011; MacIntyre et al., 2002; Subba Rao, 2006. Figure I.6 summarized the main 

processes of interest considered in the classical approaches with full light spectrum. 

 

Figure I.6 : Diagram of physiological adaptations to light variations based on broad band (full light 

spectrum ) classical approaches: Light climate variation induce to a response of phytoplankton and 
alteration of the photosynthetic structures and electron flux that influence the primary production. These 

responses take place at different time scales from long time scales (photoadaptation) to mid-scale 

(photoacclimation) and short time scales (activation of enzymes and epoxidation pigments). PSII is the 
functional absorption cross section; PSII/PSI refers to the ratio of photosystem I and II; RuBISCO is 

the enzyme involved in carbon fixation in the Calvin Cycle. These terms are also found in the list of 

symbols and abbreviations (p.4) acronyms and the glossary (Table I.1). 
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Photosynthetic responses of phytoplankton to light variations (Figure I.6) have been described 

in terms of time scales at which they take place and in function of structural and/or energy 

fluxes through photosynthetic machinery. Long time scale photoadaptations, also called 

phylogenetic ones, comprise the different strategies that different species follow to adapt to the 

environment (Kirk, 2011; Moore et al., 2006; Anning et al., 2000; Brunet et al., 2011).  

Photoregulation and photoacclimation occur at short and mid time scales during the lifetime of 

a cell. Some reviews (Kirk, 2011) describe photoacclimation during cell life as ontogenetic 

adaptations. Since photoregulation takes place also during the lifetime of phytoplankton, this 

process can be also considered as ontogenetic adaptation. In the case of photoregulation, the 

different processes of energy regulation notably by the enzymatic de-epoxidation/epoxidation 

of acetylenic xanthophylls as a function of absorbed quanta in order to avoid and excess of 

energy and the formation of free radicals are considered (Brunet et al., 2011; Lohr & Wilhelm, 

2001). In the case of photoacclimation, the different processes involve changes in cellular 

structures. First, cells can be submitted to a variation on concentration of pigment composition 

of light harvesting complexes (Green & Parson, 2003) and/or the size or the absorption cross 

section σPSII. The Photosynthetic Units (PSU) (with two photosystems PSII and PSI, and their 

pigment antenna) during photoacclimation can vary the size of their antennas and/or their 

concentration or number (described on the “Z schema” (Dubinsky & Stambler, 2009). The ratio 

of PSII and PSI can also be altered. Frequently an exposition to low light is associated to an 

increase of the size of the photosynthetic antenna while an exposition to high light intensity is 

associated to a decrease of size of photosynthetic antenna and an increase of the reaction centers 

(Moore et al., 2006)(Figure I.7). Pigment composition is adjusted in function of the variation 

of chla/Carbon ratio (Sakshaug et al., 1997; Brunet et al., 2011; Subba Rao, 2006). Otherwise, 

the variations on pigments can be studied by the analysis of the concentration and/or the ratio 

between pigments (MacIntyre et al., 2002). Note that cells can vary pigment concentration and 

consequently also vary their ratio among other pigments, but in some cases the ratio is not 

affected due to the parallel variation of both pigment’s concentration used to calculate the 

pigment ratio studied. Photoacclimation refers also to changes on the ultrastructure of 

photosynthetic organisms with increases of thylakoids pre grana (Fisher et al., 1989) but also 

the variations on chloroplast on number, size and morphology (Kirk & Tilney-Bassett, 1978; 

Larkum & Vesk, 2003). An example of such photoacclimation is the case of Phaeocystis 

antarctica that modify the thylakoid stacking when exposed to low light (Moisan et al., 2006) 

(Figure I.6). 
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Figure I.7 : Schematic representation of full spectrum photoacclimation to high and low light (HL and 
LL respectively). Two main effects are shown: i) structural variations of photosynthetic antenna σPSII 

(represented here with circles) and photosynthetic system concentration (Photosynthetic system II 
named as PSII and represented with squares); ii) and the electron flow variation with the basic 

photosynthetic parameters variation in light curve analysis. Dotted lines symbolize cell responses after 

high or low light exposition. Under HL there are an increase of σPSII and PSII number, while under LL 

cells increase σPSII size and kept the same concentration of PSII. Arrows symbolize the direction of 

such variation (increase/decrease of σPSII size and increase /decrease of photosynthetic parameters 
fitted from P-E curves). The variation on photosynthetic antenna and the concentration of PSII is based 

on (Moore et al., 2006) and the variation of photosynthetic parameters in light curve is based on 

(Grobbelaar et al., 1996; MacIntyre et al., 2002). 

 

The processes of photoacclimation can be analyzed by the study of the so-called light curves 

(Behrenfeld et al., 2004; Brunet et al., 2011; MacIntyre et al., 2002). The processes of 

photoregulation can be analyzed also by the study of the dynamics of non-photochemical 

quenching NPQ in fluorescence measurements which is considered the most important process 

of photoregulation. Briefly, NPQ is divided in three processes (Horton & Hague, 1988): i) qE 

or energy quenching  first mediated by the regulation of transthylakoid proton gradient (ΔpH), 

ii) qT or quenching to due to state transitions (that does not exist in Diatoms) and iii) qI or 

quenching due to photoinhibition. The first analysis of qE associated with xanthophyll’s Cycle 

(XC) was done by (Demmig-Adams, 1990). The energy quenching qE is also associated with 

XC in green (Demmig-Adams, 1990), brown (Brunet & Lavaud, 2010; Lavaud et al., 2007; 

Sakshaug et al., 1987) and red algae (Ritz et al., 1999) but in some species like cryptophytes, 

this energy regulation is associated to other system than the xanthophylls’s cycle (for example: 

ions exchange in the membranes, or other pigment antenna according to Kaňa et al., 2019, 2013, 
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2012). Xanthophyll’s Cycle of violaxanthin is based on the de-epoxidation of violaxanthin on 

antheraxanthin and zeaxanthin in the lumen of cells and the consecutive epoxidation in stroma. 

The Xanthophyll’s Cycle of diadinoxanthin is based on the unique de-epoxidation of 

diadinoxanthin on diatoxanthin in the lumen or the diatoxanthin epoxidation in the stroma 

(Brunet et al., 2011).  

In the field, the previous biological processes of photoacclimation are controlled by the light 

climate (quantity and quality) and the intensity of vertical mixing in the upper layer or through 

the water column (depending on the type of ecosystem, deep or not, with or without 

stratification, sustainable or temporary). The upper mixed layer (Zmix) and euphotic layer (Zeu) 

depths can be good proxies to study phytoplankton photoacclimation (Jensen et al., 1994; Wang 

et al., 2011; Bonamano et al., 2020). When the upper mixed layer is deeper than the euphotic 

mixed layer, phytoplankton is advected to depths with limiting light and the cells would develop 

photoacclimation to low light/dark conditions according to the vertical mixing intensity. For 

this, there must be a trade off between the rate of biological processes and the rate of turbulent 

movements. When phytoplankton develop in environments where the euphotic layer is deeper 

than mixed layer, cells will grow with potential high light intensities. (Barlow et al., 2013; 

Dubinsky & Schofield, 2010; Dubinsky & Stambler, 2009).  

The most well-known examples of wavelength dependent photoacclimation are in 

cyanobacteria within the blue-green band. These processes are described in the bibliography as 

chromatic adaptation or ontogenetic adaptation of light spectral quality (Kirk, 2011; Kroon et 

al., 1993; Schofield et al., 1996). These previous works showed that phytoplankton can 

acclimate their quantum yield in function of different light quality. More recent works have 

evidenced the role of blue light to induce processes of photoprotection and induction of XC and 

NPQ, even if the red light sensing was required to develop these processes (Brunet et al., 2014). 

Other recent studies on diatoms and cryptophytes (Lawrenz & Richardson, 2017) compare the 

photoacclimation fitness of diatoms (Skeletonema costatum) and Cryptophyceae (Rhodomonas 

salina) under controlled conditions on light quality and quality in the laboratory. In this work 

it was found that cryptophytes followed an inverse chromatic adaptation while the diatom 

species showed a classical strategy of complementary chromatic adaptation (introduced by 

Engelman in 1883). While the classical chromatic adaptation  theory assumes an increase of 

pigments able to absorb the light to which cells are exposed, the inverse chromatic strategy 

involves a variation of “pigment quotas en fonction of the absorption characteristics and the 

efficiency of energy transfer between PSI and PSI” (Bruce et al., 1986; Lawrenz & Richardson, 
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2017) and “the cryptophytes may regulate blue and green absorbing pigments when exposed to 

red light helping to balance the excitation energy received by the two photosynthstemss” 

(Lawrenz & Richardson, 2017). 

 

1.4. Action spectra theory and evolution of multi-spectral photosynthetic 

data measurements in ecological studies 

Previous sections described how phytoplankton absorbs light at different wavelengths that leads 

to wavelength dependency of absorption capacity, also called absorption spectra. Nevertheless, 

not all absorbed photons lead to a photochemical light reaction. Absorbed light can be 

dissipated as heat, fluorescence or other non-photochemical processes (see Havaux et al., 1991; 

Lavergne & Trissl, 1995). The term which defines the action or effect of different actinic 

wavelengths on photochemical reactions is named action spectra.  

The first action spectra measurement comes from Engelman in 1882 (Drews, 2005; Engelmann, 

1882). This first work highlighted the oxygen production and wavelength dependency of 

photosynthesis based on a qualitative approach. With the help of pieces of macroalgal tissues 

and a microspectral apparatus, he observed the movement of aerotaxis bacteria towards high 

oxygen production over the tissue through a gradient of different wavelengths of light. This 

experiment evidenced that bacteria were commutated in wavelengths of maximum production. 

In the middle of the 20th century, the techniques of measurements of action spectra were more 

developed. These advances were of prime importance because they first evidenced relevant 

discoveries on the physiology of photosynthetic organisms, and second, they allowed setting 

the basis for the study of light quality effect on primary production of phytoplankton under an 

ecological context.  

Initial surveys focusing on the effect of light quality in the natural field and the implications on 

phytoplankton primary production started by experimental approaches using filters to simulate 

different light quality regimes (Jerlov, 1955). The same subject was addressed also with a 

theoretical model approach (Morel, 1978). In this work, after the comparison of the 

photosynthetic stored radiant energy (PSE) and the photosynthetic usable radiant energy (PUR) 

the authors estimated the quantum yield and its variation with the depth. I was deduced that for 

the calculation of the correct value of PUR, it was necessary to estimate the effective light 

absorption of phytoplankton that account for the absorption capacity of algae and the light 
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climate. These studies showed that the values of photosynthetic rate should not be estimated 

based on laboratory measurements of absorption capacity or surface based light values. In situ 

measurements were required to study the light quality variation effect on primary production 

estimations. As Lewis et al., (1985b) noticed, there may be a difference between the areal 

primary production estimated and measured due to the different algae absorption characteristics 

in relation to the ambient intensity and spectral distribution of light.  

The evolution of action spectra measurements include advances in different techniques: carbon 

assimilation with 14C (Nielsen, 1952) incubations in the so-called spectro-”photosynhetrons” 

(Lewis et al., 1985b); oxygen evolution by electrode as a proxy of photosynthetic efficiency 

(Haxo & Blinks, 1950) and fluorescence techniques (Emerson & Lewis, 1942; Neori et al., 

1986; after first discover of changes in fluorescence in the 1930's by Kautsky) until the methods 

of in vivo fluorescence analysis (Lorenzen, 1966) and the development of a large number of 

fluorometers to measure chl a fluorescence rise induced by a specific non-actinic light. In fact, 

the development of a new type of oxygen electrode by Haxo et al (1950) led to the discovery 

of the existence of two reaction centers in the photosystem I and II. Oxygen evolution and lately 

fluorescence measurements allowed to establish the first action spectrum in the laboratory for 

different phytoplankton and macroalgae species (Haxo & Blinks, 1950; Neori et al., 1986). 

Nevertheless, initial action spectra measurements on the natural phytoplankton community 

were achieved lately with the development of the so-called “photosynthetrons” (Lewis and 

Smith, 1983) based on 14C incubations (Nielsen, 1952) of short time and low volume. The 

spectro-”Photosynthetrons were 14C incubation chambers with different samples exposed to 

different light conditions. It is at this moment that natural phytoplankton samples started to be 

analyzed at different wavelengths simulating light quality variations with depth (Kyewalyanga 

et al., 2002, 1997; Lewis et al., 1985 a, b ; Schofield et al., 1991).  

The spectro-photosynthetrons developed by Lewis in 1985 consisted in a modification from 

precedent prototypes (Lewis & Smith, 1983) by simulating the vertical gradient of light quality. 

These systems were composed of 96 bottles with in situ natural phytoplankton communities 

exposed to 12 different wavelengths at 8 different light intensities. Incubation data from such 

experiments allowed determining the photosynthesis vs. energy (P-E) curves for each spectral 

band. In these initial studies action spectra were defined by the initial slope of P-E (α or alpha). 

Measurements were done on the light limited region of P-E curves with assumed linear variation 

of photosynthesis in function of light. As Lewis et al., (1985b) noticed, estimations of areal 

primary production would present a higher relative error when the maximum photosynthetic 
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rate was used rather than the initial slope (Lewis & Smith, 1983; Platt & Jassby, 1976; Lewis 

et al., 1985b). 

In this first measurement of natural phytoplankton community Lewis et al.(1985a) found that α 

was wavelength dependent. This work also evidenced a particular spectral shape with a 

variation of the amplitude in function of the chemical characteristics of the sampling area. 

Moreover, they found that the error in photosynthesis estimates could be 62% of the true in situ 

measurements with a simulated light source (Lewis et al., 1985b). This conclusion was 

confirmed in posterior C-incubations studies in situ with parallel measurements of radiation 

utilization, attenuation coefficients and phytoplankton specific absorption parameters (Laws et 

al., 1990; Schofield et al., 1991). The specific spectral print of quantum yield, absorption spectra 

and action spectra evidenced the capacity to reveal information on physiological characteristics 

of phytoplankton communities in link with the real in situ light climates. More accurate 

measurements of wavelength dependency of quantum yield were set in perspective to improve 

primary production estimations with bio-optical calculation models (Platt & Sathyendranath, 

1988) in the water column.  

Posterior works focused on the study of wavelength dependency of quantum yield by analysis 

at different narrow bands and combined light colors together (Schofield et al., 1996, 1991, 

1990). One study summarized the importance of considering spectral irradiance vs white light 

estimations (Schofield et al. 1996). The authors compared a hypothetical vertical profile of chl-

specific α, obtained from a white light incubation, and an in situ light quality incubation. These 

authors found that the difference of both values was higher in the depth than in the surface 

where cells are exposed to full spectrum. Moreover, the non-consideration of the spectral light 

variation with depth would induce a 12 to 49% error on α estimations and consequently also in 

the quantum yield used in bio-optical models. This error would be reduced by including the 

information of light absorption capacity of phytoplankton cells. Nowadays, the development of 

recent spectral fluorometers has allowed to measure photophysiological properties of 

phytoplankton with a relatively high sampling frequency. It is also possible to measure the 

absolute light absorption capacity to correct the values -or relative measures of photosynthetic 

parameters. Such measurements have important implications on the improvement of knowledge 

in ecological implications of wavelength dependent photoacclimation to light quality in the 

natural field.  
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1.5. Methodological overview of variable fluorescence and statistical 

approaches for multi-spectral photosynthetic data analysis 

1.5.1. Variable fluorescence 

Since the discovery of the so called Kautsky effect (Kautsky & Hirsch, 1931; revision on 

Govindje, 1995), variable fluorescence approach has become a largely used technique on the 

study of primary production thanks to the introduction in aquatic sciences of phytoplankton 

physiology studies through fluorescence rise in late 1980 (Cullen & Renger, 1979; Vincent, 

1981). In this section, we present a general overview of the variable fluorescence principles 

with a particular focus on the multi-spectral fluorometers for multi spectral photosynthetic data 

acquisition. This section aims to help the reader to understand the basics of the techniques used 

in this thesis with a particular focus on multi wavelength fluorometers. Extended details and 

information can be found on reviews of the subject like for example: Oxborough, 2004; 

Papageorgiou & Govindjee, 2004; Govindjee, 2009; Suggett et al., 2010. 

 

a) General considerations: definition of fluorescence and description of the principal 

differences between PAM and FRRf methods 

The fluorescence variable techniques are based on the fact that light energy absorbed by a 

photosystems can be dissipated by three different competing pathways: photochemistry, 

thermal dissipation and fluorescence emission (Falkowski et al., 1986; Havaux et al., 1991; 

Kolber & Falkowski, 1993; Lavergne & Trissl, 1995). These techniques are not invasive and 

describe the photosynthetic activity. The fluorescence yield is correlated with the reaction 

centers as well as the redox state of the pool of plastoquinone (Schreiber, 1998). Only 

fluorescence of PSII is detectable at environmental temperatures. The characteristics of the 

fluorescence induction have been described first by Kautsky in the fluorescence curve induction 

developed in 1931 and that have been reviewed after that date by Govindje, (1995). 

There are different variable fluorescence techniques and/or fluorometers.  The Pulse Amplitude 

Modulation fluorometer (PAM) technique and Fast Repetition Rate Fluorometer (FFRf) 

(Kolber & Falkowski, 1992; Kolber et al., 1998) that have evolved in parallel; the Fluorescence 

Induction and Relaxation System (FIRe)(Gorbunov & Falkowski, 2004); or the Pump and probe 

Fluorometer (PandP)(Falkowski et al., 1986; Mauzerall, 1972) and the Induction 

Fluorometer/Continuous Excitation Fluorometer (Cosgrove & Borowitzka, 2010). 
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The PAM and FRRf methods, called active fluorometers, are based on the induction of 

fluorescence on the fast phase of the Kautsky by the saturation Pulse Method (Bradbury & 

Baker, 1984) for quantum yield measurements. These methods are based then on the 

fluorescence variable measurements. The minimal fluorescence (F0) arrives when all the RCII 

are open after a dark acclimation (Figure I.8). When the samples have been dark acclimated, 

after the application of a saturation pulse the fluorescence level is maximal (Fm) and non-

photochemical quenching is negligible. This Fm value decreases after illumination with the 

consequently increase of non-photochemical quenching. The determination of quantum yield 

and non-photochemical quenching is done from these measures of variable fluorescence which 

depend strongly on the recent light history and the photochemical efficiency of PSII themselves 

depending on the initial dark acclimation and the level of oxidation (capacity to accept 

electrons) of the primary electron acceptor called Quinones (Kromkamp & Forster, 2003). 

Consequently, differences between the measurements of the two techniques exist and have been 

described (Kromkamp & Forster, 2003). 

 

Figure I.8 : Fluorescence induction kinetics and application of the saturation pulse method. Dark 

arrows indicate measuring light on (up) and off (down). Gray arrows indicate application of short pulse 
of suturing light and open arrows the activation (Cosgrove & Borowitzka, 2010) modified from (Buchel 

& Wilhelm, 1993) 

 

Initially, the difference between PAM and FRRf were based on the intensity and duration of 

the saturating pulse. PAM methods were based on Multi Turnover (MT) while FRRf on Single 

Turnover (ST). MT techniques were based on the application of a pulse that allowed the 
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multiple charge separation and reduction of the full all PSII electron acceptors (QA, QB and the 

pool of plastoquinone). ST techniques were based on the application of a light flash that only 

allowed the reduction of plastoquinone QA. These techniques have evolved in parallel but 

nowadays the new generations of fluorometers are equipped with the technical potential to 

produce MT and ST analysis. The classical light curves can be measured with the PAM and 

FRRf (for example FRRf ACT2, Chelsea) techniques as well as the functional absorption cross 

section (MULTI-COLOR-PAM or PhytoPAM (II)(Walz).  

On the following section, we will focus on the multi spectral data acquisition. A comparison 

between the new multi spectral fluorometers will be done with a description of their differences. 

A focus will be done on the description of MULTI-COLOR-PAM, the instrumentation chosen 

for this thesis.  

 

b) Multi spectral fluorometers 

The development of LED lights has allowed the implementation of multiple techniques of 

spectral variable fluorescence (Schreiber et al., 2012).  

The present work has been realized with the MULTI-COLOR-PAM, a particular device for 

multi spectral photosynthetic data acquisition. This instrument allows the acquisition of 

photosynthetic data at five different wavelengths. These five different light colors allow the 

construction of the so-called spectral print of a sample and carry to the definition of the 

wavelength dependence of photosynthetic parameters. The wavelengths analyzed are 440, 480, 

540, 590 and 625 nm. These wavelengths have been chosen due to their interest for different 

photosynthetic. 440 nm is the absorption peak of chlorophyll a, 480 nm wavelengths are 

absorbed by carotenoids and chlorophyll c/b; 540 and 590 nm are the peak of absorption for 

phycoerythrin and also fucoxanthin in function of its location in the harvesting pigments 

complexe (Premvardhan et al., 2009, 2008), and 625 nm for phycocyanin but also the red band 

of chl c (Bricaud, 2004; Falkowski & Raven, 2007; Johnsen & Sakshaug, 2007) 

The term “wavelength dependency” refers to a variation in function of specific wavelengths. In 

the case of 14C incubations cited in previous sections (Lewis et al., 1985 a, b) these 

measurements spread over 12 wavelengths covering the visible light spectrum. In the case of 

MULTI-COLOR-PAM there are 5 analyzed wavelengths. It cannot be considered as a full 

spectrum and the terminology of wavelength dependency and its derivatives should be 
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privileged. Nevertheless, and even if the number of measurements is done on a reduced number 

of wavelengths, MC PAM  wavelengths are chosen because of their importance in 

photosynthetic processes and are considered to give a suitable information whatever the 

microalgae group studied and its pigmentary composition. 

 

Figure I.9 : Fast kinetics analysis of fluorescence induction for Sigma(II)λ measurement with the 

triggering file “Sigma100.FMT” on the particular case of a natural phytoplankton community. Figure 

represent the variation of Fluorescence (in volts, V) in function of time (in ms). Each fluorescence 

induction curve at each of the the five wavelengths measured with MULTI-COLOR-PAM are indicated 

in the picture. 

 

MULTI-COLOR-PAM has the potential to use the five different wavelengths for actinic and 

measuring light (AL and ML respectively) in Rapid Light Curves protocols (RLC with MT 

technique) as well as fast kinetics of fluorescence induction (with ST technique to measure 

Sigma(II)λ). As described in Schreiber et al 2012, Sigma(II)λ is defined with a dedicated fitting 

routine controlled with a kinetic trigger file (“Sigma1000.FTM” example in Figure I.9) that 

allow the analyze of the O-I1 fluorescence kinetics. This triggering includes a saturation single 

turnover of 50 µs and 1 ms of illumination period with strong actinic light of 5 colors. The 

functional absorption cross section measured with this technical approach refers to a quasi-dark 

acclimated sample and therefore, this measure is only valid for this reference state. This 

particularity sets the difference with the well-known functional absorption cross section from 

the FRRf methods (Ley & Mauzerall, 1982). Then, the term for functional absorption cross 
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section that would be used in the present Ph-D thesis is Sigma(II)λ and not σPSII. This parameter 

can be associated to the classical optical absorption cross section that describes the absorption 

capacity of cells unlike the σPSII which measures the probability to absorb a photon (Figure I.10) 

(Dubinsky, 1992; Falkowski & Raven, 2007).  

A particular protocol of measurement has been developed in this thesis to analyze wavelength 

dependency in natural phytoplankton communities. Apart from the sample concentration 

required to get values in the good measurement range, it was necessary to increase to 6 the 

number of replicates for the Sigma(II)λ determination. The aim was to have a low variability of 

the measure for each of the 5 wavelengths analyzed. The methodological protocol of measure 

is described in detail in the results chapter II and III.  

 

Figure I.10 : Schematic representation of functional absorption cross section (Falkowski & Raven, 
2007; Fisher et al., 1989). The large elliptical area is the total energy harvested or PSU, the total light-

harvesting area. The ellipses represent the fraction of the absorbed light that leads to photochemical 

reaction. 

 

Nowadays the MULTI-COLOR-PAM is not the unique multi spectral instrument of variable 

fluorescence. In the same PAM methods, it can be found the new PhytoPAM(II) (Walz) which 

also allows the measure at 5 different wavelengths, the fast kinetics and RLC. Nevertheless, 

this instrument is focused on the measurements of the photosynthetic responses by 

phytoplankton groups (with a deconvolution algorithm). On the other hand, the new generation 

of FRRf (Act2 Chelsea) fluorometers present also different wavelengths and the capacity to 

measure functional absorption cross section and RLC but, apart from the basic differences 
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between FRRf and PAM methods of fluorescence induction, this instrument does not allow the 

deconvolution response by single wavelength (protocol are defined for 1, 2 or 3 wavelengths 

used as measuring light only and simultaneously; actinic light is white). The only study to the 

date with wavelength dependency analysis with other technical approaches is the work on the 

new mini-FIRe (Gorbunov et al., 2020). FIRe techniques allow measuring the functional 

absorption cross section σPSII but also maximum quantum yield measures. In these recent works 

developers have focused on a taxonomical approach as the PhytoPAM(II) of Walz and on 

monitoring programs. Apart from the classical variable fluorescence tools, a new multi 

wavelength instrument has been developed with open source software of exploitations by the 

control of Arduino (Hoadley & Warner, 2017). This last work realized on dinoflagellate 

Symbiodinium spp., have also shown the wavelength dependence of PSII absorption capacity 

and the necessity of measuring spectrally resolved photochemical measurements.  

 

1.5.2. Statistical analysis of multi-spectral data 

A specific approach integrating 3 different statistical methods was developed for both spatial 

and temporal scale studies (chapter II and III in this thesis respectively). This section presents 

an overview of each statistical method used to analyze multi spectral photosynthetic data. The 

aim of this methodological section is then to present in detail the steps carried out until the 

selection of the cascading statistical approach chosen as well as some basis and definitions of 

the statistical tools used.  

 

a) Mixed effects models 

Mixed effects models are characterized by the composition by two different components into 

the regression model. On one hand, there is a fixed effect (population) and on the other hand 

the so-called random (individual) effects. Fixed effects refers to the population tendency of the 

variable, i.e. the mean response for a set of measurements made on different samples. The 

random effects refers to the variance between the samples (Crawley, 2007). Random effects 

allow explaining how individuals differ into the population. Mixed models are an important 

tool in the present study because they allow us to analyze the individual response of each sample 

and do not consider the individual response as a part of the error but as an individual 

photoacclimation response. Mixed effects models were already used in precedent ecological 
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studies (Bolker et al., 2009; Chen, 2015; Duursma et al., 2014; Wang et al., 2018; Zolfaghari 

& Duguay, 2016).  

There are different R packages that contain the functions using mixed effects models. 

"nlme"(Pinheiro and Bates, 2000), "lme4"(Bates et al., 2019, 2015) or "saemix"(Comets et al., 

2019). The most well documented is “nlme” (for linear as well as for generalized and non-linear 

mixed models). The main difference between "nlme" and "lme4 "(the one used in this study) is 

that "lme4" uses recent and efficient linear algebra methods, and it includes generalized linear 

mixed models. Despite the fact that "lme4" is less flexible composing complex variance-

covariance structures, it incorporates an implementation of crossed random effects in the way 

that they become easier and faster to calculate and it offers built-in facilities for likelihood 

profiling and parametric bootstrapping. Finally, "lme4" package also allows more flexibility for 

specifying different functions for optimizing over the random-effects variance-covariance 

parameters. In "lme4" there are any p-value calculations. "lmerTEST" package (Kuznetsova et 

al., 2019) allows the calculation of the likelihood ratio test by Satterwaite or Kenward-Roger 

approximations of degree of freedom and it reduces the convergence problems due to for 

example, the reduced number of data. Thanks to these packages it is also possible to estimate 

the p-values that are generally used in ecological studies to evaluate the statistical test 

performed. 

 

b) Partial Triadic Analysis 

Partial Triadic Analysis (PTA) (Thioulouse, 1987) is a special multivariate analysis of the so-

called "cube-data" formed by different k-tables (Figure I.11) that belongs the family of the 

STATIS methods (Lavit, 1988). This kind of analysis is largely used in ecology studies to 

analyze the spatio-temporal variation of different environmental and biological parameters 

(Bertrand & Maumy-Bertrand, 2010; Mendes et al., 2010; Napoléon et al., 2012). In these 

studies, the different variables (columns of each k-tables) are measured at different stations 

(number of k-tables) at different dates (lines from each k-table) and a common spatial structure 

is analyzed for a stable temporal study. In this work the k-tables were defined by each of the 

wavelengths to analyze the variation of photosynthetic parameters among samples for each 

wavelength but also for a common spectral response. 
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Figure I.11 : Representation of the cube data or k-table. Data for each wavelength analysed define de 

depthness of the cube data (bright blue, light blue, green, amber and light red table). Each k-table is 
composed by photosynthetic parameters in columns (detrended photosynthetic data (see chapter II for 

more details) and values at each sample in the lines (defined here with the labeling “st” followed by the 

number of the sample from 1 to X total samples). 

 

In the following chapters of results, this specific analysis is used for both spatial and temporal 

studies. In this section the aim is to help the reader to briefly understand the data preparation 

and how the PTA is performed in this case. Data must be normed by color and organized in 

different k-tables. Once the PTA is performed, the results are presented in three different 

sections: the interstructure, the compromise and the intrastructure. The interstructure describes 

the relationship between the different k-tables. In this study the interstructure gives information 

of the relation or connection between wavelengths for all photosynthetic parameters and 

considering each sample unit. The compromise represents the common structure among 

wavelengths and allows us to summarize the general photosynthetic relation among the 

photosynthetic parameters. Finally, the intrastructure represents the differences to the 

compromise for each wavelength that define the k-tables. Therefore, intrastructure allows us to 

analyze the spectral responses for each sample. 
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1.6. General glossary 

In this thesis it have been used several terms related to photosynthesis and photoacclimation 

concepts. In this glossary the reader will find a compililation of some terms related to light 

quality that are emploied in the following chapters. The terms presented here are used and 

described in the following sections and summarized here in (Table I.I). This glossary contains 

as well synonym terminology in relation to the action spectra theory or the MULTI-COLOR-

PAM method used here that can be found in other works. The aim of this glossary is to allow 

the reader to have the standard nomenclature used in this research domain to better understand 

this work. 

Table I.I : General glossary related to wavelength dependency of photosynthesis theory, 

photoacclimation and light quality terminology 

Terminology Synonyms Definition 

Spectrum and 

spectra 
 

A band or a range of wavelengths for light. 

Here between 440 and 700 nm for PAR and 

visible light. 

Wavelength 

Light color 

Waveband 

Narrow band (in 

opposition to broad band) 

Spectral band 

In this thesis wavelength color  refers to each 

of the different wavelength analyzed with the 

MULTI-COLOR-PAM but these wavelengths 

(terminology used as well as technical report of 

Schreiber et al., 2011 and 2012) refers 

originally to a very narrow band 

Wavelength-

dependency 

Spectral shape 

Spectral print 

Spectrally dependent 

Significant variation of a biological parameter 

in function of wavelength 

Action spectra  
Wavelength dependency of photochemical 

reaction, through alpha measurements 

Absorption 

spectra 
a* ,absorption coefficient 

Absorption capacity along the full spectrum of 

PAR 
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Optical 

absorption cross 

section 

σPSU 

Objective measurement of a molecule to absorb 

light at a given wavelength 

Absorption measurements with a 

spectrofluorometer. 

Functional 

absorption cross 

section 

Effective absorption 

cross section 

σPSII 

Probability of a photon to be absorbed in PSII. 

i.e.,“size” of the photochemical target 

Sigma(II)λ 

(Schreiber et al., 

2012) 

 

Wavelength dependent absorption cross section 

of PSII. Measurement at “referent” dark 

acclimated state independent of Chl a content 

Chromatic 

adaptation or 

acclimation 

 

Changes on quantum yield due to different 

spectral grown conditions, i.e different 

dominant wavelength color or narrow band pic 

(Kroon et al., 1993; Schofield et al., 1996). 

Implies Variation of pigment composition. It is 

also frequently associated with the vertical 

zonation of phytoplankton species (Hickman et 

al., 2009) and macroalgae (Kirk, 2011) 

Enhanced light  
Sum of colors of light in opposition to 

monochromatic or unenhanced light. 

Photoregulation  

Rapid tune of photosynthetic efficiency and 

increase of Non photochemical quenching. It is 

associated with a rapid cycle of xanthophylls 

(Brunet et al., 2011). 
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Photoacclimation 
Ontogenetic adaptations 

(Kirk, 2011) 

Phenotypic variations of macromolecular 

composition (pigments ratio and concentration, 

PSII/PSII, PSU units and RuBisCO as well as 

variations in α and ETRmax of Light responses 

curves 

Photoadaptation 
Phylogenetic adaptation 

(Kirk, 2011) 

Changes in the genetic make-up of different 

species (Falkowski & LaRoche, 1991; Raven & 

Geider, 2003) 

Photoprotection  

Physiological state under high light conditions 

(with energy regulation and/or novo synthesis 

of photosynthetic pigments related to 

photoprotection: photoprotective carotenoids 

and/or xanthophylls. 

PETλ 
Photosynthetic electron 

transport 

Capacity of transport of electrons through the 

photosynthetic chain. This Capacity assessed 

by the photosynthetic parameters derived from 

light curves and together with non 

photochemical quenching and absorption 

capacity, it defines the photosynthetic status of 

cells 
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Light quality 

variations 
 

Variation of the spectral properties of light. It is 

expressed by the variation of a color band 

(previously defined) or the ratio between 

different colors. 

Here the variations of light quality are defined 

for three spectrum bands of interest for 

photosynthesis (i.e. B for blue, G for green and 

R for red) which were obtained via quantum 

integration of spectral bands (410-490, 480-580 

and 600-700 nm, respectively) and the 

variation of their ratio: R/B, G/R and G/B 

Light climate 
Light quantity and quality 

variations 

Light quantity and quality variations in natural 

field 
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II. Wavelength dependence of 

microalgae photosynthetic 

parameters and functional absorption 

cross section of PSII in a temperate 

coastal sea 
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Abstract 

Studying how natural phytoplankton adjust their photosynthetic properties to the quantity and 

quality of underwater light (i.e. light climate) is essential to understand primary production. A 

wavelength-dependent photoacclimation strategy was assessed using a multi-color pulse-

amplitude-modulation chlorophyll fluorometer for phytoplankton samples collected in the 

spring at 19 locations across the English Channel. The functional absorption cross section of 

photosystem II, photosynthetic electron transport (PETλ) parameters and non-photochemical 

quenching were analyzed using an original approach with a sequence of three statistical 

analyses. Linear mixed-effects models using wavelength as a longitudinal variable were first 

applied to distinguish the fixed effect of the population from the random effect of individuals. 

Population and individual trends of wavelength-dependent PETλ parameters were consistent 

with photosynthesis and photoacclimation theories. The natural phytoplankton communities 

studied were in a photoprotective state for blue wavelengths, but not for other wavelengths 

(green, amber and light red). Population-detrended PETλ values were then used in multivariate 

analyses (partial triadic analysis and redundancy analysis) to study ecological implications of 

PETλ dynamics among water masses. Two wavelength ratios based on the microalgae saturation 

parameter Ek (in relative and absolute units), related to the hydrodynamic regime and 

underwater light climate, clearly confirmed the physiological state of microalgae. They also 

illustrate more accurately that natural phytoplankton communities can implement 

photoacclimation processes that are influenced by in situ light quality during the daylight cycle 

in temporarily and weakly stratified water. Ecological implications and consequences of PETλ 

are discussed in the context of turbulent coastal ecosystems. 
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2.1. Introduction  

In nature, phytoplankton must respond to multiple variations in the quantity and quality 

of light (i.e. light climate) at different temporal (from day to year) and spatial (from 

environmental coastal gradients to large hydrological structures) scales (MacIntyre et al., 2000; 

Dubinsky & Schofield, 2010). It is well known that microalgae have a strong ability to 

photoregulate, photoacclimate and photoadapt to these variations, as demonstrated by many 

articles and reviews (e.g. Anning et al., 2000; Dubinsky & Stambler, 2009). Kirk (2011) 

reviewed these photobiological processes and defined them as ecological strategies, 

highlighting the role of the light climate. Microalgae adapt to variability in the light climate 

through phylogenetic adaptations and ontogenetic acclimation. Evidence of phylogenetic 

adaptation has existed since Engelmann (1883) developed chromatic adaptation theory and has 

experienced some controversy (e.g. Bidigare et al., 1990; Falkowski & LaRoche, 1991). 

Pigment composition and thus cell absorption spectra, which determine light-use efficiency, 

have evolved to match the spectral characteristics of the prevailing light in a water mass. 

Ontogenetic acclimation in response to light conditions at the time of cell growth and 

development may modify a species’ pigment composition and photosynthetic functioning, thus 

significantly influencing wavelength-dependent light absorption. Physiological state and 

photosynthetic properties of phytoplankton can be studied by using photosynthetic light-

response (P-E) curves to estimate photosynthetic activity as light levels increase (Jassby & Platt, 

1976). Light-use efficiency (initial slope, α) and maximum photosynthetic rate (ρmax) 

parameters of P-E curves are the two main parameters traditionally used to investigate 

biophysical, biochemical and metabolic processes that influence photosynthesis (MacIntyre et 

al., 2002; Falkowski & Raven, 2007) in response to variations in the light climate. 

Understanding better the response of cells to potential light stress in surface water also requires 

studying the distribution of light energy between the photochemical and non-photochemical 

pathways, which includes thermal dissipation of excess absorbed light energy (Lavaud, 2007). 

These processes are well documented for diatoms (Brunet & Lavaud, 2010) and can be studied 

easily by quantifying the light response (E) of non-photochemical quenching (NPQ, Serôdio & 

Lavaud, 2011).  

Measuring the light absorption capacity of microalgae is essential to estimate the survival and 

production capacity of cells, and for ecologists to assess photosynthetic activity and primary 

production. To this end, a new generation of commercial fluorometers (e.g. multi-color pulse-

amplitude-modulation (PAM) chlorophyll fluorometer (Heinz Walz GmbH, Germany), mini-
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FIRe (Gorbunov et al., 2020) has been designed to study wavelength dependence of 

photosynthetic electron transport (PETλ) in relation to the light absorption capacity and/or to 

focus on general photosynthetic activity of phytoplankton groups in a given ecosystem (e.g. a 

fast repetition rate fluorometer (Chelsea Technologies Group Ltd., United Kingdom), FFL-40 

(Photon Systems Instruments, Czech Republic). In limnology and oceanography, nearly all 

studies that included in vivo chlorophyll a (Chla) variable fluorescence have measured direct 

light absorption capacity and photosynthesis for only one color of light. In most PAM 

techniques blue and red wavelengths (±470 and 650 nm) were typically used for measuring 

lights. In most recent FRR studies, blue wavelength (±450 nm) were typically used for 

measuring because it is one of the main spectral bands absorbed by Chla (400-500 nm), the 

most common and abundant photosynthetic pigment, and the dominant color in the marine 

environment (Schreiber et al., 2012). One exception is the recent study of Houliez et al., (2017), 

who performed the first in situ measurements of light absorption capacity and photosynthetic 

yield with blue (458 nm) and amber (593 nm) lights in the Baltic Sea. However, since it focused 

on the specific problem of measuring fluorescence rise in cyanobacteria, its results cannot be 

generalized to other phytoplankton groups. 

Many studies have shown that pigment absorbance by microalgae is strongly correlated with 

the spectral transmittance of water and its components (Hickman et al., 2010; Lawrenz & 

Richardson, 2017). Colored dissolved organic matter (CDOM) and suspended particle 

concentrations can dramatically change the quantity and, especially, quality of light in coastal 

water (Kirk, 2011). To help Chla absorb light energy at different wavelengths, microalgae have 

a variety of accessory pigments. For example, the ecological success of diatoms is due to their 

pigment signature (Falkowski & Knoll, 2007), which includes Chla, Chlc and fucoxanthin 

(which expand the spectral absorption band to 580 nm), along with β-carotene and the 

xanthophylls involved in photoprotection (Brunet & Lavaud, 2010; Jeffrey et al., 2011). This 

diversity of pigments enables brown algae, such as diatoms, to be more effective than green or 

red algae (Lavaud, 2007) in many systemsin turbulent systems or in the mixed layer of the 

coastal ocean. However, the photosynthetic apparatus can acclimate to variations in light 

climate by changing cell pigment concentrations and/or ratios (MacIntyre et al., 2002). This 

can change the shape of the light-absorption spectrum and influence the efficiency of 

photosynthesis (Barlow et al., 2013, 2017). When light decreases, pigment concentrations 

usually increase in cells during growth, with or without wavelength-dependent changes in light 

absorption (Falkowski & LaRoche, 1991). In addition, pigment concentration can also increase 
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due to an increase in the size and/or number of photosynthetic units (i.e. antennas containing 

light-harvesting pigments) (Dubinsky & Stambler, 2009) depending on the phytoplankton 

group and ecosystem. Under high light conditions, cells increase the reaction center number 

with a smaller antenna size, inducing higher values of ρmax. On the opposite, under low light 

conditions, cells increase their antenna size, inducing higher values of α. However, light 

harvesting by cells is not always correlated with pigment concentration due to mutual shading 

of the increasing density of pigment molecules, i.e. the “package effect” (Bidigare et al., 1990). 

In response to changes in light color, an effective photoacclimation mechanism was observed 

in cyanobacteria that involves regulating “complementary chromatic adaptation” (CCA) 

(Kehoe & Gutu, 2006). CCA involves strong restructuring of photosynthetic antennas through 

pigment concentrations, including pigment-binding antenna proteins. Diatoms have fewer 

flexible binding proteins, such as fucoxanthin-chlorophyll a/c-binding antenna pigment-

proteins complexe (FCPs), than cyanobacteria with which to perform classic CCA; however, 

diatom fucoxanthin may have different positions in the light-harvesting complex proteins of the 

antenna, which provide different levels of energy transfer as a function of light quality 

(Premvardhan et al., 2008). Through pigment analyses, Brunet et al., (2014) showed that 

spectral composition strongly influences the balance between light harvesting and 

photoprotective capacity of diatoms. Valle et al., (2014) and Schellenberger Costa et al., 

(2013a) observed that the energy transfer efficiency of light-harvesting pigments is wavelength-

dependent and that diatoms’ ability to activate photoprotection and repair a photodamaged 

photosystem II (PSII) effectively depends on light quality. Orefice et al., (2016) observed that 

variations in the light spectrum change the photophysiology and biochemistry of diatom cells. 

Many other wavelength-dependent responses of cyanobacteria and eukaryotic phytoplankton 

have been observed, especially in laboratory studies of cultures (Schreiber & Klughammer, 

2013; Szabó et al., 2014a,b; Herbstová et al., 2015; Lawrenz & Richardson, 2017; Luimstra et 

al., 2018, 2020). Most field studies of wavelength-dependent acclimation focused on 

relationships between accessory pigments, the shape of phytoplankton absorption spectra and 

the underwater light climate (Hickman et al., 2009; Barlow et al., 2017), but few measured 

photosynthetic parameters at different wavelengths. Some early studies used the carbon 

absorption technique and determined α (in multispectral incubators), whose spectral correction 

through the water column and/or between different water masses has been studied intensively 

(Lewis et al., 1985 a,b; Kyewalyanga et al., 1992, 1997, 2002). 
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In the present study, we focused on wavelength-dependent parameters: α, ETRmax, Ek, non-

photochemical quenching (NPQ) and light absorption capacity from 440-625 nm for different 

natural phytoplankton communities sampled across environmental gradients of a coastal sea. A 

specifically dedicated device − the multiple excitation wavelength chlorophyll fluorescence 

analyzer (MULTI-COLOR-PAM, Heinz Walz, Germany) − was used in its full capacity for the 

first time in a field study. α, ETRmax, Ek and Eop parameters were determined from PE 

measurements at five wavelengths as a function of the functional absorption cross section of 

PSII and NPQ for 19 locations sampled across the English Channel (EC). The EC is an 

epicontinental sea that is particularly suitable for studying photoacclimation strategies of 

microalgae, since its ecosystem has many environmental gradients between coastal and 

offshore water due to freshwater runoff and high tidal currents (Brunet et al., 1992; Brylinski 

et al., 1991). This area is dominated by diatoms and the Haptophyceae Phaeocystis globosa 

during the spring bloom (Breton et al., 2006; Houliez et al., 2013b, 2013a). The wavelength 

dependence of light absorption capacity is related to the composition of PSII antenna pigments, 

which changes in natural samples depending on phytoplankton community structure and 

specific photoacclimation processes in a given light climate. Therefore, we tested the 

hypothesis that phytoplankton PETλ change in shape and level along environmental gradients 

of light quantity and/or quality and phytoplankton community structure (Figure II.1). 

 

 

 

Figure II.1 : Conceptual diagram illustrating the hypothesis of photosynthetic parameter variation in 
function of wavelength under two contrasted and hypothetic light climate conditions (from the left to the 

right: light quantity variation, light quality variation and combined quality and quantity variation). The 
trend and shape of spectral variation aims to be an illustration and do not represent an expecific result 

of any photosynthetic parameters. 
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The specific questions investigated in this study lay in three categories:  

- Are the photosynthesis responses by wavelength observed consistent with theories on 

photosynthesis and photoacclimation? Are there trends in the spectral signature of each 

PETλ parameter? 

- Are spectral photosynthesis responses consistent with environmental conditions? Which 

abiotic and abiotic variables best explain the physiological state of phytoplankton? 

- What are the ecological implications of wavelength dependence and plasticity of PETλ 

parameters? 

To address these issues, an original analytical approach was developed that used three 

sequential statistical analyses: linear mixed-effects models, partial triadic analysis and 

redundancy analysis.  

 

2.2. Materials and methods 

2.2.1. Sampling area and strategy 

Data were collected during a combined sampling campaign of the JERICO-NEXT program and 

the 2018 ECOPEL cruise in the EC, from the Strait of Dover (50°58.7’ N, 1°36.64’ E) to Brest 

(48°20.59’ N, 5°25.03’ W) from 18 April to 2 May 2018 (Figure II.2). Water was sampled at 

19 locations at a depth of 2 m from inshore to offshore water (using a 20 L Niskin bottle) at 

different times of day. This zigzag sampling strategy was chosen to consider hydrobiological 

gradients between coastal/offshore and east/west waters (Vantrepotte et al., 2007b, 2012). To 

characterize the sampling hour, which can influence phytoplankton physiology, we calculated 

the number of hours that had elapsed since sunrise, which represents the recent light history of 

cells (i.e. time since sunrise named as TSS). The EC is an epicontinental macrotidal temperate 

system with strong hydrodynamics and substantial river inputs, which provide contrasting light 

climates that are useful for testing the wavelength-dependence hypothesis of photosynthesis in 

natural phytoplankton communities. The water bodies sampled were thus used to experiment 

with different light climates along environmental gradients and with changes in phytoplankton 

community structure. 
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Figure II.2 : Sampling locations (n=19 among 55 locations sampled) for the study of phytoplankton 
wavelength dependence in the English Channel during the ECOPEL campaign in April 2018. The 

framed station numbers refer to thermal and haline stratified water columns. 

 

2.2.2. Controlling variables of photosynthesis 

Two types of variables that could control photosynthesis were analyzed as ex-situ experimental 

conditions under which the communities grew: i) abiotic variables and ii) biotic variables that 

describe the phytoplankton community structure. 

a) Abiotic variables: Hydrological and light measurements 

At each location, conductivity-temperature-depth (CTD) casts were conducted using a SBE25 

CTD (Sea-Bird Scientific, USA). Water samples were filtered through a microfiber filter 

(Whatman GF/C or GF/F), and aliquots were then stored at -20°C until further processing for 

dissolved inorganic nutrient concentrations. Concentrations of dissolved inorganic nitrogen 

(DIN i.e. NO3+NO2), phosphate (PO4), and silicate (Si(OH)4) were measured with an Integral 

Futura Autoanalyzer II (Alliance Instruments) according to the method of Aminot et Kérouel 

(2004). 

Underwater spectra were measured with a spectroradiometer RAMSES ACC-VIS 

hyperspectral radiometer (TriOS GmbH, Germany) throughout the euphotic layer, but the 

present study considered only spectroradiometer measurements at the surface to 2.5 m depth. 

Spectroradiometer measurements were made in triplicate (on all spectrum) in the water column, 

every 50 cm, from the depth where the sensor was not discovered by the waves. 
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Spectroradiometer measurements were made in triplicate (on all spectrum) in the water column, 

every 50 cm from the depth where the sensor was not discovered by the waves. The photon 

fluence rate was measured every 3 nm from 400-700 nm. Three spectrum bands of interest for 

photosynthesis (i.e. blue (B), green (G) and red (R)) were obtained via quantum integration of 

spectral bands (410-490, 480-580 and 600-700 nm, respectively). These spectral bands, 

expressed in µmol-photons.m-2.s-1, were chosen according to the study of Brunet et al., (2014). 

Intensity ratios for three pairs of spectral bands were then calculated (i.e. R/B, G/B and G/R) 

and used as light-quality ratios that depended on the overall chemical and biological 

characteristics of the waters sampled (Jaubert et al., 2017). Finally, averages of these ratios 

were calculated for replicates of the same depth and over a depth interval ranging between the 

first depth where it was possible to perform a measurement and the depth of 2.5 m. Depth 

profiles of photosynthetically active radiation (PAR; 400-700 nm) were obtained using a PAR 

quantameter (LI-193 4pi steradians from Biospherical Intruments Inc., USA) connected to the 

CTD. Vertical diffuse attenuation coefficients for PAR were calculated as follows:  

𝐾𝑑(𝑃𝐴𝑅)  =  
𝑙𝑛 (𝐼0) –  𝑙𝑛 (𝐼𝑧) 

𝑧
 (1) 

 

where Kd(PAR) is the downwelling diffuse attenuation coefficient of underwater light, and I0 and 

Iz are photon fluence rates (µmol photons.m-2.s-1) at the surface and depth z (m), respectively 

(Kirk, 2011).  

The depth of the euphotic layer (Zeu), defined as the depth at which light intensity equals 1% of 

that at the surface, was then calculated (Eq. 2) for each location according to (Kirk, 2011): 

𝑍𝑒𝑢 =
4.6

𝐾𝑑(𝑃𝐴𝑅)
 (2) 

 

Vertically averaged light intensity (Eavg) in the mixed layer was calculated (Eq. 3) according to 

Riley (1957):  

𝐸𝑎𝑣𝑔 =
𝐼0(1 − 𝑒(−𝐾𝑑(𝑃𝐴𝑅)𝑥𝑍𝑢𝑚𝑙))

𝐾𝑑(𝑃𝐴𝑅)𝑥𝑍𝑢𝑚𝑙
 (3) 

 

The depth of the upper mixed layer (Zuml) was defined from the CTD profiles using vertical 

density gradients, caused by vertical temperature and salinity gradients, according to (Van 
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Leeuwen et al., 2015). The water column was considered to be stratified if the difference in 

density between the surface layer (0-1.5 m below the surface) and the bottom layer exceeded 

0.086 kg.m-3, which corresponded to a difference of 0.5°C or 0.11 PSU for waters at 10°C and 

34.5 PSU (Lowe et al., 2009). Thus, Zuml is the depth of the water column without stratification. 

This approach allowed us to consider that water columns in the EC, which are usually 

considered to be mixed, may be occasionally stratified and thus influence phytoplankton 

physiology (Van Leeuwen et al., 2015). Finally, we calculated the ratio Zeu/Zuml for each 

sampling location as a measure of light availability in water, one of the key factors in 

phytoplankton photoacclimation (Jensen et al., 1994; Wang et al., 2011). 

b) Biotic variables: phytoplankton groups, biomass and sample preparation 

The FluoroProbe sensor (a multi-wavelength fluorometer, bbe Moldaenke GmbH, Germany) 

was used to estimate the composition of natural phytoplankton communities, as in several other 

studies (Houliez et al., 2013a, 2013b; Kring et al., 2014; Houliez et al., 2015). The FluoroProbe 

distinguished four groups of microalgae in vivo and instantaneously: i) diatoms plus 

dinoflagellates (i.e. “brown algae”); ii) Haptophyceae, concretely Phaeocystis globosa in the 

eastern EC (Houliez et al., 2012a); iii) Cryptophyceae and iv) Cyanophyceae. The biomass of 

each group was estimated as an equivalent concentration of Chla (µg.L-1). See Beutler et al., 

2002) for more details about the FluoroProbe. For all photosynthetic parameters parameters, 

phytoplankton samples were concentrated using a nylon phytoplankton net with a 20 µm mesh 

and 30 cm diameter (Aqatic Research Instrument, USA) and then kept in the dark under 

temperature-controlled conditions at temperature close to the water sampled and in air-

conditioned laboratory before measuring photosynthesis. To measure photosynthesis 

accurately, the phytoplankton were concentrated to ensure that all samples had the same range 

of Chla concentration (ca. 100 µg.L-1). Phytoplankton biomass in each group was estimated 

with the FluoroProbe before and after concentrating it. Since sampling with a net can change 

the structure of the original community, we considered the experimental conditions as ex situ. 

Regardless of the original structure of the natural communities sampled, concentrated samples 

responses were the focus of this study. 
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2.2.3. Wavelength-dependent photosynthesis parameters and functional 

absorption cross section of PSII 

Wavelength-dependent PETλ was studied using the MULTI-COLOR-PAM, which is 

particularly suitable for studying the PETλ of phytoplankton (Schreiber et al., 2012; Szabó et 

al., 2014a). It provides pulse-modulated measuring light, continuous actinic light, single-

turnover light pulses and multiple-turnover or saturation pulses with peak wavelengths at 440, 

480, 540, 590 and 625 nm (i.e. bright blue, light blue, green, amber and light red, respectively). 

See Schreiber et al. (2012) for a full description. 

Before measuring PETλ, samples were first dark-acclimated for 2.5 h (a compromise between 

the analyses and sampling strategy), without far red exposure (that would blocked the device 

for too long for the many measurements required). The time of dark acclimation aims to 

optimize the maximum quantum yield of PSII measurements and neutralize the recent light 

history of cells (sampled in water columns of different depths and optical properties). It has 

been shown that there is not an universal protocol and the time required can exceed the 

classically considered time of 30 minutes and, in certain circumstances, periods of more than 2 

hours are necessary (From et al., 2014). First, each dark acclimated sample was homogenized 

within an optical quarz cuvette with a magnetic stirrer then the light sensor US-SQS/WB 

Spherical Micro Quantum Sensor (Heinz Walz, Germany) was placed into the center of the 

cuvette to measure the photon flux density at each wavelength. This step provided the “PAR-

list” file for each sample, which was used for all later measurements of that sample. Water 

samples filtered at 0.2 µm were used to determine the zero offset (i.e. the background signal to 

subtract from the total fluorescence signal at each wavelength). Next, a subsample of each dark 

acclimated sample was placed in a 2.5 mL cuvette with a 1 cm path length to adjust the 

measuring light and gain settings to it in order to obtain the same current fluorescence (F) level 

of 0.5 ± 0.05 (relative units) for all wavelengths and to get a good signal-noise ratio. This last 

step was used to compare fluorescence-rise kinetics (Szabó et al., 2014a). 

Then, fast kinetic photosynthesis was measured to determine the wavelength-dependent 

functional absorption cross section of PSII (i.e. Sigma(II)λ) by measuring O-I1 fluorescence-

rise kinetics repeatedly, as described by Schreiber et al. (2012). Sigma(II)λ was estimated using 

the pre-programmed fast kinetic trigger file “Sigma1000.FTM”, in the same way as Szabó et 

al., (2014a, b) and Schreiber & Klighammer dit. In this phase of fast fluorescence, “O” was 

minimal fluorescence yield corresponding to all PSII reaction centers open. The full closure of 
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PSII reaction centers during a standard 1 ms long actinic illumination period was then induced 

and the corresponding fluorescence level was determined (I1-level). Sigma(II)λ was calculated 

according to Schreiber et al. (2012) as: 

𝑆𝑖𝑔𝑚𝑎(𝐼𝐼)𝜆 =
1

𝜏 ∗ 𝐿 ∗ 𝑃𝐴𝑅
 (4) 

 

where τ is the time constant of light driven QA reduction (ms) determined from the fast 

fluorescence kinetics measurements, L the Avogadro's constant (6.022.1023 quanta.(mol 

photons)-1), and PAR is the photon flux of the light driving the O–I1 fluorescence rise. 

Sigma(II)λ was calculated by the user software interface (PAM-Win-3, Heinz Walz) based on 

the fitted value of the time constant Tau (i.e. that of QA-reduction during the O-I1 rise) obtained 

from three consecutive measurements separated by 10-s dark intervals, according to 

Klughammer & Schreiber (2015). Following this method, the estimate of Sigma(II)λ is 

independent of Chla concentration. Sigma(II)λ was determined from six subsamples to estimate 

the mean and variance of each natural community accurately (Figure II.3). 

 

Figure II.3 : Variance of the functional absorption cross section of photosystem II (Sigma(II)λ) by 
wavelength as a function of the number of replicates. See Schreiber et al. (2012) for more details about 

Sigma(II)λ and protocol measurements with the MULTI-COLOR-PAM (Heinz Walz GmbH, Germany) 

 

Next, automated rapid light curves (RLC) of the PETλ were determined in triplicate (i.e. three 

independent samples) at each of the five wavelengths. For each RLC, samples were exposed to 

14 actinic increasing light intensity levels, each 20 s long, as defined in the PAR-list file for 

each sample and wavelength. Hereafter, “PAR” refers to the photon flux measured at each 
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wavelength, and the same wavelength was always used for the measuring light and actinic light. 

Saturation pulse settings were defined at a width of 300 µs. The effective quantum yield of PSII 

(Y(II)) was calculated at each step (Eq. 5). An initial step at 0 µmol photons.m-2.s-1 was used 

to determine the maximum Y(II) (Fv/Fm) for samples acclimated to the dark for a long period 

(2.5 h) (Eq. 6). The relative electron transport rate (r.ETR) was then determined using Y(II), 

the PAR intensity of the corresponding wavelength (from the PAR-list file) and an arbitrary 

factor of 0.5 to indicate that PSI and PSII absorb light equally (Eq. 7). The wavelength-

dependent absolute electron transport rate of PSII (ETR(II)) was then calculated from 

Sigma(II)λ (nm-2), Avogadro’s number (L, 6.022.1023 quanta (mol photons-1)) and the PAR 

intensity at each wavelength (Eq. 8 and 9). 

𝑌(𝐼𝐼) =
𝐹′

𝑚 − 𝐹

𝐹′
𝑚

 (5) 

𝐹𝑣

𝐹𝑚
=

(𝐹′𝑚  – 𝐹0) 

𝐹′𝑚
 (6) 

𝑟𝐸𝑇𝑅 = 𝑌(𝐼𝐼) 𝑥 𝑃𝐴𝑅 𝑥 0.5 (7) 

𝑃𝐴𝑅(𝐼𝐼) = 𝑆𝑖𝑔𝑚𝑎(𝐼𝐼)𝜆 𝑥 𝐿 𝑥 𝑃𝐴𝑅 (8) 

𝐸𝑇𝑅(𝐼𝐼) = 𝑃𝐴𝑅(𝐼𝐼)𝑥 (
𝑌(𝐼𝐼)

𝐹𝑣
𝐹𝑚

) (9) 

 

NPQ was calculated as the normalized Stern-Volmer quenching coefficient (Eq. 10), according 

to Bilger & Björkman (1990): 

𝑁𝑃𝑄 =
𝐹𝑚

𝐹′
𝑚

− 1 (10) 

 

All photosynthetic parameters were obtained in triplicate for the five wavelengths of MULTI-

COLOR-PAM for each sample. 

The Eilers and Peeters (1988) model was used to fit r.ETR vs. PAR and ETR(II) vs. PAR(II) 

curves to estimate three photosynthetic parameters for each wavelength: light-use efficiency 

(i.e. α, the initial slope of the ETR vs. PAR curve), the maximum electron transport rate 

(ETRmax)) and the optimum light parameter (Eop) in relative (r) and absolute (II) units. The light 
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saturation parameter (Ek) was also calculated in the two units as Ek = ETRmax/α (Talling, 1957). 

To estimate the degree of photoacclimation of the phytoplankton communities, the Ek,440/Eavg 

ratio in Zuml at sampling was calculated for each location. The Ek ratios (in relative and absolute 

units) of three pairs of wavelengths (625/440, 540/440 and 540/625 nm) were calculated in the 

same way as the three pairs of in situ spectral bands (i.e. R/B, G/B and G/R measured at a depth 

of 2.5 m).  

The Michaelis-Menten (1913) model was used to fit NPQ vs. PAR curves. A linear regression 

that forced the intercept to zero was used when the kinetics of these curves differed from the 

Michaelis-Menten model. Since two models were used, NPQ values were back-calculated using 

the calibrated models at two irradiances (of P-E curves) for each wavelength: low PAR (300 

µmol photons.m-2.s-1) and, for saturating conditions, high PAR (1200 µmol photons.m-2.s-1), 

according to Szabó et al. (2014). 

All P-E curves were fitted using the “fitEP” function of the “phytotools” package of R software 

specifically designed to fit phytoplankton photosynthesis curves using simulated annealing 

(Silsbe & Malkin, 2015). The curves for r.ETR vs. PAR, ETR(II) vs. PAR(II) and NPQ vs. 

PAR were fitted for the three aggregated replicates, and all photosynthetic parameters were 

obtained at each of the five wavelengths. 

 

2.2.4. Statistical analyses 

All statistical analyses were performed with R version 3.6.0 (R Core Team, 2020). For abiotic 

variables, the expectation-maximization with bootstrapping algorithm of Amelia II (Honaker et 

al., 2011) was used to determine missing values (n=2) of light quality data. Principal component 

analysis (PCA) (Legendre & Legendre, 2012) of abiotic and biotic variables was performed 

using the "PCA" function of the "FactoMineR" package (Husson et al., 2020) to determine the 

internal structure of locations that best explained the variance in teach datasets.  
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Figure II.4 : Diagram of the three-step numerical method used after fitting the electron transport rate 
(ETR) vs. photosynthetically active radiation (PAR) curve: linear mixed-effects models, Partial Triadic 

Analysis and Redundancy Analysis. 
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Statistical analysis of photosynthetic parameters followed a three-step approach (Figure II.4). 

First, wavelength dependence of each parameter was analyzed using a linear mixed-effects 

model (LMEM). Mixed-effects models are commonly used to fit regressions to repeated (i.e. 

longitudinal) measures (over time and/or space) by separating the variance explained by the 

main effects from that explained by random sampling, while considering the wavelength 

dependence of individuals. The most parsimonious model was linear, and higher-degree 

polynomials were not significant. LMEMs (Bates et al., 2015; Zuur, 2009) were thus used to 

analyze the population trend across wavelengths for each parameter. LMEMs were fitted using 

the "lmer" function of the "lmer4" package (Bates et al., 2019). Random effects, defined as 

differences of the locations from the population trend (intercepts and slopes), were used to study 

individual photoacclimation processes. Wavelengths from 440-625 nm were transposed to 0-

185 nm to decrease uncertainty in the model intercept. Hypothesis tests were based on t-tests 

(for the intercept and slope of fixed effects) and likelihood-ratio tests based on the χ2 null 

hypothesis (for random effects) (Pinheiro and Bates, 2000).  

Second, each wavelength-dependent photosynthetic parameter was detrended by calculating 

individual differences from the population trend (from LMEMs) and then used in partial triadic 

analysis (PTA) (Thioulouse, 1987). PTA analyzes several two-way tables simultaneously (i.e. 

K-tables method). Five tables (one per wavelength) that contained 8 photosynthetic parameters 

(in columns) and 18 locations (in rows) were analyzed. Before analysis, all parameter values 

were centered and reduced based on their overall ranges from all tables. PTA identifies 

structures that are the same in all tables and assesses their stability among wavelengths. PTA 

was performed using the "pta" function of the "ade4" package (Dray et al., 2015), and related 

graphics were created with the “adegraphics” package (Siberchicot & Julien-Laferrière, 2018). 

PTA was applied in three steps − interstructure (an ordination), compromise and intrastructure 

analysis − which correspond to co-variance, mean and variance structure analysis, respectively 

(Lavit et al., 1994; Mendes et al., 2010). 

Third, redundancy analysis (RDA) of the same five wavelength-detrended tables as for the PTA 

was performed to test for relationships between wavelength-dependent photosynthetic 

parameters and explanatory abiotic and biotic variables. Data were centered and reduced before 

analysis. Explanatory variables were selected for the model using an automatic stepwise model 

with the "ordiR2step" function of the "vegan" package (Oksanen et al., 2019) that performs 

forward selection based solely on the adjusted R2 and p-value (199 permutations). At each step, 

the variable with the highest additional fit was added to the model.  
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2.3. Results 

2.3.1. Abiotic and biotic variables 

The ex situ experimental conditions determined by the abiotic PCA showed contrasting results. 

For abiotic variables the first two axes of the PCA explained 65.1% of total inertia (49.5% and 

16.6%, respectively) (Figure II.5-A). The first axis distinguished samples based on their light-

quality ratios (R/B, G/B and G/R), vertical light attenuation coefficient (Kd(PAR)), Zeu, Zuml, 

salinity and PO4 concentration (Figure II.5 -A). The second axis distinguished samples based 

on their DIN concentration, temperature, Si(OH)4 concentration and light intensity at a depth 

of 2 m (PAR2m) (Figure II.5). Three groups of samples were distinguished. Group 1 (samples 

22, 12, 18, 38, 33, 31 and 49) had intermediate-to-high DIN (>2 µmol.L-1, up to 30 µmol.L-1 

near Seine Bay) and temperatures (9.5-12.0°C), low-to-intermediate salinity (< 34 PSU) and 

PAR2m (20-182 µmol photons.m-2.s-1), the highest R/B and G/B ratios (mean of 0.9 and 1.9, 

respectively), the highest Kd(PAR) (0.2-0.5 m-1), the shallowest Zeu (9-23 m) and Zuml (6.5-21.0 

m), and the lowest G/R ratio (±2). On the opposite side of the factorial map, group 2 (samples 

43, 45, 46, 28, 37 and 53) had the highest PO4 and Si(OH)4 concentrations (> 1 and 0.5-2.0 

µmol.L-1, respectively) and salinity (mean of 35 PSU), the lowest R/B and G/B ratios, the 

highest G/R ratios, the lowest Kd(PAR) (0.07-0.17 m-1), and the deepest Zeu (26-63 m) and Zuml 

(17-78 m). Group 3 (samples 8, 10, 13, 25, 35 and 41) had intermediate salinity (33.5-35.0 

PSU), the lowest temperatures (<10°C) and DIN concentration, intermediate light-quality 

ratios, and the highest PAR2m, but with high variability (116-930 µmol photons.m-2.s-1). Thus, 

PAR in the abiotic PCA did not distinguish sampling locations well, nor did TSS. Samples had 

TSS less than 2 h (samples 10, 18, 28, 33, 38, 46, 49 and 53), greater than 10 h (samples 22, 

31, 37 and 45) or values between the two (samples 8, 10, 13, 25, 35, 41 and 43). Group 1 had 

locations near the coast, while group 2 had locations offshore. Detailed information on abiotic 

variables is shown in the Supplementary material, Figures SM II.1 and SM II.2. 
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Figure II.5: The first two axes of the Principal Component Analyses (PCA) performed on: A) abiotic 

variables and B) biotic variables (biomass of the four phytoplankton groups determined by the bbe 

fluoroprobe), considering the 19 sampling stations. The % of explained variance for each axes is 

specified. The contribution (contrib) of each variable is indicated by a gray color scaling 

 

The biotic PCA based on FluoroProbe measurements of the biomass of main phytoplankton 

groups (Figure II.5 B) distinguished samples mainly based on the biomass of P. globosa; 

however, the range of variation was low (±25%). The first axis distinguished P. globosa from 

other brown algae (diatoms and dinoflagellates) and cryptophytes, while the second axis 

distinguished Cyanobacteria (bluegreen). The results indicate that P. globosa co-dominated 

with diatoms at several locations, and P. globosa dominated only samples from locations 10, 

12, 18 and 22. Samples from three locations (41, 43 and 46) contained the most cyanobacteria. 

Details of phytoplankton groups by location are shown in the Supplementary material, Figure 

SM II.3. 

 

2.3.2.  Wavelength-dependent photosynthetic parameters from linear mixed-

effects models  

Fixed effects of the LMEMs represented the population trend of each photosynthetic parameter 

once the spatial nature of the data sampling was considered (Figure II.6). All intercepts were 

significant, indicating that all parameters differed from zero in the bright blue wavelength (440 

nm) (Table II.I). Wavelength dependence led to a significant slope of the fixed effect for all 

parameters except ETRmax(II) and Eop(II), but the sign of each slope varied among parameters. 
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While the slope of Fv/Fm was significant, its small decrease across wavelengths was considered 

null for simplicity.  

 

Figure II.6 : Raw data of each photosynthetic parameter (see glossary in section 1.6 and list of symbols 

and abbreviations for definitions) of the 19 samples by wavelength and the fixed effect (red line) of 

linear mixed-effect models (i.e., wavelength dependence at the population level).  
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Table II.I : Results of the linear mixed-effects models for photosynthetic parameters (see glossary in 

section 1.6 and list of symbols and abbreviations for definitions): best estimates of standard error and 
significance (for fixed effects) and the significance of individual variation (for random effects). 

Hypothesis tests were based on t-tests (for the intercept and slope of fixed effects) and likelihood-ratio 

tests and the p-value based on χ2 statistics (for random effects). Significance codes: *** p <0.00, ** p 

<0.01, * p < 0.05, ns: non-significant. 

 Fixed effects Random effects 

 Parameters Intercept Std. Errors Slope Std. Error Intercept Slope 

FV/Fm 0.61*** 0.01 -0.00012*** 0.00002 *** ns 

Sigma(II)λ 6.08 *** 0.03 -0.0241*** 0.0011 ** ns 

r.ETRmax 41.19*** 5.26 0.44*** 0.04 *** *** 

ETRmax(II) 527.42*** 35.84 -0.09 ns 0.20 *** * 

r.α 0.21*** 0.007 0.00029*** 0.00004 *** ns 

α(II) 0.57*** 0.03 0.0015*** 0.0001 *** ns 

r.Ek 200.94*** 21.78 1.39*** 0.12 *** ** 

Ek(II) 905.92*** 43.81 -1.72*** 0.32 *** ** 

r.Eop 1998.90*** 141.01 -1.69ns 0.90 *** ns 

Eop(II) 5737.18*** 405.36 -18.43*** 2.44 *** ns 

NPQ300 0.90*** 0.06 -0.004*** 0.0003 *** ns 

NPQ1200 1.94*** 0.111 -0.006*** 0.0004 *** ns 

 

Sigma(II)λ is a key parameter since it connects relative and absolute parameters such as α, 

ETRmax, Ek and Eop. Sigma(II)λ decreased by a factor of 3 across wavelengths (from 6 to 2 nm2). 

Conversely, r.ETRmax increased by a factor of 3 (from 50 to 150), which may have counteracted 

the decrease in Sigma(II)λ and led to the null slope of ETRmax(II). Parameters r.α and α(II) 

increased as wavelength increased, and sharply for the latter, which increased by a factor of 2. 

Since Ek is the ratio of ETRmax to α, r.Ek increased and Ek(II) decreased as wavelength increased. 

Since Eop values were highly scattered, they were not considered in later analyses. Since NPQ 

was estimated at low and high PAR from the P-E curves (300 and 1200 photons.m-2.s-1, 



 

58 

 

respectively), trends in the NPQs were opposite to these in r.α and r.ETRmax and sometimes 

higher, which had more influence on the values of these parameters under the blue wavelengths 

(NPQ440 and NPQ480 ranged from 1-2) than under the red wavelength (NPQ625 reached 0.2 at 

PAR=300 µmol photons.m-2.s-1). The increasing trend in (II) across spectrum could thus 

correspond to a strong decrease in (II) under the blue wavelengths and not to an optimization 

under the light red wavelength. 

For the random effects, intercepts of all parameters were highly significant, but their slopes 

were not, except for ETRmax and Ek in relative (r) and absolute (II) values (Table II.I). Thus, 

parameter values differed among samples but, except for ETRmax and Ek, had the same trend 

across wavelengths. This resulted in spatial differences in the spectral balance between bright 

blue and light red wavelengths for ETRmax and the photoacclimation parameters Ek (in relative 

and absolute units for the both). 

When examining detrended values of absolute parameters among locations, those of ETRmax(II) 

and Ek(II) tended to differ among the five wavelengths by location, unlike those of the other 

parameters, which were generally more similar among the five wavelengths by location (Figure 

II.7). This was especially true for detrended values of α(II) and Fv/Fm, which differed little and 

almost not at all, respectively, among the five wavelengths by location. Because values of 

Sigma(II)λ under the light red wavelength were not always the lowest across wavelengths (i.e. 

a slightly non-linear distribution) (Figure II.6), its detrended values under the light red 

wavelength were higher than the population trend (Figure II.7). According to the statistical 

analyses, however, a linear model fit best to Sigma(II)λ values. 
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Figure II.7 : Detrended spectral photosynthetic parameters (see glossary in section 1.6 and list of 

symbols and abbreviations for definitions) resulted by calculating individual differences from the 
population trend (the linear mixed-effect models) among sampling locations. Point colors indicate each 

of the five wavelengths analyzed: 440, 480, 50, 590 and 625 nm. 

 

2.3.3. Sample wavelength dependence of samples from the PTA 

The first two axes of the PTA interstructure explained 85.38% of total inertia (Figure II.8), and 

the five wavelength tables had similar weights (0.38-0.47; Table II.III) and a significant 

representation (cos2 close to 1; Table II.III). The PTA was thus adequate overall and highlighted 

similarities among the wavelengths. All five wavelengths were positively correlated and 

positively projected on the first axis (ca. 71.24% of the total inertia; Figure II.8) : Vector 
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correlation coefficients between the submatrix of photosynthetic parameters at each wavelength 

(nm), their weights in partial triadic analysis and cos2., Figure II.8). The second axis separated 

the t blue and green wavelengths from the amber and light red wavelengths. The amber 

wavelength differed the most from the others and had the same correlation with the first and 

second axes.  

 

Figure II.8 : Correlation plot of partial triadic analysis interstructure analysis of detrended 

photosynthetic parameters measured at 440, 480, 540, 590 and 625 nm 

 

Table II.II : Total inertia of partial triadic analysis (PTA) interstructure analyses, cumulative inertia of 

each PTA axis (Cum) and percentage of cumulative total inertia (Cum %). 

 Axe Inertia Cum Cum (%) 

1 10.56 10.56 37.76 

2 8.54 19.10 66.49 

3 4.51 23.61 82.18 

4 2.42 26.03 90.61 

    
 

Table II.III : Vector correlation coefficients between the submatrix of photosynthetic parameters at each 

wavelength (nm), their weights in partial triadic analysis and cos2. 

Wavelength 440 480 540 590 625 Weight cos2 

440 1.00 0.88 0.74 0.50 0.59 0.47 0.91 

480  1.00 0.77 0.43 0.60 0.47 0.90 

540   1.00 0.54 0.69 0.47 0.89 

590    1.00 0.61 0.38 0.69 

624     1.00 0.44 0.80 
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When projecting the wavelength-dependent photosynthetic parameters on the compromise 

coordinates it explained 66.49 % of total inertia (Table II.III and Figure II.9-A), the relative 

positions of polygons indicated that PTA results generally met our expectations: opposition 

between the group of Fv/Fm, (II) and ETRmax(II) vs. the group of Sigma(II)λ and NPQ300-1200, 

with parameters related to photoacclimation (Ek and Eop) between these two groups. We 

observed the well-known relationships between variables related to energy flows (Fv/Fm and 

NPQ300-1200), related to Sigma(II)λ, and the major parameters that control PE relations in 

absolute units − (II) and ETRmax(II) − which had a positive overall correlation. 

The intrastructure of the PTA showed differences between photosynthetic parameter patterns 

among the five wavelengths (Figure II.9-B to F). Patterns for the main parameters, such as 

ETRmax(II), α(II), Sigma(II)λ and NPQ300-1200, changed from the brith blue wavelength (440 nm) 

to light red wavelength (625 nm). The most evident change was the rotation of α(II) and 

NPQ300-1200 respected to the spectral pattern of Sigma(II)λ. At blue wavelengths Sigma(II)λ 

and NPQ300-1200 were inversely correlated to α(II) (Figure II.9-A) but at amber and light red 

wavelengths there were any correlation (Figure II.9-D and E). (Figure II.9-D and E). Sigma(II)λ 

was incorrectly represented in the main plane at 625 nm (Figure II.9-E). The PTA intrastructure 

analysis also showed patterns for the locations among the five wavelengths (Figure II. 10). 

Wavelength dependence differed greatly among locations: polygons were largest for locations 

33, 35, 43, 37 and 45, and smallest for locations 13, 18, 31, 46 and 53 (Figure II.10). In addition, 

the blue wavelengths (440 and 480 nm) displayed a general circular change among locations, 

moving from the right of the polygon for location 53 to the left for location 45 (Figure II.10). 
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Figure II.9 : Results of intrastructure of the partial triadic analysis of detrended photosynthetic 
parameters ETRmax(II), Ek, α(II), Eop(II), Sigma(II)λ, Fv/Fm and NPQ at 300 and 1200 µmol·photons·m-

2s-1) projected on compromise coordinates (A). Each photosynthetic parameters coordinate is 

represented separately for each wavelength at 440 (B), 480 nm (C), 540 (D), 590 (E) and 625 (F) nm. 
See Table II.II  for compromise contribution to total inertia and Table II.III for weight and cos2 of each 

of the wavelengths colors in PTA analysis. 
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Figure II.10 : Partial triadic analysis intrastructure projected on compromise coordinates of 
photosynthetic parameters for each of the 18 locations: factorial map of spectral responses projected 

on compromise coordinates for each sample. The dotted line in the first figure represents the coordinates 

used to represent samples 12, 13, 18, 38, 41 and 49 separately to improve visualization of this part of 

the factorial map. 
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2.3.4. Explanatory variables of wavelength dependence from RDA and linear 

regression 

The RDA results showed that abiotic variables related to light emerged first as explanatory 

variables (Table II.IV). Euphotic depth (Zeu) was selected the most often, for three of the five 

wavelengths (Table II.IV), from 440-540 nm. TSS, which represents the recent light history of 

cells, was selected twice, for the light blue wavelength (480 nm) and the amber wavelength 

(590 nm). The G/R light ratios were selected for the amber wavelength. DIN concentration was 

the only non-light parameter selected, for the light blue wavelength. No variables were selected 

for the light red wavelength (625 nm), and PAR2m did not seem to influence the parameters.  

 

Table II.IV : Results of redundancy analysis of detrended photosynthetic parameters at each 

wavelength: forward-selected explanatory variables, explained and residual variances, and the adjusted 
R2 and associated p-value for abiotic and biotic variables. No biotic variable was selected, and the 

model for the red wavelength (625 nm) was not significant. Significance codes: *** p <0.00, ** p <0.01, 

ns: non-significant 

Wavelength Model Variance 

Residual 

variance 

Abiotic Biotic 

adj R2 p  adj R2 p  

440 Zeu 1.60 6.40 0.15 ** 0.023 ns 

480 Zeu+TSS+Kd+DIN 4.16 3.82 0.38 *** -0.001 ns 

540 Zeu 2.35 5.65 0.20 ** 0.010 ns 

590 TSS+G/R 2.57 5.42 0.23 ** 0.05 ns 

625 None  6.00 1.99 0.10 ns -0.111 ns 

 

 

To further explore the influence of Zeu and the difference in control of photosynthetic 

parameters under bright blue and light other significant red wavelengths, we sought specific 

connections between Ek and Zeu (in ratios with Eavg and Zuml, respectively), and between the 

ratio of Ek (in relative and absolute units) measured at 625 and 440 nm and the corresponding 

R/B light ratio (E625/440) in water masses. Two significant linear trends were found between the 

Ek,440/Eavg ratio (in relative and absolute units) and the Zeu/Zuml ratio for stratified water columns 

(Figure II.11-A). Correlations were non-significant for non-stratified water columns for r.Ek,440 

and Ek(II)440, as well as under the other wavelengths. Considering all sampling locations 

revealed other significant correlations between the absolute ratio Ek(II)625/440 and (1) the 

red/blue light ratios in surface waters E625/440 (see Figure II.11-B for correlation coefficients) 

and (2) the TSS factor (r=0.65, n=19, p<0.05, graph not shown). 
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Figure II.11 : Relationships between (A) the Ek,440/Eavg ratio (the photoacclimation index measured at 
440 nm to the vertically averaged PAR light intensity) (in relative (r) and absolute (II) units) and the 

Zeu/Zuml ratio (depth of the euphotic layer to that of the upper mixed layer) and (B) between 

Ek(II)(625/440) (ratio of photoacclimation index measured at red and blue wavelengths) and the 
corresponding red/blue wavelength ratios of light (E(625/440)) in water masses for the 19 locations. 

The regression equation in B is y = 0.5789 x + 0.2516 (F = 5.62; p = 0.0298). Pearson correlation 
coefficients, level of significance (* p < 0.05) and the number of considered data are also reported on 

each graph. 
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2.4. Discussion 

Our results provide new insights into the wavelength dependence of photosynthetic parameters 

and PSII functional absorption cross section of coastal water phytoplankton communities. To 

date, the literature has focused on one or two species under a few growth conditions in the 

laboratory (Schreiber & Klughammer, 2013; Brunet et al., 2014; Szabó et al., 2014a; Luimstra 

et al., 2018) or older in situ studies that focused on the wavelength dependence of α in the water 

column (Lewis et al., 1985b, 1988; Kyewalyanga et al., 1992). Studying the present dataset 

including all photosynthetic parameters was complex due to environmental gradients and 

changes in community structure but made possible by the use of three powerful statistical 

methods. The wavelength dependence of photosynthetic parameters that was characterized at 

the population level and the sample level, will be discussed first in relation to the theories on 

photosynthesis and photoacclimation, and then from an ecological point of view. 

 

2.4.1. Physiological meaning of wavelength dependence of photosynthetic 

parameters  

a) Light absorption capacity 

Since light absorption was measured according to the method of Schreiber, et al (2012), 

Sigma(II)λ can be considered an intrinsic property of the PSII units for each sample. Thus, the 

recent light history at sampling did not change the light absorption capacity of the 19 samples 

studied. Cell light absorption was thus a function of only pigment composition of 

photosynthetic units (Schreiber et al., 2012), even though the packaging effect may slightly 

skew the relation between Sigma(II)λ measurements and pigment concentration (Gorbunov et 

al., 2020). Since the slopes of the fixed (population level) and random (individual level) effects 

were significant and non-significant, respectively, all of the phytoplankton communities 

absorbed more light in the blue spectral range and with the same wavelength dependence, 

regardless of the sample.  

Given the sampling area, we expected the decreasing trend in Sigma(II)λ across wavelengths. 

This is a typical result for cell communities dominated by brown algae with Chla as the main 

light-absorbing pigment (Kuczynska et al., 2015). The small increase (albeit not significant) 

under the light red wavelength (625 nm) is also consistent with this result (since Chla also 

absorbs red light), and with other Sigma(II)λ measurements for diatoms using the same method 

(Goessling et al., 2016, 2018a, 2018b). This is consistent with our group-based community-
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structure measurements, which show that the diatom-dinoflagellate and haptophyte groups 

dominated all 19 samples. Consequently, the phytoplankton communities may not have been 

composed of species with completely opposite strategies for light absorption, as is common in 

experimental and theoretical modeling studies (Stomp et al., 2004, 2008; Luimstra et al., 2018, 

2019; Gorbunov et al., 2020). Thus, the discussion focuses on the plasticity of typical brown 

algae communities to the wavelength dependence of light climates in coastal water depending 

on their physiological state. 

Conversely, the absence of significant individual wavelength dependence for Sigma(II)λ among 

the 19 samples was unexpected; however, the light absorption capacity differed among samples 

regardless of the wavelength. Signature changes over the spectrum were expected because the 

spectral quality of light is crucial for microalgae to achieve optimal photoacclimation in the 

face of variable light quality and intensity during growth (Valle et al., 2014). Light quality can 

influence gene expression that adjusts pigment and protein compositions of specific antenna 

complexes (e.g. fucoxanthin-chlorophyll a/c-binding antenna pigment-protein complexes of 

diatoms called FCP), which changes spectral absorption by cells. Conversely, light quantity can 

influence pigment concentrations (Valle et al., 2014). In the present study, the changes in light 

quality may have been too small to induce significant changes in spectral absorption capacity 

among the 19 samples due to hydrodynamic conditions and the daylight cycle, which agrees 

with the results of Gorbunov et al., (2020). Cells could have managed variations in incident 

light quality via their photosynthetic apparatus without having to change their pigment 

composition. However, changes in light intensity were sufficient to produce significantly 

different spectral absorption capacities among samples. 

The relatively high light absorption capacity of cells under the green wavelength (540 nm) 

agrees with results of Goessling et al., (2018b) for a planktonic diatom and for  

microphytobenthic diatoms (Goessling et al., 2018a), but does not agree with those of a brown-

gold microalga (Szabó et al., 2014a) using the same method as in the present study. This could 

be because some or all cells in the communities of the present study were acclimated to green 

wavelengths in the water column. The green light ratios (G/B and G/R) measured always 

exceeded 1, indicating that green wavelengths dominated in all sampling conditions. It is well 

known that green light dominates coastal water during the algal blooms because the high 

chlorophyll concentration absorbs blue wavelengths (Kirk, 2011). This absorption capacity in 

the green spectral band could be due to an increase in the “green” absorption capacity of 

fucoxanthin, which absorbs more energy from 390-580 nm due to the basic structural and 
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functional properties of fucoxanthin in the light-harvesting complex proteins of the antenna 

(Premvardhan et al., 2008; Kuczynska et al., 2015). Burson et al., (2018) also showed 

continuous light absorption spectra, with better green light absorption capacity for a 

fucoxanthin diatom than for green and blue-green phytoplankton, in agreement with Valle et 

al., (2014). 

 

b) General physiological state 

The population trend across wavelengths and Fv/Fm values indicate that cells were in a good 

physiological state, considering the community composition based on diatoms and Phaeocystis 

globosa regardless of the wavelength and thus were not under high nutrient stress. The 

population trend of Fv/Fm was centered on 0.6 (the slope was almost null, albeit significant), 

and Fv/Fm values were never less than 0.4. Generally, the theoretical maximum of Fv/Fm is 0.7 

(in a dark-adapted state, as in this study), and its critical value is 0.3 (Painter et al., 2010) for 

communities dominated by brown microalgae. We will not discuss here the complex links 

between nutrients and photosynthetic parameters, this is not our topic and this was done 

specifically in other works for the same ecosystem (Napoléon,  et al., 2013b). In addition, the 

good nutrient status of water is confirmed by comparing nutrient concentration measurements 

in the present study to the seasonal nutrient cycle established for the EC (Gentilhomme & Lizon, 

1998). Using a similar measurement method, Szabó et al., (2014b) observed similar values of 

Fv/Fm across wavelengths (which approached 0.7) for cultures in nutrient-replete conditions. 

Gorai et al., (2014) observed spectral independence of Fv/Fm when comparing physiological 

properties of a culture under blue and white lights. 

c) Spectral trends and photoacclimation processes 

In this context of samples with the same wavelength dependence of light absorption and good 

physiological state, wavelength photoacclimation can be investigated through trends in 

ETRmax(II), α(II), NPQ and Ek. Although r.ETRmax and r.α had a significant trend across 

wavelengths, they do not provide enough information to understand the spectral dependence of 

photosynthesis in detail, which is a function of light absorption, given here by Sigma(II)λ 

(Schreiber et al., 2012). These relative parameters are useful only to compare and better 

understand the influence of Sigma(II)λ on spectral photosynthetic processes in absolute units. 

Both parameters had a positive slope across wavelengths, indicating that r.ETRmax and r.α 

spectra were the inverse of the Sigma(II)λ spectrum; conversely, in absolute units, the slope of 
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ETRmax(II) disappeared, while the positive slope of α(II) was maintained. These results were 

unexpected since water was sampled at different times of the day, and cells were kept in the 

dark for 2.5 h before being analyzed. An explanation could be that cells in the samples were in 

a wavelength-dependent photoprotective state due to the underwater light climate. 

We expected the trend of ETRmax(II) to decrease over the spectrum because the cells grew in a 

natural environment in which blue and green light dominated, since red light is quickly 

absorbed in the water column (the R/B ratios were usually less than 1). Several studies involving 

phytoplankton and microphytobenthos observed increasing values of ETRmax(II) in the blue 

wavelength (Mercado et al., 2004; Szabó et al., 2014b; Goessling et al., 2016, 2018a) related to 

changing light conditions. Opposite results have also been found. Schreiber et al., (2012) 

indicated that photoinhibition could explain the decrease in ETRmax(II) under blue light, that 

the time needed to recover the starting values is much longer under bright blue than light red 

wavelengths, and that the recovery under blue light remains only partial after several hours. 

Correa-Reyes et al., (2001) observed that growth rates of eight microphytobenthic species 

decreased more under blue light than light of other colors. In the present study, given the higher 

light absorption in bright blue than light red wavelengths (625 nm), and since the high energy 

of blue wavelengths can cause photodamage (Dougher & Bugbee, 2001), the lack of slope for 

ETRmax(II) likely reflects a photoinhibition or photoprotective state of the communities towards 

blue wavelengths, which decreased r.ETRmax values under blue light. For ETRmax(II), 

significant wavelength dependence among the 19 samples is superimposed on the non-

significant population trend. Thus, some samples had different degrees of 

photoinhibition/photoprotection under blue light independent of other light colors. We can thus 

speculate about wavelength dependence of photoinhibition/photoprotection mechanisms. 

We expected high r.α and especially α(II) under blue wavelengths and thus a decreasing trend 

from 440-590 nm, with a small increase at 625 nm. The variation in α as a function of light 

quality is the best known photosynthetic parameter because it was closely studied from the mid-

1980s to the early 2000s by carbon-14 incorporation, for calculations of primary production 

rate (Lewis et al., 1985b, 1988; Kyewalyanga et al., 1992, 1997, 2002). At worst, a null slope 

of α(II) over the spectrum, like for ETRmax(II), was expected, but the consistently lower values 

in the blue wavelengths were unexpected given the Sigma(II)λ variations observed and previous 

studies of natural communities (Lewis et al., 1985a) or brown algae cultures (Haxo, 1960; 

Schofield et al., 1996). This result does not reflect an improvement in red light-use efficiency, 

since brown algae requires 24-48 h to photoacclimate to changes in red light (Valle et al., 2014), 
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which is consistent with properties of the underwater light climate. Unlike red light, high-

intensity blue light can cause rapid changes in cells, such as energy allocation between 

photosynthetic and photoprotective pathways in coastal species (Lavaud, 2007; Brunet & 

Lavaud, 2010). As many experimental studies show, the cycle of xanthophyll (photoprotective 

pigment) and NPQ are fundamental photoprotective processes that are activated within seconds 

to minutes to dissipate excess absorbed light energy (Dimier et al., 2007a, 2007b, 2009a, 

2009b). Energy dissipation by carotenoids can reduce photosynthetic rates under blue light, 

which increases NPQ (Brunet et al., 2014). Many other studies have used NPQ to measure the 

overall photoprotective capacity of the photosynthetic apparatus (e.g. Dimier et al., 2007b; 

Lavaud et al., 2007). The xanthophyll cycle (XC) photoprotective mechanism has been 

observed in the coastal sea of the EC for the same locations the phytoplankton communities in 

this study have been collected (Brunet et al., 1993; Brunet & Lizon, 2003) and in permanently 

well-mixed ecosystems (Alderkamp et al., 2011). Therefore, like for ETRmax(II), the decrease 

in the trend of α(II) observed over the spectrum could be due to photoinhibition and, more 

likely, photoprotection. Photoinhibition of α has been experimentally verified (Bjorkman 1987; 

Baker et al., 1994). 

The hypothesis of a photoprotective influence on α (in relative and absolute units) requires that 

photoprotection occur early and at low light intensities. Consistent with this hypothesis, NPQ 

values were significant and always higher under blue than red light at low intensities. These 

results are confirmed by those of Goessling et al., (2018a) for suspensions of benthic diatoms 

and those of Tamburic et al.,( 2014) for green algae. In the present study, NPQ was ca. 1 and 2 

under low- and high-intensity blue light, respectively. According to Lefebvre et al., (2011), 

NPQ usually exceeds 1 for cells that face the sun and are not well adapted to high-intensity 

light. 

Thus, since communities in the present study had adequate photoprotective capacity against 

blue light, maximum quantum efficiency Fv/Fm was always high regardless of the wavelength, 

while effective quantum efficiency, which influences α and ETRmax, decreased early under blue 

light (and probably green light). This created slightly different spectral signatures for α(II), 

which is determined under low light intensity, among the samples depending on the in situ light 

intensity, which thus likely decreased wavelength effects. Conversely, ETRmax(II) is determined 

under higher light intensity, in which individual spectral effects were efficient. To support this 

hypothesis, blue light is expected to be less prone to cause photoinhibition and photodamage 

than red light (Brunet et al., 2014) and cells have greater PSII repair capacity under blue light 
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than red light, since photoprotection and PSII repair are induced by protein-encoding genes 

under blue light, but are lacking under red light (Valle et al., 2014). 

In this context, Ek varied across wavelengths due to relative variations in ETRmax and α, since 

Ek=ETRmax/α. Values of r.Ek were indeed lower in the blue wavelengths, while those of Ek(II) 

were higher. These results are fairly consistent with our hypothesis for communities in the 

photoprotective state rather than the photoinhibition state, as are the high Fv/Fm values under 

blue wavelengths. This is supported by the two significant correlations observed between the 

Ek,400:Eavg ratio (in relative and absolute units) and the Zeu/Zuml ratio, indicating that the 

communities reflected well a high light availability in the mixed layer (Jensen et al., 1994; 

Wang et al., 2011). This is particularly true for the rEk,400/Eavg ratio, which tended towards the 

reference value of 1 at four locations that had stratified water columns. Values close to 1 

indicate optimization of light absorption by photosynthetic metabolism (Anning et al., 2000). 

To our knowledge, these two correlations are new results for an ecosystem known for its high 

hydrodynamic regime. Most studies in dynamic coastal ecosystems observed cells in a 

photoacclimation state and r.Ek values less than or greater than 1 (Tillmann et al., 2000; Claquin 

et al., 2010; Houliez et al., 2013a) One exception is Jouenne et al., (2005) in the Baie des Veys 

(French coast), who used carbon-14 measurements rather than active fluorescence 

measurements. The photoprotective state, based on NPQ under in situ irradiance, includes well-

known processes that can operate continuously to protect microalgae from potential 

photoinhibition and, after photodamage, correspond well to photoacclimation processes 

(Alderkamp et al., 2011, 2013). The physiological plasticity of phytoplankton in limiting 

photodamage usually explains much of the diurnal variation in photosynthetic processes 

(Schuback et al., 2016). These include many processes of the photosynthetic apparatus that 

influence r.Ek and Ek(II) in response to in situ light intensity (Dubinsky & Schofield, 2010, 

2010; Schofield et al., 2013). 

The advantage of measuring photosynthesis at several wavelengths using the functional light 

absorption capacity of natural phytoplankton is revealed by the differing trends of the 

photosynthetic parameters observed over the spectrum. Comparing the spectral trends and 

estimating the absolute photosynthetic parameter were necessary to identify the 

photoacclimation state of the 19 samples. 
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2.4.2. Ecological meaning of sample spectral variability and controlling 

factors 

To investigate the ecological meaning of our results for wavelength dependence, we addressed 

the variability in photosynthetic parameters outside of the population trends. This approach was 

based on the detrended measurements of the PTA and RDA by wavelength, and the 

relationships between the Ek(II) ratios and their controlling factors.  

According to the PTA, the covariations observed among detrended values of photosynthetic 

parameters and their change over the spectrum are consistent with wavelength dependence at 

the population level of the parameters studied with the LMEMs. The PTA showed that the 

pattern of the parameters changed gradually and consistently between blue and red 

wavelengths, concretely for light absorption and photochemical quenching. Using the PTA to 

scan the intrastructure of the 19 samples revealed also that spectral variation patterns of the 

parameters of each sample differed from each other in size, shape and position on the factorial 

map. Sizes and shapes of these spectral polygons were not related to water column stratification 

(e.g. the polygon of the most stratified location (no. 33) was the same size as that of location 

43, which was not stratified). According to the RDA, photosynthetic parameters measured by 

wavelength were influenced mainly by euphotic depth. The forward selection of the RDA first 

retained the most correlated variable in a group of abiotic variables that covaried with biotic 

variables. Consequently, since the euphotic depth (Zeu), the light extinction coefficient 

(Kd(PAR)) and the three light-quality ratios were collinear or correlated variables (in the abiotic 

PCA), individual photosynthetic parameters could also be controlled by the underwater light 

quality and turbidity, since the RDA also selected Kd(PAR) and a wavelength ratio. Considering 

all photosynthetic parameters, the main RDA result is thus consistent with the significant 

relationship observed between the light saturation ratio (Ek(II)625/440) and R/B light ratio 

(E625/440). The RDA also selected the TSS variable discussed later. Mixing depth (Zumixl) was 

another interesting ecological parameter selected by the RDA. The RDA confirms the 

hydrodynamic regime’s control of the photoacclimation index Ek previously displayed by the 

relationship between Ek (r and II) and Zeu/Zumixl. Since physical forcing in a given upper mixed 

layer controls certainly the level reached by Ek, wavelength dependency of photosynthetic 

parameters is generally a trade-off between the light quality of the different encountered water 

masses and changes in light quantity throughout the upper mixed layer due to the hydrodynamic 

regime. The RDA results and singular correlations with Ek (r and II) are consistent, but the 

correlations of Ek(II)625/440 with critical environmental parameters provide better understanding 
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of the ecological mechanisms that influence phytoplankton photoacclimation. The results are 

interesting because they were obtained from the field, where light-quality ratios (between red 

and blue wavelengths for instance) are known to change with depth (data not shown, but see 

examples in Brunet et al., (2014) and Jaubert et al., (2017). It is likely that the influence of 

vertical changes in light-quality ratios on microalgae acclimation was small in the present study, 

especially because most upper mixed layers were shallow (6.5-14 m) and the residence times 

of the cells at a given depth were low. The spectral light saturation ratios Ek(II)625/440 were 

therefore not correlated with the Zeu/Zumixl index. 

The significant correlations between Ek(II)625/440 and E625/440 or TSS clearly highlight that 

natural phytoplankton communities can implement photoacclimation processes that are driven 

by the in situ light quality of the daylight cycle. Most samples had E625/440 ratios less than 1, 

which indicates water in which blue wavelengths dominate red wavelengths, and phytoplankton 

have a higher Ek(II) photoacclimation ratio in blue wavelengths than in red wavelengths. This 

original result is valid only for absolute Ek(II)λ parameters related to Sigma(II)λ, not for relative 

parameters. Since Sigma(II)λ measured with the MULTI-COLOR-PAM is an intrinsic property 

of microalgae (Schreiber et al., 2012), and since microalgae can increase pigment concentration 

to absorb more light (Lawrenz & Richardson, 2017), differences in pigment concentrations may 

change the level of Sigma(II)λ measured during the day. Due to the differing variations in r.Ek 

between blue and red wavelengths, Ek(II)625/440 ratios are correlated with E625/440 ratios in the 

water masses and with TSS. These relationships provide new information about the natural 

environment and are consistent with many experiments under controlled conditions. As several 

studies of monospecific cultures subjected to contrasting R/B ratios show (Schellenberger Costa 

et al., 2013a; Brunet et al., 2014), variations in the light spectrum and in blue vs. red 

wavelengths influence photoprotective capacity (e.g. activation of the diadinoxanthin-

diatoxanthin xanthophyll cycle and the NPQ capacity) and the pigment composition of 

phytoplankton. (Schellenberger Costa et al., 2013a) conclude that photoprotection is regulated 

more by light quality (especially blue wavelengths) than by the overall light intensity. Kirk, 

(2011) stated that phytoplankton detect not so much the spectra of light, but rather differences 

between wavelength ratios received by PSI and PSII, using blue and red wavelength 

photoreceptors (Jaubert et al., 2017) that regulate photosynthesis and promote photoacclimation 

(Schellenberger Costa et al., 2013b; Petroutsos et al., 2016) This explains why the Ek(II) for the 

green wavelength did not correlate significantly with the in situ light-quality ratios of the green 
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wavelengths. Photoacclimation mediation by in situ blue wavelengths, as discussed by 

Schellenberger Costa et al., (2013a), is thus consistent with our field study. 

The Ek(II)625/440 vs. E625/440 correlation, like the abiotic PCA, indicates indirectly that variables 

such as temperature, PAR2m, and DIN and Si(OH)4 concentrations do not influence wavelength 

photoacclimation greatly. Previous studies in the EC showed that abiotic variables were the 

main variables that controlled spatial and/or temporal variations in relative photosynthetic 

parameters (Jouenne et al., 2005, 2007; Napoléon et al., 2012, 2013a; Houliez et al., 2013b, 

2015). However, the variables that control these photosynthetic parameters may vary among 

geographic areas and/or seasons. In the present study, this correlation was determined over a 

large spatial scale. 

 

2.4.3. Ecological implications and consequences 

It is the general question of the absorption capacity of light in relation to the quality of light and 

its impact on primary production that is discussed here. 

The precise examination of the Ek(II)625/440 and E625/440 relationship in link with the reference 

values of 1 indicates that the two ratios matched each other well. For example, at location 38, 

the Ek(II)625/440 and E625/440 ratios equaled 1, which could be because the water there was 

sampled before sunrise. However, other communities sampled before sunrise (e.g. at locations 

28, 46 and 53) had Ek(II)625/440 ratios > 1, related to the E625/440 ratios of water masses. The 

regression model indicates that to observe an Ek(II)625/440 ratio of 1, a theoretical E625/440 ratio 

of 1.29 would be required, which is similar to our measurements. In this case, the blue 

wavelengths would decrease to 77 µmol photons.m-2.s-1 given a red light of 100 µmol 

photons.m-2.s-1. Thus, the E625/440 ratio indicates no strong imbalance in available energy and 

thus no stressful ecological situation for phytoplankton. In spring in temperate water, blue 

wavelengths are absorbed due to CDOM, terrestrial discharge near estuaries and phytoplankton 

blooms themselves (Vantrepotte et al., 2007; Astoreca et al., 2009). Lawrenz & Richardson, 

(2017) studied photoacclimation under extreme conditions, with a total absence of blue light 

(i.e. black water with high CDOM concentrations). They showed that, depending on the taxon, 

microalgae retain or lose their initial light absorption capacity on the spectrum, and their 

absorption capacity adapts to the light quality to which they were exposed, even with red 

wavelengths. Some species can survive under red light in the short term, but in the long term, 

cytoplasmic structures and chloroplast membranes degrade (Humphrey, 1983) and Chla 
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concentrations decline (Forster & Dring, 1992). Rivkin, (1989) showed the strong influence of 

blue light on carbon fixation and incorporation into amino acids and proteins. The Ek(II)625/440 

vs. E625/440 correlation in the present study cannot be extrapolated beyond the measurement 

limits (i.e. to the completely unbalanced light ratios as Lawrenz & Richardson (2017) did), but 

includes representative conditions generally found in the EC or temperate systems. 

In comparison, Ek(II)625/440 ratios near 0 would indicate that blue wavelengths are ultra-

dominant in the water mass and could activate strong photoprotection mechanisms or even 

cause photodamage, which would decrease ETRmax(II) greatly under blue wavelengths. Under 

these conditions, given the intercept of the linear model, Ek(II) values under blue wavelengths 

would be only 25% of those under the red wavelength, which suggests that primary production 

would decrease greatly. However, electron flows under green, amber and light red wavelengths 

remained high, and NPQ was not as strong as under blue wavelengths. This indicates that light 

absorption (Sigma(II)λ) under these wavelengths was lower, as was the NPQλ developed. 

However, this raises the issue of using the spectral approach to calculate primary production 

based on the photosynthetic parameters of RLC relationships. 

Previous studies of the wavelength dependence of photosynthesis specified the systematic error 

produced by measuring α under white-light incubators when comparing incubation light 

climates (Laws et al., 1990) or primary production models (Kyewalyanga et al., 1992). Most 

classic incubators do not reproduce light spectra at the low intensities that phytoplankton 

encounter in the water column because of the high variability in light quality with depth, but 

also with time, due to vertical mixing in the upper part of the water column. Schofield et al., 

(1996) examined the error caused by using the same or different α from cultures grown under 

different light qualities when calculating primary production in a theoretical and simplified 

water column. Depending on the species and growing conditions, differences between vertical 

primary production rates estimated by the two calculation methods ranged from 12-49%. Other 

studies showed that α values measured on board under artificial light, i.e. “broad-band” P-E 

experiments (Irwin et al., 1990), could be corrected from the shape of the phytoplankton 

absorption spectrum (Kyewalyanga et al., 1997; Sathyendranath et al., 1999). This approach 

involves the field of remote sensing in particular and includes “optical” and “full spectral” 

models (Platt & Sathyendranath, 1988; Sathyendranath & Platt, 1993; Behrenfeld & Falkowski, 

1997a, 1997b). Recent studies (Kovač et al., 2017; Sathyendranath et al., 2020) combined a 

spectral model of underwater light with a model of the integrated spectral response of algal 

photosynthesis consistent with photoacclimation processes. These studies recommend using the 
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photosynthesis action spectrum or spectral correction of α in the water column, especially when 

differences in the shape of the action spectrum of α are larger than those in its magnitude at 

each wavelength (Sathyendranath & Platt, 1993). However, these studies did not consider that 

light-quality ratios in surface water can also greatly influence photoacclimation of microalgae. 

This was revealed in the present study by some individual wavelength-dependence 

phenomenon that differed significantly among the samples, and the Ek(II)625/440 ratios, which 

involve ETRmax(II) and α(II) (i.e. the photosynthetic apparatus), especially the functional 

absorption cross section of PSII and the maximum rate of PETλ, according to the optical 

definition of Ek (Falkowski & Knoll, 2007). Parameters α(II) and Sigma(II)λ showed no 

significant individual wavelength dependence among water masses, unlike ETRmax(II) and 

Ek(II), which are involved in primary production at high light intensities. The central issue is 

thus how photosynthetic activity induced by wavelengths beyond 480 nm can compensate for 

the decrease in photosynthesis under strong blue light when estimating primary production in 

different water masses. Sensitivity analysis of physicochemical properties of water would pave 

the way for future research on wavelength dependence of phytoplankton photosynthesis, as well 

as spectral dependence at the seasonal scale, using current active fluorescence measurement 

technologies. 

 

2.5. Conclusions 

Our results indicate that natural phytoplankton communities can photoacclimate to light quality 

dynamically under contrasting environmental conditions in temperate coastal seas in response 

to the available energy balance between red and blue wavelengths. The high spatio-temporal 

variability in wavelength-dependent photosynthetic parameters of phytoplankton was 

consistent with theories of photosynthesis. With a general model of photoprotection against 

blue light based on NPQ of photosynthesis, the present study shows that natural phytoplankton 

communities were most adapted to high-intensity light when a large amount of light was 

absorbed (e.g. blue wavelengths) but appeared “shade” adapted when low-intensity light was 

absorbed (e.g. green, amber and light red wavelengths), to paraphrase Nielsen & Sakshaug 

(1993). 

The results for dynamic photoacclimation processes showed a general trade-off between light 

quality and intensity, and also all related light factors (e.g. Kd(PAR), Zeu, Zumixl), which is 

difficult to find in experimental studies, through which photoacclimation has been discussed 
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for many years (Schofield et al.,1996; Brunet et al., 2014; Gorai et al., 2014). Experimental 

studies are generally performed with monocultures growing in the comfort of laboratories for 

generations and rarely with natural communities using conventional photosynthetic parameters. 

These cultures are subjected to photon flux of different wavelengths and/or intensities, with 

different frequencies of variation, different daylight cycles, etc. Experiments often consider the 

controlling variables separately but combining them simultaneously seems relevant for 

understanding processes of photoacclimation to light variations in the field, as discussed by 

Combe et al., (2015) in a modeling study. 
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2.6. Supplementary material 

2.6.1. Supplementary material 1: Abiotic variables 

 

 

SM II-1 : Hydrological variables measured in surface water from conductivity-temperature-depth 
profiles at 19 locations across the English Channel: A) salinity; C) temperature; and B) NO3+NO2, D) 

phosphate (PO4) and E) silicate (Si(OH)4) concentrations 
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SM II-2 : Variables related to the light climate of the 19 locations: A) photosynthetically active radiation 

(PAR) at a depth of 2 m; (C) Kd(PAR); (E) time since sunrise (h) (TSS); and light-quality ratios at the 

surface of (B) (R)ed:(B)lue, (D) (G)reen:(B)lue and (F) (G)reen:(R)ed wavelengths 
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2.6.2. Supplementary material 2: Biotic variables 

 

 

SM II-3 : Biomass of phytoplankton groups in concentrated samples using the FluoroProbe technique, 
in µg chlorophyll.L-1. Shades of gray represent four phytoplankton groups: blue-green cyanobacteria, 

diatoms plus dinoflagellates, Cryptophyceae and Haptophyceae, which corresponds to Phaeocystis 

globosa in the English Channel 
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Time scales of wavelength-dependent photosynthesis: from tides 

to seasons in a coastal sea 

Michel-Rodriguez1 M., Lefebvre1 S., Duong1 G., Courvoisier2 M., Merieux3 X., Gevaert1 F., 

and Lizon1 F. 

Univ. Lille1, CNRS2, Univ. Littoral Côte d'Opale3, UMR 8187 LOG, Laboratoire d'Océanologie 

et de Géosciences, Station Marine de Wimereux, 28 Avenue Foch, 62930 Wimereux, France 

 

Abstract 

The temporal patterns of wavelength dependency of photosynthesis were studied in a shallow 

coastal water body during 9-month (25 dates with 48 samples) near the Strait of Dovers. 

Photosynthetic electron transport (PET)λ, absorption capacity absorption (Sigma(II)λ), 

physiological state (Fv/Fmλ) and non-photochemical quenching (NPQλ) were assessed using a 

Multi-Color Pulse Amplitude Modulation (MULTI-COLOR-PAM Heinz, Walz) chlorophyll 

fluorometer on natural phytoplankton communities. Wavelength dependency of each 

photosynthetic parameter was analyzed using Linear Mixed Model Effects model and 

individual random effects were explained considering three different temporal scales: the three 

seasonal periods; the tidal effect (high and low tide) nested in the three seasons and, the 

individual level nested in the two previous ones. Population trends of wavelength dependent 

parameters were consistent with photosynthesis theory and with previous in situ studies in this 

coastal area. The analysis of detrended individual data with Principal triadic analysis (PTA) 

combined to Redundancy RDA analysis revealed that the seasonal phytoplankton succession 

controlled the spectral variations of photosynthesis parameters while at the tidal cycle scale 

within season, significant wavelength dependent variations of Sigma(II)λ emerged. In 

springtime, Phaeocystis globosa showed ability to photoacclimate to high light, combined to a 

particular rapid photoregulation, despite the low light due to high turbidity and hydrodynamical 

conditions of this shallow environment 

Key words: Photosynthesis, Wavelength dependency, Photoregulation, Xanthophylls Cycle, 

Phaeocystis globosa, Tide cycle 
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3.1 Introduction 

Phytoplankton is submitted to multitude of light variations in the natural field. To cope 

with such environmental variability, phytoplankton can photoacclimate, photoregulate and 

photoadaptate (Dubinsky & Stambler, 2009; Kirk, 2011). These processes have been mainly 

studied in relationship with the spatio-temporal variations of light intensity available for 

photosynthesis and classical environmental controlling factors in field studies (Houliez et al., 

2015). Little work has focused on the light quality variations considering the characteristic 

temporal scales of these biological processes. Light quality control on natural microalgae 

communities was essentially studied in order to determine the action spectra and absorption 

spectra of cells with the purpose of estimating water column primary production rates using 

spectrally resolved photosynthesis light models (Kyewalyanga et al., 1992, 1997; Platt & 

Sathyendranath, 1988; Sathyendranath et al., 1989, 1995a). These earlier works, conducted 

using the technique of 14C absorption, have evidenced that the action spectra or the so-called 

slope light utilization efficiency (α) of the photosynthesis light curve (PE) was spectrally 

dependent (Lewis et al., 1985b, 1985a), as the underwater light transmission and the 

phytoplankton absorption capacity related to intracellular pigment composition (Johnsen et al., 

1994; Johnsen & Sakshaug, 1993; Schofield et al., 1996) and/or phytoplankton community 

structure (Hoepffner and Sathyendranath, 1992; Lutz et al., 2003; Schofield et al., 1996). 

Therefore, the shape of the wavelength dependency of α could vary according to i) the depth in 

the water column, ii) to the vertical mixing intensity and iii) to water masses properties (from 

an hydrological and biological point of view). The main issue that was addressed in this context 

was the systematic error in α when phytoplankton incubations were conducted under artificial 

white light, different from the real in situ light climate. This issue has been resolved by 

proposing α corrections using information based on the spectral dependence of this parameter 

with respect to measurements of the in situ light spectrum (Kyewalyanga et al., 1992; Laws et 

al., 1990; Schofield et al., 1991). At the same time, Laws et al., (1990) highlighted a good fit 

between the absorption spectra of microalgae and the underwater light quality, unlike Lewis et 

al., (1985a). In this last study, the sampled microalgae at different depths were probably not 

sufficiently conditioned to the in situ available light climate, subjected to intense vertical mixing 

(Laws et al., 1990). 

Among the earlier works on wavelength dependency of α, the study of (Kyewalyanga 

et al., 2002) was one of the few interested in the temporal dynamic of α spectral dependency. 

Variations in absorption spectra have received more attention in time series measurements 
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(Sathyendranath et al., 1999; Lutz et al., 2003; Hickman et al., 2009; Lutz et al., 2016b; Barlow 

et al., 2017). The targeted time scale of Kyewalyanga et al., (2002) was the season since their 

sampling was conducted during 20 weeks between August and December, once a day at 9:00 

a.m. for 4 depths. This previous study evidenced that it was the occurrence of a red tide bloom 

(Mesodinium rubrum) that caused the main change in the photosynthetic action spectra despite 

some significant changes of environmental factors at the same time. In other words, this result 

is consistent for a species with a unique pigmentary characteristic. It is clear that according to 

dominant microalgae groups, the spectral signatures of photosynthesis could be different 

without immediate link with the optical properties of water mass (Lewis et al., 1988). However, 

another factor is known to change the shape of photosynthetic action spectra: photoacclimation 

to light quality and intensity (Johnsen et al., 1994, p. 199; Johnsen & Sakshaug, 1993; 

Sakshaug, 1993; Schofield et al., 1996) a process more particularly studied on laboratory 

cultures (Glover et al., 1987; Holdsworth, 1985; Hauschild et al., 1991; Callieri et al., 1996; 

Mouget et al., 2005; Lawrenz and Richardson, 2017; Schofield et al., 1990, 1996; Schreiber & 

Klughammer, 2013; Szabó et al., 2014a, 2014b; Herbstová et al., 2015; Luimstra et al., 2018, 

2020a). As a consequence, a fundamental question remains to be addressed: the question of the 

temporal variation of all photosynthetic parameters on P-E curves, measured spectrally on field 

samples, from the short (day) to the large temporal scale (seasons).  

The study of temporal variation of wavelength dependency of photosynthesis on natural 

phytoplankton communities is relevant because nowadays techniques for reliably measuring 

photosynthetic parameters at 5 wavelengths in relative and absolute units have emerged 

(Gorbunov et al., 2020; Schreiber et al., 2012). In the past, measurements with the 14C tracer 

and multispectral phytoplankton incubations were a long and complex task to be carried out 

(Kyewalyanga et al., 1997). The current MULTI-COLOR-PAM and the work of Schreiber et 

al., (2012) measuring the functional absorption cross section of photosystem II (Sigma(II)λ at 5 

wavelengths), i.e. showed the great potential of this tool to characterize the absolute absorbed 

light by the cells at the time of measurement, in association with the PSII pigments. In addition, 

α and Sigma(II)λ are directly related because α is proportional to the functional cross section 

and to the number (n) of photosynthetic units (PSU) (Falkowski, 1992; Falkowski & Raven, 

2007). Therefore, this contemporary technical approach revives the interest of the question of 

the photosynthetic action spectra variations, related to biotic and abiotic disturbances of 

ecosystems at different time scales. 
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In coastal system like Eastern English Channel characterized by a strong bloom of 

Phaeocystis globosa in the spring, earlier works have already shown that microalgae 

photoacclimation can occur between two periods of vertical tidal mixing in neap tide (Lizon et 

al., 1995), but also potentially in spring tide condition (Lizon et al., 1998). They have also 

shown that a nested sampling design was required to characterize the short (tide and/or intraday) 

as well as long-term variability (within months, monthly and seasonal) of photosynthetic 

parameters to reliably estimate the temporal variability of photosynthetic activity of microalgae 

and avoid potential problems of aliasing (Houliez et al., 2015). During an specific period coastal 

temperate ecosystem,an spatial analysis carried out thanks to the current MULTI-COLOR-

PAM (Chapter II cited below as Michel-Rodriguez in submission) have evidenced the 

wavelength dependency of photoacclimation processes thanks to the definition of the spectral 

balance of available energy between blue and red wavelengths. This work has proven that 

natural phytoplankton communities can photoacclimate to different light quality conditions by 

a general model of photoprotection against blue light despite the strong vertical mixing 

conditions. That work have been perfomerd during a bloom period with a stable phytoplankton 

community dominated with brown algae with a codomination of diatoms and Phaeocystis 

globosa. Considering the importance of photosynthetic activity variation in function of time, 

the question would be how may take place wavelength-dependent photoacclimation proceses, 

i.e.: how phytoplankton communities may response at that different time scales under the 

effects of environmental conditions and temporal phytoplankton succession with communities 

with different absorption capacity and photoprotection strategies.  

In summary, the central issues of this study of wavelength dependency of photosynthesis 

are:  

-Is the wavelength dependent photosynthetic activity and 

photoregulation/photoacclimation of Phaeocystis sp. Spring bloom singular? Do Phaeocystis 

sp. present a particular wavelength dependent absorption capacity, photoprotection strategy and 

energy allocation? 

-How the wavelength dependency of the photosynthetic processes vary according to the 

tide and/or the season? That is to say: discreetly in response to environmental change regardless 

of the time scales involved, or continuously in relation with the phytoplankton successions? 

The environmental changes here may assume the physical and chemical parameters modulating 

the light available for photosynthesis at all time scales (of potential variations). 
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-How are the spectral balances of energy performed in function of the different 

photoprotection states and absorption capacity of the different phytoplankton groups? 

To address these issues, a sequential framework of statistical analysis that has already 

shown reproducible results on spatial scale was carried out (Michel Rodriguez et al., in 

submission). This statistical analysis is based on Linear Mixed Effects Model (LMEM) with a 

specification of the temporal hierarchical structure of the data, Partial Triadic Analysis (PTA) 

and Redundancy Analysis (RDA) was carried in order to define the general wavelength 

dependency of photosynthesis and the posterior analysis of the individual variations 

quantification and the analysis of the controlling factors respectively. 

 

3.2 Material and methods 

3.2.1 Sampling area and strategy  

Sampling was conducted in the foreshore surface waters near the Laboratory of Oceanology 

and Geosciences (LOG) at Wimereux (50º; 45’; 47’’N 1º; 36’, 18’’E) located on the Eastern 

English Channel (France) (Figure III.1). The Strait of Dover is characterized by a macrotidal 

hydrodynamical regime with a tidal range between 3 and 9 meters during neap and spring tides 

respectively, and a parallel circulation to the coast known as “the coastal flow”  (Brylinski et 

al., 1991). The sampling area is therefore likely to be impacted by river inputs from the south, 

as well as the coastal water mass up to the 20 or 30 m isobaths (Brylinski and Lagadeuc, 1990). 

Furthermore, this area is very productive (Brunet et al., 1992) and presents well defined 

seasonal phytoplankton succession characterized by a local Pheaocystis globosa bloom during 

spring and different diatom communities following that bloom in summer and autumn/winter 

(Houliez et al., 2013a; Schapira et al., 2008). 
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Figure III.1 : Locations of sampling and data acquisition. Latitude and longitude are given in decimal 

degrees. 

 

A total of 48 samples were collected from 4th April to 2nd December 2019 at 25 dates with two 

sampling a day at high tide and low tide (except two dates with only one sample at low tide). 

Sampling was carried out weekly during the regional spring bloom period of Phaeocystis 

globosa (April and May) and fortnightly afterwards. Such a regular sampling frequency is only 

possible from the shore because of the strong wind conditions often encountered in the Eastern 

Channel. Cells from surface water were collected with a phytoplankton net with a mesh of 20 

µm for further measurements. The phytoplankton community structure was determined in these 

concentrated samples. At the same time, surface water was sampled with a bucket for chemical 

measurements and natural (not concentrated) phytoplankton community structure 

determination. Sampling was carried out under the same tidal conditions but different diurnal 

conditions. To characterize the potential influence of light history in the physiology state of 

microalgae, the number of hours elapsed from sunrise to sampling time (TSS) was also 

calculated. 

 

3.2.2 Controlling variables of wavelength-dependent photosynthesis 

Natural phytoplankton communities were concentrated to obtain the sufficient density to 

perform quality measurements about sigma PSII with the technic used to study the wavelength 

dependency of photosynthesis, i.e. the MULTI-COLOR-PAM PAM (method described in 
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below sections). Environmental physicochemical variables of sea water together with light 

regime estimations were defined as the growth conditions of such phytoplankton community 

sampled. This approach of sample concentration have aready been used on photophysiological 

spectral signal analysis at a spatial scale proving a suitable method and providing quality results 

for the study of spectral photophysiological state of microalgae and its ecological implications 

(Michel-Rodriguez et al., in submission). 

 

a) Abiotic variables: compilation of in situ environmental variable observations 

Seawater aliquots were stored at -20°C until further processing for inorganic dissolved nutrient 

concentration. Concentrations of Nutrients (𝑁𝑂3
−,𝑁𝑂2

−, 𝑆𝑖(𝑂𝐻)4
−, 𝑃𝑂4

−) were measured with 

an Alliance Integral Futura Autoanalyser II according to the method of Aminot et Kérouel, 

(2007).  

The Temperature (ºC), the salinity and the turbidity (ntu) were obtained from the Marel-Carnot 

automated measuring station (IFREMER) located 5 km south of the sampling site 

(50º44’42’’N, 1º34’10’’E) (Figure III.1). Data are available via the database Coriolis (Lefebvre 

et al., 2015) with a recorded resolution of 20 minutes and were hourly averaged. Only data 

corresponding to the sampling dates were selected. Tide height at sampling time was extracted 

from the French Hydrographic and Oceanographic Service of the Navy tables (for Boulogne-

sur-Mer 50° 43' 38.8'' N, 001° 34' 39.7''). The rainfall (mm) and Global Solar Radiation (GSR) 

(J cm-2 h-1) were achieved from environmental data recorded at Calais (Figure III.1) 

(50°57’35”N, 1°57’21”N) (France) by Méteo France 

(https://donneespubliques.meteofrance.fr/). From the daily rainfall data, the cumulative rainfall 

over two days was calculated to consider the potential rainfall effect on phytoplankton 

productivity. Hourly integrated measurements of GSR were used to estimate Photosynthetically 

Active Radiation (PAR µmol.photons.m-2s-1). First, GSR was converted to PAR (in the air 

surface of sea water) by assuming PAR being 50% of GSR and by considering 1 W m-2 = 0.36 

µmol.photons.m−2 d−1 (Morel and Smith, 1974). Irradiance at sea surface (IW0) was estimated 

assuming an additional average and theoretical loss of 50% due to the air-water interface (Kirk, 

2011). In order to describe the light regime in the euphotic layer, the downwelling attenuation 

diffuse coefficient of underwater light (Kd) calculated from PAR vertical profiles (from TRIOS 

measurements) realized at the nearest coastal sampling point of an inshore-offshore transect in 

the Saint Jean Bay (just in front of the sampling site) during regular campaigns to study seasonal 
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phytoplankton dynamics at sea, in coastal waters (DEPSEPC 2019 -CPER MARCO) was used. 

When dates did not match between the two sampling sites, a linear extrapolation was made 

between two consecutive dates in order to compute a Kd(PAR) value. The subsurface light 

intensity (Iwz) was calculated following equation (1) at z=1m depth, considering the sample site: 

𝐼𝑤𝑜 =
[𝐼𝑤𝑧 (1 − 𝑒−𝐾𝑑∗𝑧)]

𝐾𝑑 ∗ 𝑧
 

 

(1) 

 

where Kd is the downwelling attenuation diffuse coefficient of underwater light, Iw0 and Iwz are 

the photon fluency rates (µmol.photons.m-2.s-1) at the surface and at depth z (m) respectively 

(Kirk, 2011). 

The averaged light intensity (Eavg) in mixing layer (Zuml) in which sampling was caried out in 

order to evaluate the seasonal evolution of light, was calculated by the integration of Kd from 

open coastal water using equation 2 as (Riley, 1957). These values could be submitted to a 

certain overestimation due to the estimation of Kd 

𝐸𝑎𝑣𝑔 =
𝐼0(1 − 𝑒(−𝐾𝑑(𝑃𝐴𝑅)𝑥𝑍𝑢𝑚𝑙))

𝐾𝑑(𝑃𝐴𝑅)𝑥𝑍𝑢𝑚𝑙
 (2) 

 

Where Zuml was fixed in this study at 1.5 m according to the depth of the water layer sampled 

by the net.  

Yellow substances of sea water were measured by the FluoroProbe sensor (a multi spectral 

fluorometer, bbe, Moldaenke, described below) at 370 nm (see Beutler et al., (2002), for further 

informations). Yellow substances are known to influence the light quality regime in sea water 

and therefore the studied wavelength-dependent photosynthetic processes, more particularly at 

short wavelengths. 

 

b) Biotic variables: phytoplankton groups and pigments analysis 

Total biomass and the biomass of functional phytoplankton groups were estimated in a natural 

and in the concentrated sample (using a net) respectively by the multi-wavelength fluorescence 

technique of the FluorProbe sensor (bbe, Moldaenke). This fluorometer can discriminate four 

different spectral algal groups in mixed populations: i) diatomophyceae plus dinophyceae as 
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brown algae; ii) Cryptophyceae; iii) Cyanophyceae and iv)Haptophyceae, Phaeocystis globosa 

in the Eastern English Channel (see the work of Houliez et al., (2012b)). The same selection of 

spectral fingerprints (related to the previous cited groups) was kept during the full period of the 

present seasonal study as Houliez et al 2015. Previous works have shown that this method is 

effective and practical (Houliez et al., 2013a; Kring et al., 2014). Sample measurements were 

made using a dedicated cuvette of 25 mL and were always expressed in Chla equivalent      

(µg.L-1) In order to accurately measure the photobiological variables, all samples were adjusted 

to a total Chla concentration of 150 µg.L-1 by the Fluoroprobe immediately after sampling. The 

community of interest in this study is the actual one that resulted from the concentration process, 

independently of the community structure in the original sea water. 

Pigment analysis was performed on concentrated samples on which photophysiological 

measurements were realized. First, samples were filtered through Whatman 25 mm GF/F glass-

fiber filters. The filters were then stored at -80ºC until posterior High-Performance Liquid 

Chromatography (HPLC). Pigment content was extracted by grinding the filters with methanol 

and small drops of methylene chloride under dim light. Extracts were filtered on 

polytetrafluoroethylene membranes (0.45 μm) and dry-evaporated under nitrogen. Salt contents 

of the extract were removed in a distilled water: methylene chloride: mixture (50:50, v/v). The 

organic phase containing pigments was then evaporated with nitrogen and dissolved again in 

40 μL methanol for injection. 20 µL were injected in a high performance liquid chromatography 

(HPLC) (Shimadzu, Nexera XR) equipped with a C18 reverse-phase column (Allure, Restek). 

Pigment contents were analyzed using a solvent delivery profile adapted from Arsalane et al., 

(1994).  

In order to analyze the different energy transfer pathways within the phytoplankton 

communities and the photoacclimation state across the seasons, pigment concentration results 

were used to estimate :i) total photoprotective carotenoid pigments (PPC, following equation 

3); ii) total photosynthetic carotenoids pigments (PSC, Eq. 4) as (Eisner et al., 2003; Barlow et 

al., 2013); iii) the de-epoxidation state (DES, Eq. 5) as Brunet et al 2014; i.e, the diadinoxanthin 

(Dd) de-epoxidation into Diatoxanthin (Dt); iv)  total photosynthetic pigments (TP, following 

equation 6); For each calculation, the cis- and the trans- form of pigments were considered. 

Finally, total pigment concentrations were used to compute weighted values of PPC and PSC 

respectively, for each concentrated sample obtained at low and high tide.  

PPC = Violaxanthin + Zeaxanthin + β-carotenoid + 
Diadinoxanthin+ Diatoxanthin + Alloxanthin + Lutein 

(3) 
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PSC = 19’Buta + 19’H + Peridinine + Fucoxanthin (4) 

 

Where 19’Buta is 19'-Butanoyloxyfucoxanthine and 19’H is 19'Hexanoyloxyfucoxanthine. 

DES = Diatoxanthin/ (Diadinoxanthin + Diatoxanthin) (5) 

TP = TChla+TChlb+TChlc+PSC+PPC  (6) 

 

Where TChla, TChlb and TChlc are total chla, chlb and chlc respectively. 

The objective of concentrate samples treatment was to keep the biomass concentration of 

samples constant. This is observed on fluoroprobe measurements results, but total pigment 

concentration presented a temporal increase trend from April to December. This trend was 

corrected with total pigment weighted values. 

 

3.2.3 Wavelength-dependent photosynthesis measurements 

Photosynthetic activity was studied following the same protocol as Michel-Rodriguez et al., (in 

in submission) to study the spectral dependency of phytoplankton at great spatial scale across 

the English Channel in spring 2018. For that, variable chlorophyll fluorescence measurements 

were conducted, using the Multiple Excitation Wavelength Chlorophyll Fluorescence Analyzer 

MULTI-COLOR-PAM (MC-PAM, Walz, Heinz Walz, GmbH, Germany). This device, fully 

described in Schreiber et al 2012, comprises 5 different peak-wavelengths (440, 480, 540, 590 

and 625 nm) of pulse-modulated measuring light (ML) and continuous actinic light (AL) for 

single turnover and multi-turnover of saturation protocols (MT and SP, respectively).  

In order to accurately measure physiological parameters without light history influence and 

completed oxidation of all reaction centers (RCII) (From et al., 2014), fast kinetics and 

automated rapid light curves measurements were realized on dark acclimated samples during a 

period of 1.5 h and kept in controlled conditions until analysis (temperature close to sea water 

and 100 rpp of agitation using a MINITRON Incubator). This dark acclimation time is the result 

of a compromise of sampling strategy. Samples were collected at high and low tide. The period 

of 1.5 dark acclimation before MULTI-COLOR-PAM aims to homogenize the time for both 

high and low tide while avoiding potential light perturbations on the transport of samples from 
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the field to the laboratory. Next, the PAR-list was measured for each sample with the help of a 

magnetic stirrer. The zero offset (background signal) was determined on 0.2µm filtered 

samples, and the current fluorescence Ft level was fixed to 0.5 ± 0.05 (relative units) by 

adjusting the measuring Light (ML) and the Gain settings (following Schreiber et al., 2012; 

Szabó et al., 2014a).  

The wavelength-dependent functional absorption cross section of PS II, here called Sigma(II)λ, 

was measured during fast kinetics measurements with the help of the pre-programmed fast 

kinetic trigger file “Sigma100.FTM” (Schreiber et al., 2012). Each Sigma(II)λ was obtained 

after three consecutive measurements separated by 10 seconds (Klugammer & Schreiber 2015) 

at each wavelength. The Sigma(II)λ values presented here are the result of measurements on six 

different sample pseudo-replicates. After that, the rapid light curves (RLC) were performed by 

triplicate at each of the five wavelengths cited above. RLC were measured using 14 increasing 

light intensity sequential pulses of 20 s and 300 µs width and intensity based on PAR-list with 

identical wavelength for ML and AL. The effective quantum yield was defined as Eq. 7 at each 

light step in function of the maximal fluorescence yield during illumination (F’m) and the 

variable fluorescence (Fv=Fm-F after dark acclimation and F’v=F’m-F under actinic light). The 

maximum quantum yield of PSII (Y(II) or Fv/Fm) was defined with an initial step of 0 µmol.m-

2.s-1.under dark acclimation conditions and was used together with an ETR factor of 0.5 (equal 

photon absorption between PSII and PSI) to define the relative electron turnover rate (rETR) 

(Eq 9). At each light step, the non-photochemical quenching (NPQ) was also calculated as the 

normalized Stern-Volmer quenching coefficient (Eq. 8). Finally, the photon absorption rate 

(PAR(II) as Schreiber et al 2012) was calculated following the Eq. 10. The electron turnover 

rate of PSII (ETR(II) in absolute absorption units was finally calculated following Eq. 11.  

𝑌(𝐼𝐼) =
𝐹′

𝑚 − 𝐹

𝐹′
𝑚

 (7) 

𝐹𝑉
𝐹𝑚

⁄ =
(𝐹′𝑚  – 𝐹𝑚) 

𝐹𝑚
 (8) 

𝑟𝐸𝑇𝑅 = 𝑌(𝐼𝐼) 𝑥 𝑃𝐴𝑅 𝑥 0.5 (9) 

𝑃𝐴𝑅(𝐼𝐼) = 𝑆𝑖𝑔𝑚𝑎(𝐼𝐼)𝜆 𝑥 𝐿 𝑥 𝑃𝐴𝑅 (10) 
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𝐸𝑇𝑅(𝐼𝐼) = 𝑃𝐴𝑅(𝐼𝐼)𝑥 (
𝑌(𝐼𝐼)

𝐹𝑉
𝐹𝑚

⁄
) (11) 

 

Fitting was performed into three different light curves: i) rETR vs PAR;  ii) ETR(II) vs PAR(II) 

and iii) NPQ vs PAR curves in order to estimate the photosynthetic parameters and the light 

dynamic of non-photochemical quenching. First, Eilers and Peeters, (1988) model was used to 

fit rETR vs PAR and ETR(II) vs PAR (II) curves and for estimation of the photosynthetic 

efficiency (hereafter α, the initial slope of RLC), the photosynthetic capacity or maximum 

electron turnover rate (ETRmax, the saturation level) and Eop (the optimum light parameter) in 

relative (r) and absolute (II) units. The light saturation parameter Ek (the curvature of the 

photosynthesis light curve) was also computed in the two units as Ek,λ = ETRmax,λ/αλ (Talling, 

1957). Light response curve fittings were achieved with “fit” function in R package 

“Phytotools”. Secondly, The Michaelis-Menten model was used to fit NPQ vs. PAR curves. A 

linear regression forcing the intercept to pass through zero was used when kinetics of NPQ vs 

PAR curves differed from Michaelis Menten model. Fitting was achieved thanks to “nls2” for 

Michaelis-Menten model function and “lm” for linear regression. As two models were used, 

NPQ values were back-calculated using the calibrated models at two different irradiances (of 

photosynthesis light curves) for each of the five wavelengths: one at low PAR (100 

µmolphotons.m-2.s-1) and a second at high PAR values (1000 µmolphotons.m-2.s-1) for very 

saturating conditions. 

In order to estimate the phytoplankton photoacclimation state of each sample, the ratio between 

Ek,440 and Eavg in the sampling water column was calculated. In the same idea, the slope between 

different pairs of wavelengths of interest (625 and 440, 540 and 440 and 540 and 625 nm in this 

study) were also computed, i.e: (param625-param440)/(625-440); (param540-param440)/(540-440) 

and (param625-param540)/(625-540) for values of Sigma(II)λ, NPQPAR=100, NPQPAR=1000 and Ek, 

in order to deepen the understanding of changes in spectral balance of light absorption capacity, 

energy utilization and photoacclimation state. These photosynthetic slopes were then compared 

to PCC/PSC ratios and DES from HPLC measurements (Eisner et al., 2003). 

 

3.2.4 Statistical analysis 

All statistical analyses were performed with R version 4.0.0.  
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Separated Principal Component Analysis (PCA, (Legendre & Legendre, 2012) were performed 

for abiotic and biotic variables in order to reveal the seasonal structure of our data with “PCA” 

function of “FactoMineR” package (Husson et al., 2020; Lê et al., 2008). Hierarchical 

Clustering on Principal Components was performed to analyze which was the temporal 

seasonal structure within abiotic and biotic variables. The agglomerative hierarchical cluster 

partition was defined as the one with the higher relative loss of inertia automatically proposed 

using “HCPC '' function of “FactoExtra” R package. Results of both abiotic and biotic clusters 

were combined to set the seasonal periods which were considered for temporal structure on 

Linear Mixed Effects Model (LMEM, see below). Samples of the same day were always 

associated in the same period. In case of different aggregation among clusters for two samples 

of the same day, the more likely period considering the closer days to that date. For three dates, 

discrepancies appeared between samples for abiotic and biotic clustering. That was the case for 

May 15th, June 12th and October 16th (see results).  

The statistical analysis of photosynthetic parameters followed here the same general approach 

used in our previous study about spatial variability (Michel-Rodriguez et al., in submission) 

with a series of cascading statistical analyses. For this temporal study, a particular attention has 

been paid to the hierarchical structure of the sampling time scales, since samples were collected 

at high and low tide within a day, for different days across different seasons.  

First, linear mixed effects model (Bates et al., 2015; Zuur, 2009) was used to analyze the 

spectral dependency between dates of photosynthetic parameters by separating the explained 

variance from the main effects. LMMEs were fitted using the “lmer” function of “lme4” R 

package (Bates et al., 2019). Linear regression was used for all studied photobiological 

parameters. A nested temporal structure was defined in the random effects of the model 

considering that photosynthetic processes vary seasonally, fortnightly and/or at different tidal 

scales (Houliez et al., 2015). Henceforth, random effects were defined as the individual 

variation from the general tendency according to the tidal conditions and the seasonal periods 

(Figure III.2) that have been previously defined from the PCA clustering analysis results. The 

aim was here to clarify the temporal structure of environmental and phytoplankton community 

data sets as potential controlling factors of photosynthetic processes. The formulation of nested 

random effects significantly improved a single individual sample random effect compared to a 

case study without a hierarchical structure. As a result, random effects were studied between 

periods (3 grouping factors, see results), between different tidal conditions within each period 

(6 grouping factors) and between the 48 individual samples (the complete data set). Hypothesis 
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tested are based on F tests for fixed effects (using Satterthwaite’s method for denominator 

degrees-of-freedom) and likelihood ratio tests for random nested models that asymptotically 

follow a χ2 under the null hypothesis for random effects' (co-)variances (Pinheiro and Bates, 

2000). The p-values for fixed and random effects were performed using “anova” and “ranova” 

functions “lmerTest” (Kuznetsova et al., 2019). Wavelength values were transposed from 440 

to 625, to 0 to 185 nm in order to decrease the uncertainty of the model intercept.  

 

Figure III.2 : Diagram of nested temporal structure of random effects. PRD for period. HT and LT for 

high and low tide respectively and D for Day of sampling. This same nested temporal structure was 

implemented for each seasonal period PRD. Each PRD was defined in function of Hierarchical 

Clustering of abiotic and biotic variables (see results). 

 

Secondly, the individual differences to the general mean spectral tendency (detrended spectral 

data) were calculated and used in a Partial Triadic Analysis (PTA) (Thioulouse, 1987). This 

analysis is a particular case of the so-called “multitable” analysis which aims to catch the overall 

typology among spectral photosynthetic responses, the commun responses and detailed 

description of differences to commum responses. PTA was performed with "pta" function of 

"ade4" package (Dray et al., 2018) and “adesgraphics” (Siberchicot and Julien-Laferrière, 2018) 

for graphical representation. The so-called cube data here was composed by five tables (one by 

measurement wavelength) with n=8 columns as number of photosynthetic parameters and N=48 

rows as the number of total samples. Before PTA analysis, each wavelength k-table was 

centered, and the resulted tables together were normed and stocked as a ktab object for posterior 

PTA analysis (“withinpca” and “ktab” function of “ade4” R package). PTA analysis was 

performed following the well–known three steps analysis: interstructure, compromise and 

intrastructure for co-variance of wavelengths, mean and variance structure between samples 

respectively.  
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Third, a Redundancy Analysis (RDA) was performed on detrended spectral data of some 

photobiological parameters at each wavelength in order to characterize the relationships 

between individual spectral responses of photosynthetic activity and the potential controlling 

factors (abiotic and biotic variables). “forward.sel” function of “adespatial” (Dray et al., 2019) 

R Package was used in order to select the more parsimonious model. Forward selection was 

based on the R2 adjusted value as well as the p-value for 199 permutations.  

 

3.3 Results 

3.3.1 Abiotic and biotic conditions  

Abiotic and biotic variables displayed a clear common temporal structure with three distinct 

and contrasted periods (ou PRD) from Hiercharchical Clustering analysis: i) Spring period from 

April 4th to May 15th ; ii) Summer period from May 22nd to September 17th and iii) an Autumn 

period from October 24th to December (Figures III.3-B and III.4-B). May 15th and June 12th 

dates were assigned to spring and summer periods respectively, even if their characteristics 

differed between the two, abiotic and biotic, PCA. At these two dates, the phytoplankton 

community structures were similar to the other nearby samples in the first PCA plan of biotic 

variables, but their environmental conditions were different to the other nearby samples in the 

first PCA plan of the abiotic variables. 

PCA 1st and 2nd axis of abiotic variables explained 46.3 % of total inertia (Figure III.3-A). First 

axis was related to nutrient concentrations, yellow substances, and rainfalls while the second 

axis is related to temperature, salinity, light intensity and light penetration capacity in water 

column (Kd) (Figure III.3-A). Spring period was characterized by high Kd values (ranging 

between 0.4 and 0.8), and low nutrient concentrations (under 2, 0.5 and 2 µmol.L-1 of dissolved 

nitrogen, phosphates and silicates respectively). Summer period presented the highest salinity 

and temperature values (34-35 salinity units and between 15 and 20 ºC), low Kd values (between 

0.2 and 0.5) which progressively increased from summer to autumn when values reached 0.6. 

During spring and summer, irradiance varied between 100 and 600 µmol.photons.m-2.s-1 while 

in autumn, values were the lowest (under 200 µmol.photons.m-2.s-1). Moreover, during autumn 

nutrient concentrations were the highest (reaching 5, over 0.5 and between 1 and 5 µmol L-1 of 

dissolved nitrogen, phosphates and silicates respectively) and rainfalls had the most important 

cumulated values (ranging 10 mm and reached values of 20 mm during the two dates discussed 

above, May 15th and June 12th). Autumn samplings were characterized by a clear increase of 
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yellow substances, (or Chromophoric Dissolved Organic Matter CDOM) with concentrations 

between 0.5 and 1 µg.L-1. Turbidity had a low contribution to total explained variance, 

nevertheless this variable displayed some increases (over 50 ntu) at each of the three seasons 

evidenced on the time series plot of this parameter (beginning of May, July and December; 

Figure III.3-A). The sample light histories (described here by the TSS variable) and the tide 

height did not explain neither the seasonality from PCA analysis (Figure III.3-A) presenting 

both low contributions to PCA analyses. However, it should be noted (Figure SM III.1) that 

TSS values were highly variable during the spring period compared to the summer and autumn 

periods: TSS displayed variations ranging from 2 to 6h in spring, and less than 2h in autumn. 

All high tide samples were obtained with an averaged water height of 8 m while at low tide, 

averaged water height was only of 2m. 

 

 

Figure III.3 : A) Principal components analysis (PCA) of environmental conditions (Temperature (◦C), 

Salinity, Turbidity (ntu), Silicates (Si(OH)2), NO3+NO2 (DIN) and phosphates (PO4) in µmol.L-1 , PAR 
at 1 m depth (Irradiance in µmol photons m-2 s-1 ), Tide Height (m), Time since sunshine (TSS in hours), 

2 days cumulated rainfall(“Cum.prep/2d”, mm), yellows substances(“Yellow Subs”, µg.L-1). Gray color 
scaling refers to the contribution (contrib) of each variable to PCA analyses. B) Hierarchical Clustering 

on PCA individuals. Labels of sampling dates are noted by the day and the month of sampling followed 

by the tide (LT for low tide and HT for High Tide) and “m” (if sampling was done in the morning) or 
“a” (if sampling was carried out in the afternoon). The significant clusters found (equivalent to seasonal 

periods named as PRD after) are: Spring (brown), Summer (purple) and Autumn (gray). 

 

PCA on phytoplankton structure and pigment groups (PPC and PSC weighted to total pigments 

and de-epoxidation state or DES) showed similar temporal structure as abiotic variables (Figure 
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III.4-B). The main difference was the significant existence of a fourth cluster coñposed by 

sample on October 16th in low tide (“16oct_LT”). This sample presented a particular 

phytoplankton structure characterized by the total absence of Phaeocystis globosa in 

comparison to the rest of samples. This sample was collected during particular meteorological 

conditions of high hydrodynamism and turbidity (Figure SM III.2-D and 3). For simplicity, this 

fourth cluster was included with autumn period cluster and its particular characteristics 

considered in potential further discussions. 

Spring period was characterized by the dominance of Phaeocystis globosa (95% of the total 

biomass) and an increase of de-epoxidation state (DES) corresponding to the fast 

photoprotective Cycle of Xanthophylls (diadinoxanthin (Dd) de-epoxidation into Diatoxanthin) 

(Figure III.4-A and Figure in SM III.4). By the end of April, DES decreased very sharply and 

showed some occasional and small increases in mid-June, late July and during the month of 

October (Figure SM III.4). Summer period had a co-dominance of Phaeocystis globosa with 

diatoms+dinoflagellates phytoplankton group and a correlation with high values of the 

photoprotective carotenoids (PPC) pool (Figure III.4-A and Figures SM III.3 and 4). The 

increase in PPC weighted to total pigments (TP) actually increased from the beginning of May 

until the end of July, then decreased and remained at median values until the end of the time 

series (Figure SM III.4). DES and PPC/TP were therefore generally alternating during the 

spring and summer periods. Finally, the Autumn period was defined mainly by the increase of 

Cryptophyta to more than 50 % of total biomass. Cyanobacteria covaried with 

diatoms+dinoflagellates and their presence varied between 10 and 20 % of total biomass during 

summer and autumn. Note that PSC/TP (Photosynthetic carotenoids weighted to total pigments 

TP) kept a constant value among sampling dates without any covariation with a specific 

phytoplankton group estimated from Fluoroprobe measurements (Figure III.4-A and Figures 

SM III.3 and 4).  

Detailed description of abiotic variables can be found on supplementary materials on Figures 

SM III.1 and SM III.2 and in figures SM III.3 and SM III.4 for phytoplankton groups, PPC, 

PSC and DES from pigments HPLC analysis.  
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Figure III.4 : A) Principal components analysis (PCA) of phytoplankton biomass estimated with a 

FluoroProbe (Cryptophyceae, Diatoms+dinoflagellates named as “diatoms+dino”, Cyanobacteria and 

Phaeocystis sp.). Gray scale color refers to the contribution of each variable to PCA analyses. 
Supplementary variables of energy regulation from HPLC pigment analysis (PSC: Total pigments and 

PPC: total pigments and DES) are shown in red. B) Agglomerating Hierarchical Clustering on PCA. 
Labels of sampling dates are noted by the day and the month of sampling followed by the tide (LT for 

low tide and HT for High Tide) and m (if sampling was done on the morning) or a (if sampling was 

carried in the afternoon) .The significant clusters found (equivalent to seasonal periods named as PRD 

after) are: Spring (brown), Summer (purple) and Autumn (gray) 

 

3.3.2 Wavelength-dependent photosynthesis parameters 

Raw data are displayed on figure III.5 and all statistical results of LMEM are reported in Table 

III.I. Population wavelength-dependencies were here first characterized by significant spectral 

trends of fixed effects of LMEM for half of the measured physiological parameters (Sigma(II)λ, 

Fv/Fm, r.ETRmax, ETRmax(II), r.EK and NPQ100). In addition, four of the twelve physiological 

parameters (Sigma(II)λ, r.ETRmax, ETRmax(II) and NPQ100) evidenced significant individual 

spectral trends considering the overall significance of the model (last column of Table III.I).  
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Table III.I : Fixed estimates of linear mixed effects regression for photosynthetic parameters with 

standard error(SE) and significant codes for random variation at intercept (a) and slope (b) between 
periods (PRD), tides within periods (Tide/PRD) and between all samples (Sp/tide/PRD). Significant 

codes next to parameters refers to the significant analysis of the model (significant spectral variation). 

Hypothesis tests are based on t tests for fixed effects coefficients intercept and slope and likelihood ratio 
tests and p-value based on χ2 statistics. Significant code:  0 p-value <0.001‘***’ <0.01 ‘**’ <0.05 ‘*’ 

p-value>0.05 ‘.’ Marginal significicativity (p-value >0.05 < 0.08), ns for non-significant values 

 Fixed effects Random effects 
Sig. of the 

model 

 Estimates Intercept (a) effects Slope (b) effects  

 A (Intercept) S.E B (slope) S.E 
Sp/tid

e/PRD 
Tide/PRD PRD 

Sp/tide/

PRD 
Tide/PRD PRD  

Sigma(II)λ 6.60 * 0.84 -0.03 * 0.003 *** ns *** ns *** ** * 

Fv/Fm 5.63·10-1 *** 2.89·10-2 -1.27·10-4* 2.80·10-5 *** ns ns ns ns ns * 

ETRmax(II) 767.77 ns 94.43 -1.09 * 0.32 *** ns *** ns . * * 

r.ETRmax 57.01ns 10.10 0.42 * 0.05 *** ns ns ** ns ns * 

alpha(II) 0.70 ns 0.07 8.33·10-4 ns 3.29·10-4 *** ns ns ns *** ns ns 

r.alpha 0.23 *** 1.37·10-2 9.36·10-5ns 6.35·10-3 *** ns ns ns ns ns ns 

Ek(II) 1141.66 * 154.94 -2.65 ns 1.09 *** ns ** ns ns ** ns 

Ek 250.26 ns 51.69 1.52 ** 0.14 *** ns ns ns ns ns ** 

Eop(II) 4068.45 ** 516.84 -13.16 ns 4.30 *** ns * ns ns . ns 

Eop 1431.55 * 251.93 0.36 ns 1.12 *** ns * ns ** . ns 

NPQ100 0.29 ns 0.04 -1.02·10-3 * 2.22·10-4 *** ns ns ns . * * 

NPQ1000 2.01 ns 0.34 -6.14·10-3 . 1.55·10-3 *** ns * ns ns ** . 

 

The analysis of fixed effects of LMEM revealed relevant information on light absorption 

capacity and energy flux variations as a function of wavelength. Firstly, Sigma(II)λ (the 

parameter that connects relative and absolute photosynthetic parameters) displayed a 4-fold 

decreasing trend along the spectrum from 6 to 1.5 nm2. On the opposite, r.ETRmax showed a 2.5 

fold increasing trend (values ranged from 57 to 135 µmol electrons m-2 s-1) in relative units. 

This trend was largely counterbalanced by Sigma(II)λ and the absolute parameter ETRmax(II) 

decreased significantly across the spectrum from bright blue (440nm) to light red (625nm) 

wavelengths (Figure III.5). Although α (in relative and absolute units) did not show a general 

significant trend on the spectrum, the r.Ek parameter (resulting from the ratio between r.ETRmax 
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and r.α) displayed 2 fold increasing trend (values varied from 250 to 530 quanta m-2s-1) across 

the spectrum. On the other hand, Ek(II) did not present a significant trend despite the fact that 

mean values decreased from 1142 to 625 quanta(PSII.s-1) at 440 and 625 nm respectively (a net 

2 fold decrease). Finally, the maximum photochemical quantum yield Fv/Fm, which relates also 

the cell physiological state, and the two non-photochemical quenching estimates showed the 

same kind of decreasing trend as Sigma(II)λ but with different slopes (Table III.I). Fv/Fm 

(generally varying between 0.3 and 0.7 regardless of wavelength) evidenced a slight spectral 

trend, with 1.7 times higher values at 440 nm than at 625 nm but slope values close to zero. The 

population spectral trend for the two NPQ estimates would be related to the light intensity. 

Indeed, NPQ100 (i.e at low PAR values of 100 µmol electrons m-2 s-1) showed the same trend 

(values ranging from 0.3 to 0.1) as Sigma(II)λ, while for NPQ1000 (i.e. at saturated PAR of 1000 

µmol.photons.m-2.s-1) there was no significant spectral trend (only a marginal significance was 

observed).  

Random effects of LMME accounts for differences of samples to the population fixed tendency 

across wavelengths were analysed according to the hierarchical structure of the temporal 

sampling strategy. The results (Table III.I) evidenced significant individual spectral trends for 

Sigma(II)λ, r.ETRmax, ETRmax(II) and NPQ100 but in different ways for each of these parameters 

according to time scales. At individual sample level, all parameters evidenced significant 

different intercepts indicating that the levels achieved by parameters were all different, but only 

rETRmax showed significant different spectral slopes (Table III.I). Considering the sampling 

level in relation to the high and low tides, all parameters displayed non-significant different 

intercepts, but different slopes were achieved for Sigma(II)λ whatever the seasonal periods 

(considering the significant models, Table III.I). With regard to the three seasons, Sigma(II)λ 

and ETRmax(II) evidenced significant different intercepts, while Sigma(II) λ, ETRmax(II) and 

NPQ100 revealed significant different spectral trends (slope) between seasons (Table III.I). 
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Figure III.5 : Spectral variation patterns of Fv/Fm (A), Sigma(II) (nm2) (B), NPQ at 100 (K) and 1000 (L) µmol·photons·m-2s-1 and relative (C, E, G, I) and 
absolute (D, F, H, J) of relative and absolute ETRmax (µmol electrons s-1 and electrons(PS II s)-1 respectivelly), relative and absolute α (electrons/quanta for both 

respectivelly), relative and absolute Ek (quanta m-2s-1and quanta(PS.II.s)-1respectivelly), and relative and absolute Eop (µmol.quanta.m-2.s-1and quanta(PS.II.s)-

1respectivelly ) measurements at high (closed circles) and low tide (open circles) at each seasonal period characterized on PCA and Hierchical Clustering of 
abiotic and biotic variables (PRD1 in brown for late spring PRD2 in purple for summer ; and PRD3 in gray for autumn ). Fitted linear mixed effects model is 

shown with a solid dark red line. 440, 480, 540, 590 and 625 nm of measure have been transposed to 0, 40, 100, 150 and 185 nm in X axes for Linear Mixed 

Effets Model ditting(see M&M for details) 

A) B) C) D) E) F) 

G) H) I) J) K) L) 
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Figure III.6 : Variation of detrended photosynthetic spectral measurements of: Fv/Fm,(A and I) Sigma(II)λ(B and J), α(II) (C and K), Eop(II)(D and L), 
ETRmax(II)(E and M), Ek(II)(F and N), and NPQ at 100 (G and O)and 1000 (H and P) µmol·photons·m-2s-1 for each photosynthetic parameter and samples for 

low tide (LT, open symbols) (A, B, C, D, F, G, H) and high tide (HT, closed symbols))(I, J, K, L, M, N, O, P). Point colors refer to each of the 5 wavelengths 

analyzed: bright blue, light blue, green, amber and light red for 440, 480, 50, 590 and 625 nm respectively

A) B) C) D) E) F) G) H) 

I) J) K) L) M) N) O) P) 
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Figure III.6 displays the detrended photosynthetic parameters at each measured wavelength 

obtained from LMEM analyses. Random effects can be observed from the scattering as well as 

the time course of the five wavelength curves which differ according to the seasons for the three 

parameters cited above (Sigma(II)λ, ETRmax(II) and NPQ100). This is particularly clear for the 

Sigma(II)λ at low tide and NPQ100 at high tide, but less for ETRmax(II) (Figure III.6). Note that 

NPQ100 as well as NPQ1000 were particularly high at 440 nm in spring at high tide. Moreover, 

generally all parameters showed in blue higher variability from the zero level (which refers to 

the population mean value in LMEM) than amber and light red responses.  

 

3.3.3 Sample wavelength-dependency as shown by Partial Triadic Analysis 

A multivariate analysis through a PTA (K-tables method) analysis was conducted on detrended 

photosynthetic parameters obtained from LMEM analyses in order to capture the similarities 

within the five wavelength tables concerning all photosynthetic parameters. This analysis also 

highlights the changes in the relationships between the five measuring wavelengths. The 

analysis and its interpretation follow a three-step process: interstructure, compromise and 

intrastructure. 

As a reminder, interstructure of PTA evidences the common features between variables of the 

five wavelength measures. The first two axes of PTA interstructure explained 65% of total 

inertia (Figure III.7-A) and the five wavelength tables presented similar weight (values ranging 

from 0.33 to 0.49; Table III.II) and a significant representation with cos2 close to 1, excepted 

for the amber wavelengths (590nm table, Table III.II). There is a clear positive correlation 

(Figure III.7-A) between the five wavelengths which are all positively projected on the first 

axis (ca 65.26% of the total inertia Figure III.7-A) which account to relatively similar evolution 

of temporal detrended values. Axis 2 (18.36% of the total inertia, Figure III.7-A) discriminates  

between light red and amber wavelengths on the positive side and green and blue wavelengths 

on the negative side of this axis (Figure III.7-A). Amber wavelengths were also distinguished 

by being a little away from the other wavelengths. 
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Figure III.7 : Partial Triadic Analysis (PTA) results for: A) interstructure; B)intrastructure (axes of the 

polygons) and compromise (center of polygons) of photosynthetic parameter; and intrastructure 

projections of individual samples at 440 nm (C and D) and at 625 nm (E and F) for High (C and D) and 
Low tide (D and F). In figure A, intrastructure responses at each wavelength are labeled with the 

wavelength value in bright blue, light blue, green, amber and light red (440, 480, 540, 590 and 625 nm 
respectively). Individual labels are composed by the day of the sampling date followed by the month, LT 

or HT for low and high tide respectively, and “m” or “a” for morning or afternoon samplings. Colors 

of individuals refer to the seasonal period (brown for sprint, purple for summer and gray for 

winter/autumn) resulting from PCA analysis and Hierchical Clustering. 

A) B) 

C) D) 

E) F) 
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Table III.II : Matrix of vector correlation coefficients between sub-matrix of photosynthetic parameters 

at each wavelength color, their weights in PTA analysis and cos2 

Wavelength 

(nm) 
440 480 540 590 625 Weight cos2 

440 1 0.90 0.72 0.29 0.47 0.48 0.91 

480  1 0.75 0.35 0.47 0.49 0.93 

540   1 0.46 0.61 0.49 0.88 

590    1 0.52 0.33 0.54 

624     1 0.41 0.69 

 

The two axes of the compromise PTA analysis contributed to 73.84% (Table III.III) of total 

inertia and gave an accurate overview of the common structure among photosynthetic 

parameters for each measured wavelength (center of polygons in Figure III.7-B) and sample 

dates (median distance between wavelength values at 440 and 625 nm in Figure III.7 C,D,E and 

F). The relative position of each polygons highlighted proximities and oppositions that are well 

consistent with the theoretical expectations for photosynthetic processes. Fv/Fm and α are close 

and on the positive side of the first axis, while Ek(II) and Eop(II) are opposite, with ETRmax(II) 

in the intermediate position (Figure III.7-B). On a perpendicular axis defined by previous 

parameters, the two intrastructure polygons of the NPQ and Sigma(II)λ are arranged very close 

to each other on the positive side of the second axis (Figure III.7-B). Concerning the size of the 

polygons, Fv/Fm shows here the smallest polygon, that is to say the smallest spectral variability 

of all the studied photosynthetic parameters, as on Figure III.6. The rest of the parameters 

displaed similar polygon sizes, i.e. similar spectral variabilities outside the population trends, 

since data have been detrended here (Figure III.7-B).  

 

Table III.III : PTA compromise analyses of the first 2 axes with Total Inercia, cumulated inertia (Cum) 

of each PTA axes (Cum) and % of cumulated total inertia (Cum %). 

  Inertia Cum Cum (%) 

Axe 1 13.08 13.08 48.54 

Axe 2 6.82 19.90 73.84 

Axe 3 3.98 23.89 88.62 

Axe 4 1.40 25.28 93.80 

 

Each of the edges of the polygons represents the intrastructure of photosynthetic parameters. 

Values at short wavelengths blue (440 and 480 nm) are for all photosynthetic parameters 

opposed to long amber and light red wavelengths at (590 and 625 nm). Moreover, blue values 
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are found generally further from the center of the factorial plan which was directly linked to the 

higher variability from the mean response compared to the more stable red values. The 

intrastructure polygon of ETRmax(II) evidenced a particular spectral pattern at 625 nm with a 

particular.  

Results of PTA intrastructure of samples are here focused on two characteristic wavelengths 

(440 and 625nm) for clarity and in order to compare high and low tide individual sample 

measurements (Figure III.7-C, D, E and F). The analysis of individual samples evidenced a 

general temporal structure corresponding to the three seasonal periods of abiotic and biotic 

conditions that have been previously defined, more particularly at high tide. At high tide and 

440nm, individual samples were clearly structured in periods from the left to the right of the 

first axis, that is from spring to autumn (except for the September 17th sample corresponding to 

a non-typical spectrum) being spring period the most different from the others. At high tide and 

625nm, individual samples from spring and summer were discriminated (except for the June 

18th and September 17th samples corresponding to a non-typical spectrum), while samples from 

autumn were in an intermediate position with less clear discrimination. At low tide these 

variations in patterns tended to disappear, especially at 625nm (Figure III.7-C, D, E and F). 

 

3.3.4 Controlling factors of photophysiology 

In an effort to identify the controlling factors of individual variations of the photosynthetic 

parameters individual variations, a redundancy analysis (RDA) was carried out on detrended 

photosynthetic data. The forward-selected explanatory variables allow explaining significantly 

each measured wavelengths (p-value < 0.05, Table III.IV) with a percentage of total variance 

between 20 and 40 depending on the wavelengths (around 40% in bright blue, 25% for light 

red and green and 19% for amber wavelengths, Table III.IV). Biotic and the combination of 

biotic and abiotic factors explained systematically a higher percentage of variance than abiotic 

parameters (Table III.IV). At 440, 480 and 540 nm, the yellow substances were the only abiotic 

parameters selected. This is an interesting result because yellow substances, or CDOM 

concentration, absorb light at short wavelengths, from ultraviolet to blue. At 590 and 625 nm, 

the abiotic forward selected variables were sub-surface light intensity (at 1m depth), in addition 

to light extinction coefficient at 590nm and water turbidity at 625nm.  
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Table III.IV : Results of RDA analysis of detrended photosynthetic parameters at each wavelength and 

the forward-selected explanatory variables. At each wavelength analyzed, the forward selected 
variables in the model are listed for environmental variables, the variance explained, the residuals and 

the R2 adjusted (R2adj) are shown. 

Wavelength Model 

% abiotic 

Variables 

(a) 

% 

explanation 

biotic 

variables (c) 

% 

explanation 

Combined 

biotic 

+abiotic (b) 

Residuel p-value 

440 

Y.subs+ 

Phaeocystis+dinoflagellates+

diatoms 

1.12 17.93 18.51 62 ** 

480 

Y.subs+ 

Phaeocystis+dinoflagellates+

diatoms 

1.35 21.44 16.87 60.34 *** 

540 

Y.subs 

Diatoms+dinoflagellates+ 

Cryptophycee 

0.6 17.10 8.09 74.13 *** 

590 
I(1m)+kD+PO4 

Cryptophycee 
6.88 3.88 7.25 81.99 *** 

625 

I(1m)+Turbidity+ 

Diatoms+dinoflagellates+ 

Cryptophycee 

9.65 12.86 4.01 74.47 *** 

 

In parallel, the biotic forward selected variables corresponding to phytoplankton community 

structure displayed some differences according to the measured wavelengths (Table III.V and 

Figure. III.8). concerning brown microalgae, the diatom plus dinoflagellate group was always 

forward selected at each wavelength unless at 590nm, while Phaeocystis globosa biomass was 

only selected at 440 and 480nm. Cryptophyceae biomass was forward selected at 540, 590 and 

625nm (Table III.IV). Therefore, there seems to be an ecological tuning between the forward 

selected microalgae groups and the measuring wavelengths of detrended photosynthetic 

parameters. It is a very interesting result given that it was obtained from natural phytoplankton 

communities.  

In this context, temporal structure of samples were clearly reported on RDA biplots for 440 and 

625 nm (Figure III.8-A B). These figures illustrate several results identified in Table III.IV and 

stated on PTA analysis. Sigma(II)λ and NPQ covaried at these two wavelengths and were linked 

to total phytoplankton biomass, but to different phytoplankton groups in function of the 

measuring wavelengths (Figure III.8). On the opposite, on the first axis, Fv/Fm and α are 

correlated at 440nm, in link with the diatom plus brown algae, diatoms and dinoflagellates 

group, while they were uncorrelated at 625nm (with Fv/Fm always correlate to brown algae). 

Note that Cryptophyceae biomass were well correlated with NPQ at 625nm while at 440 nm 

NPQ is correlated to Phaeocystis sp. and inversely correlated with diatoms+dinoflagellates 



 

109 

 

biomass. This variation of NPQ correlation would indicate a particular photoprotection 

mechanism between these species with different absorption capacity. ETRmax(II) and Ek(II) 

were negatively correlated to yellow substance at 440nm, while they are positively correlated 

to turbidity and sub-surface light intensity at 625nm (Figure III.8).  

 

Figure III.8 : Redundancy Analysis (RDA) using scaling 2 triplot (correlation biplot: distances between 
objects are not approximate of Euclidean distances and angles between all vectors reflect linear 

correlation). Controlling factors and (blue arrows) of photosynthetic variables (red arrows). Individuals 

(black) are labeled with the day, month tide (high HT or Low LT tide) and the moment of sampling in 
the day (m for morning and for afternoon). The colored areas of samples represent the aggregation of 

these samples considering the seasonal periods resulting from PCA on abiotic and biotic variables and 
clustering analyses. Brown group samples for Spring period; Purple group samples for Summer period 

and gray color groups samples for Autumn period. 

 

In order to go deeper in the study of the controlling factors of spectral variations of 

photosynthetic data, a focus was first made on the photoacclimation index EK, divided by the 

averaged light intensity Eavg in the shallow sampling water column (Figure III.9).  
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Figure III.9 : Temporal variations of the photoacclimation index Ek (in absolute units, measured at 
440nm) divided by the vertically averaged light (Eavg) in Log scale at low tide (. Circles)  are for 

pointsand at high tide (while triangles) low light.The gray scale bar indicates de KdPAR values at each 

sample 

 

Temporal variations of such a classical ratio (Tillmann et al., 2000) showed that the 

phytoplankton communities presented a good photoacclimation state since values generally 

close to 1, but in some cases also above 1 (reaching a value of 4) (Figure III.9). This 

photoacclimate state could be due to the right strategy of photoprotection developed by 

microalgae. This was observed comparing the temporal evolution of the individual slope of 

Sigma(II)λ and NPQ100 between 440 and 625 nm (Figure III.10) with the temporal evolution of 

de-epoxidation state (DES) and the ratio between the photoprotective carotenoids and 

photosynthetic carotenoids (SM III-4). Recall that these last variables describe respectively the 

rapid cycle of activation of xanthophylls (XC) and energy transfer pathways within 

phytoplankton cells. Indeed, the spectral slope of the absorption capacity and the non-

photochemical quenching at low lights decrease at the end of April and increase at the beginning 

of the declared summer period (middle of May) (Figure III.9). This temporal evolution is 

parallel to the decrease of the maximum values of DES and the increase of PPC/PSC ratio. 

Moreover, these variables showed a significant correlation with the light extinction coefficient 

Kd (Spearman r = 0.51 and -0.55 respectively) (Figure III.11). 
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Figure III.10 : Plots of the temporal evolution of the absorption capacity Sigma(II)λ (A) and non 

photochemical quenching NPQ (at 100 µmol.photons.m-2s-1 )(B) slope between 440 and 625 nm in 

function of time (Date). The blue color graduation refers to Kd estimates from open coastal waters in 

the study area. 

 

 

Figure III.11 : XY pigment XY plots of coefficients DES (A) and PPC/PSC (B) in function of Kd  estimates 

(coefficient of light extinction) from open coastal waters in the study area for each seasonal period: 

spring (brown), summer (purple) and Autumn (gray). 

 

3.4 Discussion 

In this study we examined the wavelength dependency of multiple parameters referring to 

Photosynthetic Electron Transport (PET)λ, absorption capacity of PSII and non-photochemical 

A) B) 

A) B) 
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quenching in a coastal temperate sea during 9 months with a total of 48 samples. In particular, 

this work provides new insights about the temporal variation of wavelength dependency of 

photosynthesis in relation with phytoplankton community structure shifts, their respective 

photoacclimation strategies and plasticity to cope with seasons and the tide scale changes. To 

date, only few works dealt  with action spectra measured in situ and were only focused on the 

variations of α (the initial slope of P-E) during bloom of species with specific pigmentation 

structure (e.g Mesodinium rubrum; Kyewalyanga et al., 2002). Nevertheless, these studies did 

not consider the potential of phytoplankton cells to photoacclimate at shorter temporal scales 

within seasons. Indeed, other works on photosynthesis (but not spectral ones) have shown that 

photosynthetic activity could vary at very different temporal scales (Houliez et al., 2015) and 

that photoacclimation could happen in mixed coastal waters in relative stable conditions, 

between high and low tide and in neap tide conditions (Lizon et al., 1995; Lizon, 2002). In this 

study, we go further in the domain of wavelength dependency research in comparison to these 

previous works due to the complexity of the data acquired while considering the temporal scale 

effects. For that, an innovative statistical framework was used consisting in a sequential use of 

Linear Mixed Effects Model (LMEM), Partial Triadic Analysis (PTA) and Redundancy 

analyses (RDA). Here, the particularity was to nest temporal scales in the LMEM approach. 

In this section, we first discuss the wavelength-dependency of each photosynthetic parameter 

in link to the theories of photosynthesis and photoacclimation, and the physiological 

implications. Secondly, we will discuss the wavelength dependency time variability and its 

controlling factors. This discussion will be carried out considering three different temporal 

scales: the three seasonal periods; the tide effect (high and low tide) nested in the three periods 

and, the individual level nested in the two previous ones. 

 

3.4.1 Population wavelength dependency of photosynthesis 

Wavelength-dependency has been characterized with Linear Mixed Effects Model on 

population level (fixed effects) and at individual level (random effects). In this section we will 

discuss the meaning of the wavelength dependency of these parameters in relation to the general 

photosynthetic and photoacclimation theories in fixed effects. Recall that our results showed 

that except α (in relative and absolute units), Ek(II) and NPQ at 1000 µmol.photons.m-2s-1, all 

photosynthetic parameters displayed a significant population trend over wavelength. 
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Absorption capacity of PSII 

Absorption capacity was estimated by Sigma(II)λ following the method of Schreiber et al (2012) 

as an estimation of the absolute absorption capacity of PSII in a reference dark acclimate state, 

an intrinsic feature of the PSII. This parameter presented a decreasing population trend in 

function of wavelengths with still high values of absorption at 540 nm (green) that reached in 

this study 2.1 nm2. Previous works using MULTI-COLOR PAM showed the same magnitude 

of absorption capacity during the bloom in English Channel (Michel-Rodriguez et al., in 

submission) at this same wavelength. These results were expected because they are 

characteristic of brown microalgae. Diatoms-dinoflagellate and haptophyte groups were most 

of the time dominant in the samples as in Michel-Rodriguez et al., (in submission). Brown 

microalgae displayed a dominance of chlorophyll a but also fucoxanthin pigments which can 

absorb green light depending on their position in light harvesting antenna (Premvardhan et al., 

2008). Similar results were obtained also using the same MULTI-COLOR-PAM in diatoms 

(Goessling et al., 2018). 

 

Physiological state 

As for Sigma(II)λ, the PSII maximum quantum efficiency or Fv/Fm  needs to be discussed before 

focusing on photosynthetic parameters trend and photoacclimation strategies since it is related 

to the physiological  state of the samples. This parameter presented a very marginal wavelength 

dependency and can be considered wavelength independent (even if the slope was significant). 

Spectral trends have already been characterized for this parameter (Lewis et al., 1988; Schofield 

et al., 1996; Falkowski & Raven, 2007). This result was expected because it was already 

observed in the spring at the Channel scale for phytoplankton communities dominated by brown 

microalgae (Michel-Rodriguez et al in submission). Here the values of Fv/Fm ranged between 

0.4 and 0.6, with an average around 0.55. This range is not critical and does not imply a severe 

potential physiological stress. These values are only the general population trend. Individual 

variations were observed and will be discussed later in this study. 

 

Photosynthetic parameters 

The population trend of photosynthetic parameters allowed understanding the general 

management of light energy and electron flow from a physiological point of view related to 
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photosynthesis theory. The population trend in LMEM of photosynthetic parameters was 

guided by the spring-time values. A general strategy of photoacclimation will not be considered 

here at the population level but after a particular focus at each temporal scale defined from 

LMEM analysis (see section 4.2). This is supported by the fact that variations of wavelength 

dependency were significant for some photosynthetic parameters at population level and/or 

individual level depending on the nested temporal scale.  

First, the expected result for ETRmax would be an increasing trend in relative units and a 

wavelength independency in absolute units according to previous studies on natural 

phytoplankton communities in the same coastal region at spatial scale (Michel-Rodriguez et al., 

in submission). Nevertheless what is observed here is that ETRmax(II) presented a wavelength 

decreasing trend. This result was remarkably interesting considering the shallow sampling area 

and the potential turbidity. In some previous studies, higher ETRmax(II) in blue wavebands were 

associated to photoacclimation due to increasing light intensities in blue wavelengths (Szabó et 

al., 2014a) and a change in PSII/PSI ratio generating a redistribution of the electron transport 

of blue photons through PSI (Schreiber et al., 2012). Such high values in blue wavelengths were 

also observed on microphytobenthos species in laboratory (Goessling et al., 2018), for benthic 

diatoms growing under blue light. In our case, higher ETRmax(II) in blue wavebands could be 

explained by a photoacclimation of advected cells of Phaeocystis globosa from initially clearer 

waters. Indeed, during the bloom, our results showed that phytoplankton biomass was high, as 

well as the turbidity and therefore Kd values. Brunet et al., (1993) reported inverse significant 

correlation between DES indexes and the light extinction coefficients Kd across the inshore-

offshore environmental gradient of this ecosystem. On the shore, we were in different 

conditions: not on the environmental gradient but in a shallow water generating sand 

resuspension and thus probably masking the potential relationship between DES and Kd that 

could take place at sea. These seasonal values of ETRmax(II), as we will discuss in section 3.4.2 

in detail, could control the population trend in LMEM.  

Secondly, we observed a wavelength independency of α, the initial slope of P-E curves, in 

absolute and relative units. This result is consistent with what was measured initially by 

Schreiber et al. in their initial publication of MULTI-COLOR-PAM (2012), but differs to what 

was observed for cultures of brown algae (Goessling et al., 2018; Schofield et al., 1996) for 

which values showed a decreasing spectral trend. This was also the case for in situ 

measurements of previous and initial works of (Lewis et al., 1985b, 1985a) in which α showed 

a decreasing spectral trend close to the light absorption spectra (a*). The lack of higher values 
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for α(II) at 440 nm on the contrary to ETRmax(II) could be explained by the fact that advected 

cells were acclimated to high light at the beginning of the springtime, as previously described 

with high values of DES and ETR(II)max. For this photosynthetic parameter the population trend 

could be guided by spring time trend.  

Finally, we observed that Ek presented an increasing wavelength dependency in relative units 

and a wavelength independence in absolute units. Given that Ek is calculated as ETRmax/α, 

Ek(II) was here the result of the mutual compensation between α(II) and ETRmax(II). It resulted 

at population level a lack of significant trend that could be explained by the high variability of 

individual measurements. This parameter showed an amplitude of variation over 1500 

quanta(PS II s)-1 that can reach 2000 quanta(PS II s)-1 at 440 nm. This was not the case in the 

study of Michel-Rodriguez et al (in submission) in which a significant decreasing wavelength 

dependency was observed. It is possible that Ek(II) variability at 440 nm specially prevented 

here the observed trend to be significant. This hypothesis could be also true for α(II).   

These population wavelength dependent responses of photosynthesis showed some significant 

variations at some specific temporal scale that will now be discussed in connection with the 

environmental controlling factors.  

 

3.4.2 Individual wavelength dependency and controlling factors according 

to time scales 

Wavelength dependency of individual variations will be presented from detrended data (after 

subtraction of the spectral population signal) from LMEM in relation to controlling factors (in 

RDA analysis) according to the time scales considered in the LMEM analysis: i) seasonal scale; 

i) the daily tidal cycle scale with High (HT) and Low Tide (LT); and iii) the sample or individual 

scale. Results evidence that at least one of the temporal scales was significant for all 

photosynthetic parameters. The most significant temporal structure was the season. A 

secondary temporal structure was evidenced at the daily tidal cycle scale nested in the seasonal 

scale (that means that for each season we find differences between high tide and low tide 

values). The controlling factors were different at each of the temporal scales defined. 
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a) Seasonal scale 

Spectral variability at seasonal level was driven by phytoplankton community succession and 

their respective photoacclimation strategies. A significant variation of wavelength dependency 

was observed for the light absorption capacity Sigma(II)λ, ETRmax(II), NPQ at 100 

µmol.photonsm-2s-1. Note that the significant values of LMEM random analyses indicate that 

at least one season was significantly different from the general population trend. A similar 

observation can be done in PTA and RDA analyses in which detrended data were grouped also 

under the criterion of seasonal periods. Recall that the seasonal periods were defined as spring, 

summer and autumn and were coherent and resulted from with the temporal variation analysis 

(Hierarchical Clustering and PCA analysis) of controlling factors observed in the Eastern 

English Channel (Breton et al., 2000; Gentilhomme & Lizon, 1997; Houliez et al., 2015, 2013; 

Lizon et al., 1995; Schapira et al., 2008; Seuront et al., 2006). The spring period was 

characterized by the growth of a high biomass dominated after mid-April by Phaeocystis 

globosa which led to a decrease in the nutrient stock that had been regenerated after winter. The 

summer period corresponded to high temperature and low nutrient concentrations and a mixed 

community of diatoms and surprisingly of Phaeocystis. Finally, the autumn period was 

characterized by low light intensity and a regeneration of nutrients stock with an increase of 

Cryptophyceae in the diatom with Phaeocystis mix. In similar temperate macrotidal systems, 

the gradual variations of environmental parameters induce such a shift of phytoplankton 

structure at seasonal scales (Houliez et al., 2015; Jouenne et al., 2007).  

The phytoplankton succession resulted in different patterns of pigment compositions and 

therefore could explain the different Sigma(II)λ signatures observed between seasons. In Spring, 

the community was highly dominated by Phaeocystis globosa which is characterized by the 

presence of auxiliary pigments like chlorophyll C3 or 19'Hexanoyloxyfucoxanthine 

(19H’)(Breton et al., 2000; Brunet & Lizon, 2003). Indeed, these pigments are found in our 

samples in all the time series and are considered on total pigment (TP), and in 19H’ in 

photosynthetic carotenoid pigments (PSC). The total pigment weighted values of these pigment 

concentrations showed higher values of Chl C3 in spring season (data not shown). Springtime 

was also characterized by a maximum value of de-epoxidation of diadinoxanthin (de-

epoxidation state or DES) Figure SM.III-4). These pigments belong to the group of xanthophyll 

pigments that could  explain, as said in the previous paragraph, the state of photoacclimation of 

cells to strong lights when the waters are still clear before the strong biomass. This is consistent 

with RDA results in which it was observed that in spring the absorption capacity and total 
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biomass were correlated in springtime at blue wavelengths only. In summer, the phytoplankton 

structure showed a co-dominance of Phaeocystis with Diatoms+dinoflagellates in combination 

with a presence of 10 % of cyanobacteria. This last group is characterized by an absorption 

spectrum developed in red wavelengths thanks to phycobilisomes as it is shown in the particular 

HPLC works of pigments absorption spectrum and properties (Roy, 2011). Note nevertheless 

that phycobilisomes areis not considered in the total pigment biomass in HPLC analysis. In the 

particular case of the red band in MULTI-COLOR-PAM, the 625 nm light was initially 

designed for this phytoplankton group, concretely Synechocystis (Schreiber et al., 2011 and 

methodological manual MULTI-COLOR-PAM). In our data the increase of Sigma(II)λ was in 

the light red band at 625 nm while the amber band at 590 nm values are lower in comparison 

to red band ones. Finally, during autumn, which is characterized by the presence of cryptophytes 

in more than 30 % of the samples, the spectral band enhanced was a green and amber band with 

values that reached 5 nm2 and even 10 nm2 for some dates (Figure III.5). Higher Sigma(II)λ 

values during autumn can be here due to an increase of alloxanthin concentration. This pigment 

is included in the pool of total photoprotective carotenoids (PPC). The ratio PPC/TP (Figure 

SM III.4) showed here an increase in autumn season that can be explained by the increasing 

concentration of alloxanthin in time (data not shown). In autumn, total pigment shows a general 

increasing trend (Figure SM III.4) while the absorption capacity Sigma(II)λ showed a general 

enhancement at all wavelengths, as in springtime. The explanation is nevertheless related to 

different factors. During autumn, the increase of Sigma(II)λ would be explained by a decrease 

of available blue light in the water column due to higher concentrations of CDOM but in spring 

it is due to the higher absorption of blue lights after a liberation of excess of energy by the 

action of xanthophylls cycle with high DES values. This pattern among seasons of absorption 

capacity is evidenced. Redundancy Analysis in which the yellow substances (proxy of CDOM 

concentrations or biomass degradation (Astoreca et al., 2009) were forward selected for the 

blue wavelengths. This assumption is also consistent with RDA results which showed that at 

red wavelengths, the absorption capacity and total biomass were associated with cryptophyte 

biomass. 

The phytoplankton community succession controlled the absorption capacity among seasons 

but also highlighted different strategies of photoregulation through NPQ. This relation between 

absorption capacity and NPQ was observed with a systematic correlation of Sigma(II)λ and 

NPQ in RDA and in PTA intrastructure. On one hand, there is a dominance of Phaeocystis 

globosa in spring and a rapid cycle of Xanthophylls with a high de-epoxidation state (DES) and 
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high NPQ values. On the other hand, in summer the main strategy of photoregulation was the 

increase of the pool of photoprotective carotenoids but not the rapid cycle of Xanthophylls that 

acts at longer time scales and after longer expositions to high light intensities (Alderkamp et 

al., 2012; Meyer et al., 2000). During the spring, the phytoplankton community was exposed to 

a seasonal increase of light even   in a turbid shallow environment. Spring cells set up then a 

fast photoregulation by de-epoxidation of diadinoxanthin which was observed in the peak of 

DES while increasing the non-photochemical quenching (NPQλ). In summer, cells develop in 

a more stable water column and higher light intensities allowing them to develop a long term 

photoacclimation characterized by the synthesis of the pool of photoprotective pigments and 

lower NPQ values. Recall that in summer there is a codominance of Phaeocystis globosa and 

diatoms+dinoflagellates. This increase of diatoms would explain the opposite energy regulation 

strategy of summer period. This opposite strategy has already been observed in previous works 

(Meyer et al., 2000). These authors evidenced that Phaeocystis globosa developed a fast rapid 

xanthophyl’s cycle (linked to a reduce cost of synthesis other pigments (Brunet et al., 1993)) 

when growing at different lights intensities, while a diatom specie (Thalassiossira sp) 

developed that strategy of photoregulation only when growing in low lights (under 10 

µmol.photons.m-2s-1) which is not the case in summer season. This is consistent with our results. 

Indeed the temporal evolution of the individual slope of Sigma(II)λ and NPQ at 100 

µmol.photons.m-2s-1 showed a shift between the end of spring and the beginning of summer, 

what evidence then a change in absorption capacity and energy regulation (Figure III.10). In 

autumn, NPQPAR=100 at 440nm were similar to summer. PPC/PT evolution (Figure SM III.3) 

showed some peaks but in general any singular photoprotection strategy on carotenoids was 

found in this season. This result should be explained by a particular contribution to NPQ by 

cryptophyte not related to photoprotective pigments of xanthophylls (Kaňa et al., 2019, 2013, 

2012). 

The photoregulate and photoacclimation states cited previously would be related to the 

variations from general population wavelength dependency of ETRmax(II) (Table III.I, marginal 

significant variations of ETRmax(II) at seasonal scale). Recall that in LMEM analysis the 

significant variations appear even if only one season has a different variation from general 

population wavelength dependency. If we focus on the spring and in summer data only (Table 

SM 1), the variation of this parameter in function of wavelength shows a decreasing trend and 

an almost null trend for spring and summer respectively (SM). In spring the ETRmax(II) 

decreasing trend and higher blue values would result from the rapid photoregulation. In summer 
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the spectral trend was steeper because of a photoacclimation in blue wavelengths that result in 

a reduction of ETRmax(II) and α(II) but NPQ was not high enough to induce a strong decrease 

of α(II) at blue wavelengths and α(II) LME trend result as not significant. This result would 

evidence a photoprotection state that has already been observed in coastal waters with a co-

dominance of Phaeocystis globosa and diatoms+dinoflagellates during the bloom in spring 

period in well mixed areas (Michel-Rodriguez et al., in submission).  

The seasonal pattern of photosynthetic parameters was carried out mainly by responses at blue 

light, whether it is at the level of energy regulation or photoprotection. This has been observed 

on the amplitude of variation of photosynthetic parameters values at bright blue light band, 

which were always higher. Moreover, photosynthetic parameter ETRmax(II) showed as cited 

above photoacclimative state at this wavelength. Detrended data at amber and red light were 

closed to the general population trend with a less evidenced seasonal trend. This result is 

evidenced on PTA results where blue detrended data was systematically better represented with 

a clear seasonal structurr of intrastructure responses. The higher variability at blue wavelengths 

is explained by the fact that our phytoplankton community is dominated by species with a high 

efficiency of blue absorption but also because photoacclimation and photoregulation responses 

at that wavelength are described in literature to occur at shorter time scale than under red lights 

(Valle et al., 2014). This is particularly the case for example of the processes of energy 

regulation by NPQ which are faster at blue lights (Brunet et al., 2014). This result is also 

consistent with previous analysis at spatial scale with this same method of analysis (Michel-

Rodriguez et al., in submission). 

 

b) Tidal cycle scales 

At this scale we observed that the capacity of absorption (Sigma(I)λ) showed significant 

variations from the general population trend and in a marginal degree of significantly, also for 

ETRmax(II) and NPQ at low lights. As α(II) model appear as non-significant due to the miss of 

general population trend, the variation of this photosynthetic parameter at tidal temporal scale 

will not be discussed here.  

Phytoplankton community exchanges between offshore and shallow coastal waters due to the 

tide could explain observed variations of cited parameters at this short time scale. This physical 

process could be responsible for the transport and mixing of phytoplankton communities of the 

same structure but with different light history. Growing under different light quality regimes 
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provoked the different absorption strategy observed in link with a particular plasticity of 

communities for photosynthetic pigment conversions. This conversion of pigment would be a 

switch to photoprotective pigments strategy because of a photoregulation. It is well known that 

in estuaries environments, species are able to induce the activation of protective pigments 

(Lavaud et al., 2007). Recent studies highlight the importance of a photoacclimation to high 

lights even in environments with high turbidity and low light under the effect of tide variation 

in estuaries (McLaughlin et al., 2020). A study on microphytobenthos and phytoplankton 

community in an estuary at different time scales carried out hourly, along four spring-neap tidal 

cycles distributed along 1 year (Frankenbach et al., 2020) showed that Sigma(II)λ (only at blue 

wavelengths) can vary at fortnight time scales for phytoplankton as our high and low tide 

periods here. This was also the case for Fv/Fm. We suggest here then that the significant 

variation of Sigma(II)λ wavelength dependency can be explained then by an activation or switch 

of auxiliary pigments as these of photoprotection. The observation of the different values at 

different tide periods showed that low tide presented the higher spectral trend of 

Sigma(II)λ(Table SM III.1). This result is consistent with this scenario of variation of absorption 

strategy by the activation of photoprotective pigment in the blue band of the absorption 

capacity. This phytoplankton community trapped in shallow waters could then 

photoregulate/photoacclimate in a shallower water column with potential strong turbidity.  

Tidal temporal pattern is observed on the intrastructure of samples in PTA analysis. These 

results showed that the seasonal structure of samples was more clearly defined at blue 

wavelengths in high tide. However, that was not observed at low tide because of the 

photoregulation/photoacclimation state that cells reached during the tide period when they are 

exposed to the light climate of the shallow waters. One important point to highlight is the fact 

that this effect is not enhanced at neap or spring tide for Sigma(II)λ. In the analysis of the 

intrastructure, which resume the full photosynthetic state of the sample, samples at neap tides 

with tide coefficient under 45 (April 29th, May 29th, June 26th) and samples at spring with a tide 

coefficient over 100 (September 30th, October 30th or April 19th) appear with the same spectral 

distance between 440 and 625 nm than the rest of the samples (with a coefficient of tide between 

45 and 100). Note that this threshold is arbitrary and aimed to highlight only the more extreme 

tide periods. An important explanation to the lack of this effect is the fact that each sample, 

which presents a significant random effect at the intercept and then at the intensity level, 

presents different light histories. A specific variability at the monthly scale of the tide could be 

masked by the random variability of the available light at this time scale (Lizon et al., 1998). In 
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this scenario we would suppose that these different light intensities hide the effect of the 

hydrodynamics of neap and spring tides (Blauw et al., 2012). 

 

3.5 Conclusions 

In this work, wavelength dependence of phytoplankton has been studied at different time scales 

in a very coastal and shallow sampling area. This area is nevertheless connected to open coastal 

water by tidal circulation of water masses in the north-south and east-west directions. Therefore 

some exchanges between water bodies along the inshore-offshore gradient occurred during tidal 

cycles (Brylinski et al, 1991). Mixtures of cells of different origin and or light histories could 

be encountered in shallow waters. It is under these specific conditions that this study showed 

that spectral photoacclimation of natural phytoplankton communities was possible with an 

optimization of the maximum electron transfer rate (ETRmax(II)) in the blue wavelength. This 

is fully evidenced by the spectral approach of photosynthetic parameters measurement, more 

particularly by a comparison between the blue and light red wavelengths. There is no reason to 

believe that these observed processes cannot be transposed to the rest of the coastal waters if a 

tuning is possible between photoacclimation time scales and the duration of the water column 

stability given its turbidity. 

To respond concisely our initial questions in link with the discussion, we can thus say: 

i) Is the wavelength signature of Phaeocystis sp. bloom singular? With a rapid 

xanthophylls cycle and high values of epoxidation of diatoxathin (DES) values, a pronounced 

spectral trend of NPQ in this season and also an increase of ETRmax(II) and a decrease of α(II) 

in blue wavelengths (even if α(II) not significant), we can deduce that during that season there 

is a clear and singular photoregulation strategy. A wavelength dependency due to a presence of 

a particular phytoplankton group was also evidenced in previous works of action spectra at 

seasonal scale with the difference that the absorption strategy of this species in that particular 

work were very different from the global population (absorption and action spectra with peaks 

in green band) (Kyewalyanga et al., 2002). Here the particularity was that even if there was a 

phytoplankton succession, the spectral absorption capacity was not very contrasted.  

ii) How the wavelength signatures of the photosynthetic processes vary: according to 

the tide and/or the season? The variations of wavelength dependency take place at both 

seasonal and tidal temporal scale, but the controlling factors of such variations differs between 
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both temporal scales. At seasonal scale, the control factor was the phytoplankton succession 

while at tidal scale, it was the variation of absorption capacity that emerged because of  a 

different plasticity of photoacclimation.  

iii) How are the spectral balances of energy performed in function of the different 

photoprotection and absorption capacity of the different phytoplankton groups? In the case of 

the seasonal scale, the different groups presented a very different photoprotective state between 

spring and summer. In summer this process was mediated by a longer time scale process with 

the synthesis of new pool of photoprotective carotenoids while in spring it is due to the 

xanthophyll cycle and a rapid photoregulation process with very high NPQ capacity in blue 

wavelengths which are worked out in higher turbidity conditions than in summer.  
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3.6 Supplementary material 

2.6.1. Supplementary material 1: Abiotic variables 

 

SM III-1 Abiotic parameters A) Temperature; B)NO3+NO2, C) Salinity; D)PO4 and E) Si(OH)4 

G)concentration in µmolL-1 . Gray and black symbols represent low and high tide values respectively. 

 

 

A) B) 

C) D) 

E) 
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SM III-2 : Abiotic parameters A)PAR in µmol·photons·m-2s-1 at 1m depth (estimated from GSR in open 

coastal waters extinction coefficients(see M&M for details); B) coefficient of light extinction Kd in 
offshore waters from of the sampling area (see M&M for details); C) Tide height (m); D) Turbidity(ntu); 

E) Yellow substances µg L-1; F) rainfalls (mm) per day (black closed symbols and solid line) and two 

days cumulated rainfall (gray closed circles and dashed line) G) Time since sunshine in hours (TSS), 

Except for F, gray and black symbols refers to low and high tide values respectively. 

  

A) B) 

C) D) 

E) F) 

G) 
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3.6.2. Supplementary material 2: Biotic variables 

 

SM III-3 : Stack bar charts of biomass estimations by phytoplankton groups on concentrated samples 

using the FluoroProbe technique, in unit of µgChlL-1. Color scale of bars charts represent the 4 

phytoplankton groups: black for “blue-green cyanobacteria; dark gray for diatom plus dinoflagellate 
group; gray for Cryptophyceae; and light gray for the Haptophyceae group corresponding to 

Phaeocystis globosa in the English Channel. 
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SM III-4 : Temporal variations of A)Total Photosynthetic pigments (TP) , B) photoprotective 

carotenoids (PPC), C) Photosynthetic carotenoids (PSC), D)De-epoxidation state (DES=Dt/(Dt+Dd)); 
and the total pigments concentration weighted values of PPC(E) and PSC (F)for high tide samples 

(black circles and solid line) and low tide samples (gray circles and dashed line). 

 

A) B) C) 

D) E) F) 
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3.6.3. Supplementary material 3: population trend focus by seasons and tide 

periods  

 

Table SM 1 : Table of intercept and slope of linear regression model performed at each season. Only 

photosynthetic parameters with a significant random variation from LMEM are shown in this table. 

 ESTIMATES by season 

  Intercept (values at 440 nm) Slope 

Photosynthetic 

param Sprint 

Summe

r Autumn Sprint Summer Autumn 

ETRmax(II) 881.6 *** 

749.35*

** 664.01*** -1.69 *** -0.84* -0.71* 

Sigma(II)λ 7.12 *** 5.09*** 7.59 *** -0.031*** -0.021*** -0.031*** 

NPQPAR=100 0.39 *** 0.26*** 0.27*** -0.00013 *** -0.0011*** -0.0005** 

 

 

Table SM 2 : Table of intercept and slope of linear regression model performed at each tide of the 

season. Only photosynthetic parameters with a significant random variation from LMEM are shown in 

this table. 

 ESTIMATES for HT 

  Intercept (values at 440 nm) Slope 

Photosynthetic 

param Sprint Summer Autumn Sprint Summer Autumn 

Sigma(II)λ 6.38*** 6.39*** 6.38*** -0.026*** -0.026*** -0.026*** 

 ESTIMATES for LT 

  Intercept (values at 440 nm) Slope 

Photosynthetic 

param Sprint Summer Autunm Sprint Summer Autunm 

Sigma(II)λ 6.61*** 6.61*** 6.61*** -0.03*** -0.029*** -0.028*** 
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IV. General discussion and 

perspectives 
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General discussion and perspectives 

 

The aims of this thesis were (i) to study the wavelength dependency of microalgae 

photosynthesis in coastal systems; (ii) to analyze its variability and its controlling factors at 

various temporal and spatial scales in order to characterize the spectral dynamics of 

photoregulation and photoacclimation and finally, (iii) to suggest some perspectives on 

complementary laboratory experiments. 

 

4.1. How the in situ approach and the analytical method allowed to 

evidence the wavelength dependency of photosynthesis related to the 

light climate? 

The results of this thesis have been characterized following an innovative approach. Indeed, 

this is the first time these multi-wavelength measurements of photosynthesis were performed 

on natural phytoplankton communities:  photosynthetic electron transport (PETλ), non-

photochemical quenching (NPQλ), maximum quantum yield (Fv/Fmλ) and light absorption 

capacity (functional absorption cross section of PSII, Sigma(II)λ) were estimated at five 

different wavelengths of interest. Studies on this topic so far have been done only on 

monospecific cultures under a reduced  number of conditions (Goessling et al., 2018b, 2016; 

Hoadley and Warner, 2017; Schreiber et al., 2012; Schreiber & Klughammer, 2013; Szabó et 

al., 2014a, 2014b) or by analyzing ex situ natural microphytobenthic community samples kept 

under controlled conditions in laboratory (Goessling et al., 2018a). In this thesis, for the first 

time, natural phytoplankton was used for wavelength dependent studies of photoregulation and 

photoacclimation related to the underwater light climate variations (light quantity and quality) 

with new multi-spectral variable fluorescence techniques and associated statistics.  

 

The MULTI-COLOR-PAM (Walz) fluorometer was recently employed in field works 

(Frankenbach et al., 2020; Morelle et al., 2018; Morelle & Claquin, 2018) but by reducing the 

spectral measuring potential of this device. This device allows the measurement of the I-O1 fast 

kinetics to estimate the functional absorption cross section of PSII, Sigma(II)λ, of a dark-

acclimated sample. This allows the determination of absolute rate of PSII electron turn-over. In 
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previous studies, Sigma(II)λ was only measured at 440 nm because it is the main absorbed 

wavelength by chlorophyll of photosynthetic organisms. One of the aims of Morelle et al (2018) 

and Franckenbach et al (2020) works was to study the electron requirements for carbon fixation 

in order to estimate primary production rates from ETRmax(II) measurements. Nevertheless, the 

significant role of the blue-red spectral balance determination has been highlighted in 

understanding the physiological and photoacclimation state in which a natural phytoplankton 

community was at a given season or in a given water column.  

The acquisition and analysis of the unique and complex multi-spectral data set obtained in this 

work have required the development of a unique protocol of sample measurement and data 

analysis. Other multi-spectral fluorometers exist: the FRRf Act2 (Chelsea UK) does not 

deconvolute the wavelength measurement signal; the mini-FIRe (Gorbunov et al., 2020) has 

only physiological and taxonomic absorption capacity analysis without RLC derived 

photosynthetic parameters consideration; The Phyto-PAM(II) (Walz, Germany) used the 

different wavelengths for determining the photosynthetic parameters by phytoplankton groups.  

The use of MULTI-COLOR-PAM required sample concentration for natural communities to 

get a stable measuring signal, especially for Sigma(II)λ. The first analysis made with MULTI-

COLOR-PAM (Schreiber et al., 2012) was performed on cultures with a concentration ranging 

between 200 and 300 µg Chla L-1. Such microalgae densities can be considered as optically thin 

suspensions (Klughammer & Schreiber, 2015; Szabó et al., 2014b) but they have notably higher 

concentration than field samples. Phytoplankton biomass in the English Channel ranges 

between 2 and 30 µg. L-1 with specific events of biomass concentration reaching 90 µgL-1 

(e.g.(Houliez et al., 2015, 2013a). That is why, it was necessary to concentrate the samples for 

reproducible measurements. However, the concentration process did not avoid the extrapolation 

of ecological implications results since concentrated communities remained consistent with the 

structure of natural phytoplankton communities encountered all over the year.  

Measurements were performed in triplicate for RLC measurements and in 6 replicates for 

Sigma(II)λ. A specific statistical approach has been implemented to analyze the population 

spectral trend (or spectral balance) and the individual wavelength variations around the 

population trend. For each photosynthetic parameter, five different values were obtained, one 

for each of the analyzed wavelengths. The goal was then to study the photosynthetic activity 

variability considering not only the interconnection between wavelengths. It is thanks to the use 

of a unique cascading statistical tools ―Linear Mixed model Effects for spectral trend, 
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Principal Triadic Analysis (PTA, never used to the date with this kind of data) and RDA on 

detrended data― that it was possible to understand the general wavelength dependency of 

photosynthesis and to analyze the individual processes of wavelength dependent 

photoregulation and photoacclimation.  

All of these considerations on MULTI-COLOR-PAM data acquisition and the unique statistical 

approach developed in this thesis were crucial and allowed evidencing new insights in the study 

of wavelength dependent photoacclimation and photoregulation processes. Thanks to the 

spectral approach, it was possible to study how phytoplankton integrate the light climate 

changes and how the photoregulation and photoacclimation are shaped in function of light 

wavelengths. The potential of phytoplankton to integrate the light quality for growing 

conditions is a prime of importance. Previous studies (Brunet et al., 2014) evidenced that NPQ 

and photoprotection were determined by blue light but sensing red light was required to allow 

photoregulation. In this thesis, it was also evidenced that the spectral balance among 

wavelengths was controlled by the underwater light climate. As it will be detailed in the next 

paragraph, this fact was evidenced at spatial scale in the upper mixed layer of stratified water 

columns and at temporal scale, by different strategies related to phytoplankton successions and 

cell plasticity over time. If only one wavelength response would have been measured, e.g. blue 

wavelength, the quantification of spectral balance of photosynthetic proceses of absorption and 

energy regulation would not have been possible and as a consequence, it would not have been 

possible to interpret the whole photosynthetic processes in reation to abiotic and biotic factors.  

The wavelength dependency of photosynthesis related to underwater light climate is well-

known in ecophysiology and primary production computation from satellite data. The spectral 

consideration in primary production models have been treated in the past by some field and 

computational studies (Kyewalyanga et al., 1992; Platt & Sathyendranath, 1988; 

Sathyendranath et al., 1995b, 1989). The measurements of photosynthetic action spectra in the 

field was relatively complicated. These measurements could be done on broad band models and 

posterior correction with absorption coefficient (Kyewalyanga et al., 1997). Nevertheless, these 

measurements miss information about energy regulation processes like non photochemical 

quenching and a complete light curve parameters acquisition. The results of this thesis produce 

absolute absorption measurements of photosynthesis and sensitive measurements of energy 

spectral balance for natural phytoplankton communities. Moreover, new modelling studies 

highlighted the importance of including photoacclimation processes in primary production 

computation (Kovač et al., 2017; Sathyendranath et al., 2020). This kind of model could be 
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useful in order to assess the impact of the photosynthesis wavelength dependency, characterized 

here by an innovate approach for natural communities, on the daily and seasonal rates of PP. 

Spectral consideration of photosynthesis could also have implications on water quality 

monitoring programs, as already highlighted by Gorbunov et al., (2020) with their new multi-

wavelength tool for analysis of phytoplankton taxonomic groups and physiological 

characteristics. Specifically Ek(II)625/440 measured at spatial scale could be a good proxy for 

water quality in coastal areas since it describes the photoacclimation state of phytoplankton 

communities and integrates light regime even in well mixed conditions.  

 

4.2. How are controlled wavelength dependent photoacclimation and 

photoregulation processes in coastal areas? 

Results of this thesis have also evidenced that variations of wavelength dependency of 

photosynthesis take place differently at spatial and temporal scales involving different 

controlling factors. At spatial scale, for a given phytoplankton community, it was evidenced 

that, cells were able to photoregulate/photoacclimate to the light quality variations in function 

of the water column stability and light penetration. At temporal scale, the wavelength 

dependency was mainly evidenced at seasonal scale due to environmental conditions that drives 

phytoplankton succession, in a consistent way with the classical and local seasonal pattern 

(Breton et al., 2000; Jouenne et al., 2007, 2005; Schapira et al., 2008). Abiotic factors mainly 

controlled wavelength dependent photoacclimation at spatial scales. At temporal scale, it was 

the community structure mediated by environmental factors, such as turbidity or CDOM 

concentration at temporal scale. 

More precisely, at spatial scale and during a spring bloom with a similar phytoplankton 

community adopting the same light absorption strategy, the recent light history of cells, 

explained by the light quality in the euphotic layer, appeared as the determinant factor 

controlling individual photoacclimation responses. In this case, characterization of a tuning 

between photoregulation/photoacclimation and the light climate was done using the 

photosynthetic saturation parameter Ek. Spectral ratio of Ek between 440 and 625 nm was in 

correlation with the same pair of light quality ratio and the time since sunrise (light history). 

These results highlight the combination of quality and quantity variation of light in the 

photoacclimation state. This light and physiological Ek ratio should be included in future 

monitoring of water quality in regional observation programs as previously cited. 
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At temporal scale, it was shown that despite hydrodynamism occurring in shallow coastal 

waters under the effects of tide, the different phytoplankton communities that succeed over time 

displayed different photoacclimation state consistent with their absorption capacity strategy and 

their photoprotective pigment composition. The spectral balance between blue and red 

wavelengths for parameters such as absorption capacity and non-photochemical quenching 

(Sigma(II)λ and NPQ respectively) showed a shift in the transition between two different 

phytoplankton communities in correlation with a shift between the two main indicators of 

photoprotective strategy (epoxidate state DES,photoprotective carotenoids and photosynthetic 

carotenoids ratio (PPC/PSC)). During the succession from spring to summer, encountered 

communities were not on rapid xanthophyll cycle based for photoprotection but rather on 

photoprotective carotenoid pool. Moreover, at the diurnal tidal cycle scale, comparison of high 

and low tide measurements evidenced that phytoplankton was able to adapt their absorption 

capacity. α and ETRmax(II) at 590 nm presented also a strong temporal dynamic in link with the 

seasonal phytoplankton succession when high and low tide values were observed. 

Another important result from the time serie measurements highlights a particular spectral 

response of photosynthesis optimization under blue light, by the increase of ETRmax(II) at 440 

nm and the rapid non-photochemical quenching associated.. This particular spectral behavior 

was observed in the early spring bloom of Phaeocystis globosa, but not observed during the 

full developed bloom period of this species (at spatial scale, cf Chapter II p. ). This may be 

because this campaign was a spatial one shot at a “t” time. The same phenomenon could have 

been observed before or after the campaign. This emphasizes the necessity of monitoring to 

fully understand the photoacclimation dynamics of the natural phytoplankton communities.  

 

4.3. Analytical and methodological consideration of multi spectral data 

analysis for future improvements 

In this study, all the 5 wavelengths of measuring and actinic light of MULTI-COLOR-PAM 

have been analyzed. This was necessary in a first approach but -time consuming, due to the 

dark acclimation period and measurements in replicate for light absorption capacity and the 

RLC (6 and 3 respectively). A potential improvement of this protocol would be to focus on 

specific wavelengths of interest to determine the spectral tuning between photosynthesis and 

the light climate. The time of analysis would be reduced by 2/5 if only blue, green, and red 

wavelengths were measured. Despite the reduction of measurements to build the spectral print, 
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the main spectral balance of photoacclimation state would be still studied. Reduction of time in 

data acquisition would allow field measuring at higher frequency for both space studies at sea 

and time series in fixed location to avoid potential aliasing phenomena. This reduction of 

wavelengths must respond to the general characteristics of the encountered phytoplankton. If 

for example an area or a period of study is known to present a community with phycoerythrin 

of phycocyanin pigments (as communities dominated by cyanobacteria or Cryptophyta, 

Kyewalyanga et al., 2002) the choice of measuring wavelengths could be modulated. In these 

cases, the reduction should not be done for amber, green wavelength. This reduction of 

measured wavelengths suggested here is based on the case of the English Channel dominated 

by brown algae.  

The statistical approach has been here focusing on the linear variation of photosynthetic 

measurements among wavelengths and their linear correlations with controlling factors. Now, 

the spectral print of all photosynthetic parameters is not always. In this study the aim was to get 

a general overview of spectral balances of individual photosynthetic responses, considering the 

initial hypothesis and scientific questions. If the aim of the study is to analyze the spectral print, 

it is possible to adapt a mixed model effects formula and on focus on the polynomial spectrum. 

 

4.4. Perspectives 

4.4.1. Study of the neap and spring tidal cycles and their potential impact on 

wavelength dependency 

Given the results of photoacclimation at the tidal and seasonal cycles described in chap3, a 

potential axis of research would be the study of wavelength dependent variations of 

photoacclimation during a full tide period of high and low lights. The results at temporal scale 

showed that phytoplankton among seasons could have different plasticity and strategy to 

photoacclimate to the tidal cycle conditions. Even if the seasonal temporal scale was the most 

highlighted, significant variations of wavelength dependency could also be observed at the 

monthly tidal cycle scale. 

Given that cells integrated the intensity and the light quality variations at high and low tides, 

the control by the monthly tidal cycles could also be studied by seasons in order to consider the 

light intensity, nutrient conditions, temperature and community structure influences. Analysis 

by seasons implies a reduction of the power of analysis with LMEM due to the reduction of the 
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number of observations, except if the frequency measurement is increased. An increasing 

number of observations can be done per day and/or per week or per month within the same 

season in order to better characterize the hydrodynamic control of wavelength dependency 

processes. It can be hypothesized that in spring tide, population trend across wavelengths could 

be the lowest, without ETRmax(II) optimization for exemple, due to high vertical mixing 

intensity and acclimation to averaged light of the mixed layer. On the opposite, in neap tide, 

population trend across wavelengths could be the highest, with an ETRmax(II) optimization, due 

to low vertical mixing intensity. The processes of photoprotection under blue wavelengths 

could also occur in neap tide in summer or on very sunny days. 

 

4.4.2. Comparison between photosynthetic parameters measured under full 

spectrum of light and individual wavelength.  

The analysis of the wavelength dependency of photoacclimation was performed by the analysis 

of Rapid Light Curves at five different wavelengths of actinic light. The next question arising 

from results of this study is: how energy is managed in the case of a full spectrum (white light) 

of actinic light? What is the multi-wavelength light measurement added value compared to 

independent wavelengths of actinic light? Can the measurements under independent 

wavelengths be added, integrated and compared to the full spectrum according to the spectral 

light absorption capacity? 

A first approach of this question has been done with this same device (the MULTI-COLOR-

PAM) on benthic centric diatoms (Goessling et al., 2016). In their study they measured 

Sigma(II)λ and P-E curves parameters and compared results at red, blue and white light, which 

is also proposed on MULTI-COLOR-PAM. These results were achieved by providing the same 

number of photons at each light climate. Results of this study showed significant lower alpha, 

ETRmax(II) and Sigma(II)λ under white light compared to red and blue wavelengths. Previous 

authors found that for all photosynthetic parameters, the white light results were lower than 

responses at red, and red ones lower than blue responses. A mean value between red and blue 

responses was not observed but more detailed measures must be performed to evaluate and 

quantify the differences on the full spectrum vs independent wavelength illumination, first on 

monospecific cultures and then on natural communities.  
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4.4.3. Light climate transfer experiments under controlled conditions in 

laboratory 

In previous chapters, it was discussed the role of energy regulations in photosynthetic apparatus 

that account for different quantity and quality light growing conditions of phytoplankton. It has 

been shown that the intensity of light as well as the rate of variation of light quality in natural 

field play an important role in the spectral balance of energy allocation of cells. Light climate 

transfer experiments on natural phytoplankton communities could be realized in stable and 

controlled conditions in the laboratory in order to specify the temporal dynamics of spectral 

photoacclimation. In previous chapters, the photoacclimation state has been characterized as a 

compromise of the combination of the light intensity and quality. The measurement under 

controlled conditions in the laboratory, would allow to control the different parameters affecting 

the dynamics of photoacclimation. To quantify exactly the light quality variations, the light 

intensity could be fixed, as well as other physico-chemical conditions (for example, without 

random variations due to cloud cover and/or turbulence for light). In situ cells perform a 

compromise between intensity and quantity variations because light climate changes arrive at 

the same time. If the intensity of light is fixed and the light quality ratios modulated, new 

insights on the dynamics of light quality integration could be obtained at high and low light. 

These experimentations could allow to quantify the range of variation between the 

photoacclimation state at one initial light condition and the photoacclimative state after the light 

transition, but also the kinetic of this spectral change.  

Light transfer experiments could be performed on natural phytoplankton communities but also 

with monospecific species. The perspective of light transfer could allow analyzing a specific 

light absorption strategy for a given community with a specific light history but also 

photoacclimation plasticity (two different species of the same genre can have different 

photobiological properties (Suggett et al., 2015). The wavelength dependent plasticity of 

photoacclimation of a dominant species could also be an additional definition element of 

functional traits in microalgae.  
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Abstract 

Phytoplankton photoregulation and photoacclimation are controlled by variations in the light 

climate (i.e. quantity and quality of light) at different temporal and spatial scales. In coastal and 

megatidal seas such as the English Channel, the underwater light climate is also affected by the 

hydrodynamics and river outputs. In one hand, the strong hydrodynamism leads to resuspension 

processes and to intense vertical mixing, transporting cells through the euphotic layer and 

beyond, in the disphotic layer. In another hand, large river outputs generate an increase of 

turbidity with particulate matter and with carbon dissolved organic matter (CDOM). All these 

processes induce a decrease of light penetration in the water column and a general modification 

of the light climate. For instance, the CDOM absorbs better blue wavelengths.  

The wavelength dependent processes of phytoplankton such as photoregulation and 

photoacclimation have been studied for the first time on natural communities thanks to a new 

generation of multi-spectral fluorometer called MULTI-COLOR-PAM PAM (Walz). 

Photosynthesis light curves (P-E) were measured after long dark acclimation at 5 wavelengths, 

as well as the functional light absorption coefficient of photosystem II (Sigma(II)λ). 

Furthermore, the development of an original protocol of data analysis including Linear Mixed 

Effects Models (LME), Principal Triadic Analyses (PTA) and Redundancy Analyses (RDA) 

have helped the interpretation of this unique dataset and have highlighted the wavelength 

dependency of photosynthetic processes at different spatial and temporal scales.   

First, a spatial study across the English Channel (From Dunkerque to Brest, France) in 

springtime have evidenced the capacity of phytoplankton to photoacclimate and to 

photoregulate despite the high vertical mixing in this megatidal sea. The real photoacclimation 

state of cells was characterized through the spectral comparison of photosynthetic parameters 

of the PE (more particularly the light use efficiency α(II)) and thanks to the calculations of 

specific indexes involving the light saturation parameter Ek(II) and the average light of the 

mixed layer. The phytoplankton photoacclimation state was characterized by a general 

photoprotective state to blue wavelengths whatever the water masses of the coastal seas. 

Secondly, a study at seasonal scale evidenced that wavelength dependent photoacclimation and 

photoregulation were controlled by phytoplankton community structure and succession. This 

time series revealed that photoacclimation to high lights with an optimization of the maximum 

photosynthetic capacity (ETR(II)max) of cells was possible in springtime. This was observed in 

parallel to the activation of rapid cycle of xanthophylls. In summer period, characterized by the 
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increase of the pool of photoprotective carotenoids, ETR(II)max optimization was no longer 

observed. Simultaneously with the change in the photoprotection model, a sudden transition in 

the spectral slope of the functional light absorption capacity (Sigma (II)625-440) was observed in 

relation to an increase in the non-photochemical quenching (NPQ625-440). Indeed, each of the 

phytoplanktonic community at each season would have a differentiated strategy to also ensure 

a photoregulation/photoacclimation to variations in the light climate as a function of the tidal 

cycle, between high and low tide. 

This study therefore presents new results on the spectral dependency of photosynthesis and 

photoacclimation strategies of natural phytoplankton communities in coastal seas subjected to 

high hydrodynamics. It highlights potential indicators that could be included in future 

ecosystem quality monitoring programs.  

Key words: 

Photosynthesis, Wavelength-dependency, Photoregulation, Photoacclimation, Variable 

fluorescence, Oceanology 
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Résumé 

La photorégulation et la photoacclimatation du phytoplancton sont contrôlées par les variations 

du climat lumineux (c'est-à-dire la quantité et la qualité de la lumière) à différentes échelles 

temporelles et spatiales. Dans les zones côtières telles que la Manche, le climat lumineux est 

affecté par l'hydrodynamisme et les apports fluviaux. D'une part, le fort hydrodynamisme 

conduit à des processus de resuspension et à un intense mélange vertical, transportant les 

cellules à travers la couche euphotique et au-delà, dans la couche disphotique. D'autre part, les 

débits importants des rivières génèrent une augmentation de la turbidité avec les matières en 

suspension et avec la matière organique dissoute dans le carbone (CDOM). Tous ces processus 

induisent une diminution de la pénétration de la lumière dans la colonne d'eau et une 

modification générale du climat lumineux. Par exemple, le CDOM absorbe mieux les longueurs 

d'onde du bleu. 

Les processus de dépendance spectrale du phytoplancton tels que la photoregulation et la 

photoacclimation ont été étudiés pour la première fois sur des communautés naturelles grâce à 

un fluorimètre multispectral de nouvelle génération appelé MULTI-COLOR-PAM (Walz). Les 

relations photosynthèses-énergie (PE) ont été mesurées après une longue période 

d’acclimatation au noir à 5 longueurs d’onde, ainsi que le coefficient d’absorption fonctionnel 

de la lumière des photosystèmes II (Sigma(II)λ). Le développement d'un protocole original 

d'analyse de données combinant les techniques de Modèles linéaires à effets mixtes (LME), 

l'analyse triadique principale (PTA) et les analyses de redondance (RDA) a permis d'analyser 

un ensemble de données unique et complexe ainsi que de mettre en évidence la dépendance aux 

longueurs d'onde des processus photosynthétiques à différentes échelles spatiales et 

temporelles. 

Dans un premier temps, une étude à l'échelle spatiale à travers la Manche (de Dunkerque à 

Brest, France) au printemps a mis en évidence la capacité du phytoplancton à photoréguler et à 

se photoacclimater malgré les mélanges verticaux élevés de cette mer mégatidale. L'état réel de 

photoacclimatation des cellules au climat de lumière a été caractérisé à travers la comparaison 

spectrale des paramètres photosynthétiques des relations PE (plus particulièrement l’efficacité 

d’utilisation de la lumière α(II) en unité absolue) et grâce aux calculs d’indices impliquant le 

paramètre de saturation de la lumière Ek(II) et la lumière moyenne de la couche de mélange. 

L'état de photoacclimatation du phytoplancton a était caractérisé comme un état général de 

photoprotection aux longueurs d'onde bleu quel que soit la masse d’eau de cette mer côtière. 
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Deuxièmement, une étude à l'échelle saisonnière a montré que les variations de la dépendance 

spectrale de la photoacclimatation et de la photorégulation étaient contrôlées par la structure et 

la succession des communautés phytoplanctoniques. Cette série temporelle a révélé qu’une 

photoacclimatation aux fortes lumières avec une optimisation de la capacité photosynthétique 

maximale (ETR(II)max) des cellules était possible au printemps, pendant le bloom de 

Phaeocystis globosa. Ceci a été observé parallèlement à l'activation du cycle rapide des 

xanthophylles. Pendant l'été, caractérisée par l'augmentation du pool de caroténoïdes 

photoprotecteurs, l’optimisation de ETR(II)max n’était plus observée. De façon simultanée au 

changement du mode de photoprotection, une transition brutale de la pente spectrale de la 

capacité d'absorption fonctionnelle de la lumière (Sigma (II)625-440) a été observé en lien avec 

une augmentation du quenching non-photochimique (NPQ625-440). De plus, à chaque saison, 

chaque communauté phytoplanctonique aurait une stratégie différenciée pour assurer également 

une photorégulation/photoacclimatation aux variations du climat de lumière en fonction du 

cycle de marée, entre haute et basse mer.  

Cette étude présente donc de nouveaux résultats sur la dépendance spectrale de la photosynthèse 

et des stratégies de photoacclimatation des communautés naturelles de microalgues en milieux 

côtiers soumis à un fort hydrodynamisme. Elle met en évidence de potentiels indicateurs qui 

pourraient être inclus dans les futurs programmes de surveillance de la qualité des écosystèmes. 

Mots Clés :  

Photosynthèse, Dépendance spectrale, Photorégulation, Photoacclimatation, Fluorescence 

variable, Océanologie 
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