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Abstract 

 

Natural diatom populations experience variability in irradiance because 

of several physical processes. Laboratory studies often neglect this and use a 

static light environment. Consequently, the way dynamic light environments 

impact growth and photophysiology of diatoms is poorly understood. To 

address this, several aspects of photophysiology were measured in the 

diatoms Thalassiosira pseudonana and Phaeodactylum tricornutum when 

grown under square-wave (SQ), sinusoidal (SI), and low (LF) and high (HF) 

amplitude light fluctuations of a 1-hour period each with the same light dose.  

Acclimation to increasing light fluctuation amplitude was found to be 

functionally similar to high light acclimation. Chlorophyll-a specific light 

absorption coefficients, maximum photosystem II electron transport rates 

(ETR) and the capacity for non-photochemical quenching (NPQ) all increased 

from SI to HF cultures. 

In both species increasing light fluctuation amplitude reduced growth 

rate. This reduction was greater for T. pseudonana than P. tricornutum. In HF 

cultures growth rates were 50% and 62% of those in SQ cultures respectively 

for the two species. Similar daily ETR between SI and LF cultures of P. 

tricornutum suggested that differences in the photosynthetic efficiency of 

light utilisation were a poor explanation for the lower growth rates in LF 
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cultures. Lower growth rate under fluctuating light was instead hypothesised 

to be caused by greater photodamage and energy investment in 

photoprotection. 

Higher NPQ in P. tricornutum reduced net photodamage compared 

with T. pseudonana. However, light harvesting and ETR in P. tricornutum 

appeared to be adapted to a lower light environment than T. pseudonana. 

Higher amplitude light fluctuations also decreased intradiel variability in 

photoacclimation. This response was greater in P. tricornutum and was 

responsible for this species ability to maintain a consistent daily ETR between 

SI and LF regimes. This is thought to give P. tricornutum a competitive 

advantage in more dynamic light environments. 

 



 
iii 

 

Acknowledgements 

  

 Firstly, I would like to thank both my supervisors Prof. Richard Geider 

and Prof. Tracy Lawson. They have provided consistent guidance throughout 

my PhD when I needed it. Their continual input and support have been 

instrumental in completing this project. Thanks also to NERC, for funding my 

PhD. 

 I am very grateful to the people who have provided support during the 

experimental part of this project. In particular Dr. Phil Davey, Tania Cresswell-

Maynard, Dr Dima Svistunenko, John Green and Dr Dawn Rose. All of whom 

have provided invaluable technical expertise and knowledge, without which 

this project could not have been completed. Thanks also to Kevin Oxborough 

for providing some of the equipment used in this project. I would also like to 

thank James Fox, Victor Figueroa, and Phil Siegel for working alongside me in 

the lab, and for acting as a sounding board for many of my ideas. 

 Last, but by no means least, I am extremely thankful to my friends and 

family for supporting me emotionally, and occasionally providing much 

needed distractions during my PhD. I am particularly grateful to my parents, 

who have put up with me uncomplainingly, and supported me financially, as I 

wrote and re-wrote this thesis. 

https://www.essex.ac.uk/people/svist94804/dimitri-svistunenko


 
iv 

 

 

 



v 
 

Contents 

 

Abstract ............................................................................................................... i 

Acknowledgements ........................................................................................... iii 

Contents.............................................................................................................. v 

Table I. Table of abbreviations ....................................................................... viii 

Table II. Table of symbols ................................................................................. ix 

1. Introduction .................................................................................................... 1 

1.1. Phytoplankton in a dynamic environment ............................................... 1 

1.2. Natural sources and timescales of light variability .................................. 3 

1.3. Experimental approaches to intra-diel light variability ............................ 5 

1.4. Phytoplankton growth under fluctuating light ........................................ 9 

1.5. Photosynthesis, and photoacclimation to intradiel light fluctuations ... 11 

1.6. Photoprotection in fluctuating light regimes ......................................... 15 

1.7. Conclusions and project scope ..............................................................  18 

2. Methods development - The light environment ........................................ 23 

2.1. Approximating the natural light environment ....................................... 23 

2.2. The light regimes model ......................................................................... 24 

2.3. Selection of light regimes ....................................................................... 26 

2.4. Physiologically relevant parameters in quantification of light regimes 28 

2.5. Design and construction of LED setup ................................................... 34 

2.6. A note on light quality ............................................................................ 37 

3. General materials and methods .................................................................. 39 

3.1. Species and Culture conditions .............................................................. 39 

3.2. Growth rate ............................................................................................ 41 

3.3. In vivo absorption spectra and chlorophyll-a specific absorption 

coefficients .................................................................................................... 42 

3.4. In vivo photosystem II fluorescence induction and electron transport . 47 

3.5. Spectral correction of photosynthesis-irradiance curves ...................... 53 

3.6. Non-photochemical quenching .............................................................. 55 

3.7. Statistical analysis ................................................................................... 57 



vi 
 

4. Photoacclimation: Light absorption and photosynthesis – How do cells 

acclimate to short term light variability? ........................................................ 59 

4.1. Introduction ............................................................................................ 59 

4.2. Materials and methods .......................................................................... 62 

4.3. Results .................................................................................................... 68 

4.4. Light harvesting and acclimation of the PSII antennae .......................... 80 

4.5. Photosynthesis and alternative electron sinks ...................................... 83 

4.6. Characterising photoacclimation from parameters of fluctuating light 

environments................................................................................................. 87 

4.7. Summary and conclusions ...................................................................... 94 

5. Photoprotection by non-photochemical quenching – Responses to short-

term light variability and consequences for photodamage ........................... 97 

5.1. Introduction ............................................................................................ 97 

5.2. Materials and methods .......................................................................... 99 

5.3. Results .................................................................................................. 106 

5.4. Acclimation of NPQ to fluctuating light and interspecific differences. 114 

5.5. Target for PSII photodamage ............................................................... 119 

5.6. Comparing models of net photodamage and PSII repair ..................... 127 

5.7. Regulation of net photodamage under fluctuating light ..................... 132 

5.8. Summary and conclusions .................................................................... 136 

6. Intradiel acclimation to light variability and impacts on estimates of daily 

photosynthesis ............................................................................................... 139 

6.1. Introduction .......................................................................................... 139 

6.2. Materials and methods ........................................................................ 142 

6.3. Results .................................................................................................. 146 

6.4. Consistency with previously reported data ......................................... 157 

6.5. Effects of light fluctuations on intradiel variability in the ETR-irradiance 

response, and consequences for estimating daily photosynthesis ............ 160 

6.6. Restrictions on growth rate in fluctuating light ................................... 165 

6.7. Summary and conclusions .................................................................... 173 

7. Conclusions, implications, and recommendations for future work ........ 175 

7.1. Acclimation to fluctuating light regimes is dominated by 

photoprotection .......................................................................................... 175 



vii 
 

7.2. Growth rate under fluctuating light is reduced by greater photodamage 

and energy investment in photoprotection ................................................ 180 

7.3. Interspecific differences and ecological niche ..................................... 181 

7.4. Experimental errors in measurements made in dynamic light 

environments............................................................................................... 184 

7.5. Recommendations for future work ...................................................... 186 

8. References .................................................................................................. 189 

 

 

 

  



viii 
 

Table I. Table of Abbreviations. Definitions of common abbreviations used in this thesis. 

Abbreviation Definition 

ANOVA Analysis of variance 

ATP Adenosine triphosphate 

CDF Cumulative distribution function 

DD- DT Diadinoxanthin- diatoxanthin cycle 

ETR Electron transport rate (of PSII photochemistry) 

FRRF Fast repetition rate fluorometry 

HF High fluctuations (
𝑧𝑚𝑖𝑥

𝑧𝑒𝑢
 = 1) 

HL High light (273 µmol m-2 s-1 mean irradiance) 

ICAM Integrating cavity absorption meter 

LED Light emitting diode 

LF Low fluctuations (
𝑧𝑚𝑖𝑥

𝑧𝑒𝑢
 = 0.5) 

LL Low light (185 µmol m-2 s-1 mean irradiance) 

NADP+ Nicotinamide adenine dinucleotide phosphate 

NPQ Non-photochemical quenching 

NSV Normalised Stern-Volmer coefficient 

OLC Oxygen light curves 

PAR Photosynthetically active radiation (400-700 nm) 

PDF Probability density function 

P-I  Photosynthesis-irradiance (response curve) 

PQ Plastoquinone pool 

PSII Photosystem II 

PTFE Polytetrafluoroethylene 

PTOX Plastoquinone terminal oxidase 

QA PSII primary electron acceptor 

QB PSII secondary electron acceptor 

RCII PSII reaction centres 

ROS Reactive oxygen species 

RUBISCO Ribulose-1,5-bisphosphate carboxylase/oxygenase 

SI Sinusoidal 

SQ Square-wave 

SV Stern-Volmer coefficient 

VAZ Violaxanthin- antheraxanthin-zeaxanthin cycle 

VIF Variance inflation factor 
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Table II. Table of symbols. Definitions of symbols used throughout this thesis in order of 

appearance. Symbols are grouped according to the sets of equations they pertain to. 

Symbol Definition Units Group of equations 

𝐼𝑀 Maximum irradiance µmol m-2 s-1 Light regime 

𝐿𝑃 Light period/photoperiod hours Light regime 

𝑍𝑟𝑒𝑙  Mixing depth relative to 

euphotic depth 

m Light regime 

𝑧𝑚𝑖𝑥

𝑧𝑒𝑢
 Mixing depth relative to 

euphotic depth 

dimensionless Light regime 

𝑀𝑃 Mixing period hours Light regime 

𝐼 ̅ Mean irradiance  µmol m-2 s-1 Light regime 

𝐼𝑀𝑒𝑑 Median irradiance with 

respect to time 

µmol m-2 s-1 Light regime 

𝐼𝑀𝑒𝑑
𝐷  Median irradiance with 

respect to dose 

µmol m-2 s-1 Light regime 

𝐷 Light dose   Light regime 

𝐼 Irradiance µmol m-2 s-1 Light regime 

𝑝(𝐼) PDF of 𝐼 within the 

photoperiod 

n/a Light regime 

𝑃(𝐼) CDF of  𝐼 within the 

photoperiod 

n/a Light regime 

𝐷𝑠𝑞 Light dose in a square-wave 

light regime 

µmol m-2 s-1 Light regime 

𝑑(𝐼) PDF of 𝐼 within the light dose n/a Light regime 

𝐷(𝐼) CDF of 𝐼 within the light dose n/a Light regime 

𝜇 Growth rate d-1 Growth rate 

[𝑐ℎ𝑙] Chlorophyll-a concentration mg m-3 or µg L-1 Absorption 

coefficient 

𝐴′ Absorbance measured in an 

ICAM spectrophotometer 

dimensionless Absorption 

coefficients 

𝐴 Absorbance measured over a 1 

cm pathlength 

cm-1 Absorption 

coefficients 

𝑎0 Coefficient of ICAM 

absorbance correction 

dimensionless Absorption 

coefficients 

𝑎1 Coefficient of ICAM 

absorbance correction 

dimensionless Absorption 

coefficients 

𝜆 Wavelength nm Absorption 

coefficients 

𝑎(𝜆) Absorption coefficient at 

wavelength 𝜆 

m-1 Absorption 

coefficients 

𝑎𝑐ℎ𝑙 Chlorophyll-a specific 

absorption coefficient 

m2 mg chl-1 Absorption 

coefficients 
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Table II (continued). 

𝐸(𝜆) Irradiance at wavelength 𝜆 µmol m-2 s-1 Absorption 

coefficients 

𝑎̅𝑐ℎ𝑙 Spectrally weighted 

chlorophyll-a specific 

absorption coefficient 

m2 mg chl-1 Absorption 

coefficients 

𝐹𝑜 Dark acclimated PSII 

minimum fluorescence  

arbitrary units PSII photochemical 

efficiency 

𝐹𝑚 Dark acclimated PSII 

maximum fluorescence 

arbitrary units PSII photochemical 

efficiency 

𝐹𝑣 Dark acclimated PSII variable 

fluorescence (𝐹𝑚 − 𝐹𝑜) 

arbitrary units PSII photochemical 

efficiency 

𝐹𝑣
𝐹𝑚

 
Maximum photochemical 

efficiency of PSII 

dimensionless PSII photochemical 

efficiency 

𝜎𝑃𝑆𝐼𝐼 Dark acclimated PSII effective 

cross section 

nm2
 PSII photochemical 

efficiency 

𝐹′ PSII initial fluorescence under 

actinic light 

arbitrary units PSII operating 

efficiency 

𝐹𝑚
′  PSII maximum fluorescence 

under actinic light 

arbitrary units PSII operating 

efficiency 

𝜎𝑃𝑆𝐼𝐼′ PSII effective cross section 

under actinic light 

nm-2 PSII operating 

efficiency 

𝐹𝑞
′ PSII variable fluorescence 

under actinic light (𝐹𝑚
′ − 𝐹′) 

arbitrary units PSII operating 

efficiency 

𝐹𝑞
′

𝐹𝑚
′  

PSII photochemical efficiency 

under actinic light 

dimensionless PSII operating 

efficiency 

ETR PSII electron transport rate µmol e- mg chl-1 s-1 PSII ETR 

𝑎̅𝑎𝑐𝑡
𝑐ℎ𝑙  Chlorophyll-a specific 

absorption coefficient 

spectrally weighted to FRRF 

and OLC actinic LEDs  

m2 mg chl-1 PSII ETR 

𝐸𝑇𝑅𝑚𝑎𝑥 Light-saturated maximum 

PSII ETR 

µmol e- mg chl-1 s-1 PSII ETR 

𝐼𝑘 Saturation irradiance of PSII 

ETR 

µmol m-2 s-1 PSII ETR 

𝑏 Curvature parameter of the 

ETR-irradiance relationship 

dimensionless PSII ETR 

𝛼 Initial slope of the ETR-

irradiance relationship 

µmol e- [µmol phot]-1 

m2 [mg chl]-1 

PSII ETR 

𝐴𝑒 Absorption efficiency. Ratio 

of two spectrally weighted 

chlorophyll-a absorption 

coefficients 

dimensionless Spectral corrections 
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Table II (continued). 

𝐹0
′ PSII minimum fluorescence 

under actinic light 

arbitrary units NPQ 

∆𝑁𝑆𝑉 Maximum increase in NSV dimensionless NPQ 

𝑁𝑆𝑉0 Minimum NSV (often referred 

to as minimum NPQ) 

dimensionless NPQ 

𝐼50 Saturation irradiance for NSV µmol m-2 s-1 NPQ 

𝑛 Curvature parameter of the 

NSV-irradiance response 

dimensionless NPQ 

𝑁𝑆𝑉𝑚𝑎𝑥 Maximum NSV (often 

referred to as NPQ capacity) 

dimensionless NPQ 

𝑃𝑔𝑟𝑜𝑠𝑠 Gross O2 evolution by 

photosynthesis 

µmol O2 mg chl-1 s-1 OLC 

𝑃𝑛 Net O2 evolution by 

photosynthesis 

µmol O2 mg chl-1 s-1 OLC 

𝑅 O2 consumption by respiration 

in the dark 

µmol O2 mg chl-1 s-1 OLC 

𝑃𝑚𝑎𝑥 Maximum gross O2 evolution 

by photosynthesis 

µmol O2 mg chl-1 s-1 OLC 

𝐼𝑘
𝑂2 Saturation irradiance for gross 

O2 evolution 

µmol m-2 s-1 OLC 

𝑏𝑂2 Curvature parameter for the P-

I response measured by O2 

evolution 

dimensionless OLC 

𝛼𝑂2 Initial slope of the P-I 

response measured by O2 

evolution 

µmol O2 [µmol phot]-1 

m2 [mg chl]-1 

OLC 

𝑛𝑃𝑆𝐼𝐼 PSII photosynthetic unit size mol RCII [mol chl]-1 PSII unit size 

𝑎̅𝑃𝑆𝐼𝐼
𝑐ℎ𝑙  Chlorophyll-a specific light 

absorption by PSII 

m2 mg chl-1 PSII unit size 

𝑎̅𝐹𝑅𝑅𝐹
𝑐ℎ𝑙  Chlorophyll-a specific 

absorption coefficient 

spectrally weighted to FRRF 

excitation LEDs 

m2 mg chl-1 PSII unit size 

𝑃80
𝐼  80th percentile for the CDF of  

𝐼 within the photoperiod 

µmol m-2 s-1  

𝑘𝑖 Rate constant for PSII 

photodamage 

hour-1 Photodamage and 

repair 

𝐹𝑣 𝐹𝑚⁄
𝐿𝐼𝑁

 𝐹𝑣 𝐹𝑚⁄  measured under gross 

photoinhibition in the Ragni 

model 

dimensionless Photodamage and 

repair 
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Table II (continued). 

𝐺𝑃𝑖𝑅 Rate constant for gross 

photodamage according to the 

Ragni model 

hour-1 Photodamage and 

repair 

𝑁𝑃𝑖𝑅 Rate constant for net 

photodamage according to the 

Ragni model  

hour-1 Photodamage and 

repair 

𝑅𝑅 Rate of PSII repair in the 

Ragni model 

hour-1 Photodamage and 

repair 

𝑘𝑟 Rate constant for PSII repair hour-1 Photodamage and 

repair 

[𝑅𝐶𝐼𝐼𝑖] Concentration of damaged 

PSII reaction centres 

undefined Photodamage and 

repair 

[𝑅𝐶𝐼𝐼𝑓] Concentration of functional 

PSII reaction centres 

undefined Photodamage and 

repair 

𝑅𝐶𝐼𝐼𝑖 Fraction of damaged PSII 

reaction centres 

dimensionless Photodamage and 

repair 

𝑅𝐶𝐼𝐼𝑓 Fraction of functional PSII 

reaction centres 

dimensionless Photodamage and 

repair 

𝑘𝑟
𝑚𝑎𝑥 Maximum 𝑘𝑟 assuming 

Michaelis-Menten kinetics as 

a function of 𝑘𝑖 

hour-1 Photodamage and 

repair 

𝑘𝑖
𝑀 Michaelis constant for 𝑘𝑟 

assuming Michaelis-Menten 

kinetics as a function of 𝑘𝑖 

hour-1 Photodamage and 

repair 

𝑞𝑝 Coefficient of PSII 

photochemical quenching  

dimensionless Target for PSII 

photodamage 

𝜎𝑖 Functional target for 

photodamage 

m2 mol phot-1 Target for PSII 

photodamage 

𝜎𝑃𝑄′

𝜎𝑖
 

Photochemical charge 

separations per photodamage 

incident at PSII 

e- Target for PSII 

photodamage 

Γ Any parameter indicative of 

photoacclimation 

undefined  
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1. Introduction 

 

1.1. Phytoplankton in a dynamic environment 

 Phytoplankton form the base of almost all marine food webs, and, 

despite accounting for only approximately 1% of the total global 

photosynthetic biomass (Falkowski, 1994), are responsible for as much as 50% 

of the global net primary production (Behrenfeld et al., 2001; Field et al., 

1998). Marine phytoplankton also play a vital role in several biogeochemical 

cycles, for example the phosphorus cycle (Paytan and McLaughlin, 2007) and 

the nitrogen cycle (Gruber, 2004). Additionally, primary production by 

phytoplankton contributes to the biological pump (Ducklow et al., 2001). This 

is a key factor in the control of atmospheric carbon dioxide concentrations, 

enabling long-term sequestration of carbon in marine reservoirs (Ducklow et 

al., 2001; Falkowski et al., 2000). The biological pump has become of 

significant interest in recent years in the context of climate change and global 

increases in the atmospheric carbon dioxide concentration (Nishino et al., 

2011; Passow and Carlson, 2012; Riebesell et al., 2007). 

Although they play a vital role in numerous marine processes, 

individual phytoplankton are microscopic, and even motile species are only 

capable of swimming at very limited speeds (Harvey and Menden-Deuer, 

2012; Ross and Sharples, 2007). Diatoms in particular are largely incapable of 
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swimming (Lauria et al., 1999), and although they can move vertically through 

the water column by modulating their buoyancy are often unable to 

overcome turbulent vertical mixing (Moreno-Ostos et al., 2009). This group 

accounts for approximately 40% of marine primary production, and up to 70% 

of primary production in coastal systems (Field et al., 1998; Uitz et al., 2010), 

and as a result of their limited motility the movement of diatoms both 

vertically and horizontally in the water column is largely dictated by the water 

motion itself (Blauw et al., 2012; Hobson and McQuoid, 2001; Lauria et al., 

1999). Being largely immotile organisms in a dynamic environment, 

phytoplankton have little control over the environmental conditions they 

experience, and may experience significant short-term variability in abiotic 

factors, which exert bottom-up control on rates of primary productivity.  

Of the variety of abiotic factors which can limit phytoplankton primary 

production, light is arguably the most variable on short timescales (minutes to 

seconds) and is a fundamental requirement of photosynthesis (Wagner et al., 

2006).  Since light intensity decreases exponentially with depth phytoplankton 

cells may experience changes in light intensity of several orders of magnitude 

over relatively short timescales (minutes to seconds) as they are mixed 

vertically through the water column, particularly in more turbid and turbulent 

environments (e.g. coastal waters). In contrast, nutrient availability in the 

open ocean tends to vary seasonally (Whitney, 2011), and the existence of 

microzone boundary layers surrounding individual cells is thought to 
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modulate short-term spatial variability (Lazier and Mann, 1989; Mitchell et al., 

1985). Similarly, temperature variability tends to occur seasonally, and the 

magnitude of spatial and temporal changes is relatively small within the wind 

mixed layer (Lemos and Sanso, 2006).  

 

1.2. Natural sources and timescales of light variability  

Variability in the light environment experienced by phytoplankton 

occurs as a result of numerous processes and operates on a wide range of 

magnitudes and timescales.  

One of the most predictable sources of variability is the change in 

irradiance throughout the course of a day from sunrise to sunset (the diel 

light cycle). On longer timescales seasonal changes in daylength (here 

daylength and photoperiod are used interchangeably to refer to the light 

period of a 24 hour light-dark cycle) and in the maximum (i.e. midday) 

irradiance result in large, predictable differences in the daily light 

environment throughout the course of a year (Forsythe et al., 1995; Mejdoul 

and Taqi, 2012). Seasonal changes in cloud cover can also cause significant 

changes in the percentage of solar irradiance reaching the ocean throughout 

the course of a year (Klein and Hartmann, 1993). 

Changes in the light environment also occur as a result of processes 

that operate on short timescales of tens of minutes to less than a second. 
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Before light reaches the ocean, attenuation by clouds can cause large scale 

reductions in the irradiance of up to 90%, and the unpredictable movement of 

clouds across the sky imposes random fluctuations on light reaching the 

ocean’s surface (Stramska and Dickey, 1998). In the upper few meters of the 

ocean refraction of light by surface waves creates patches of focussed and 

defocussed light. These wave-induced fluctuations in irradiance vary in 

magnitude with wave/wind conditions, and up to five-fold changes in 

irradiances in less than a second have been reported (Dera and Stramski, 

1993). Despite the extreme nature of these variations, light scattering within 

the water column causes the intensity of wave-induced light fluctuations to 

decrease rapidly with depth, for example in the open ocean fluctuations can 

be reduced by half in 20m of water (see table 1 in Stramska and Dickey, 

1998). Finally, when considering the whole water column, turbulent mixing 

processes are thought to impose random changes in irradiance on individual 

cells as they move vertically. The timescale and magnitude of these changes 

depends on the turbulence, which in turn is dependent on physical 

parameters such as temperature (i.e. stratification), depth, and surface wind 

shear (Falkowski, 1984; Ross and Sharples, 2004). 

This study focuses on irradiance fluctuations on timescales and 

magnitudes consistent with vertical mixing in the water column, and diel 

variability in solar irradiance.  
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1.3. Experimental approaches to intra-diel light variability 

Variability in irradiance is often ignored in experimental studies, and 

also in measurements of marine primary productivity. In laboratory 

experiments cultures are typically grown under an unrealistic square-wave 

light function (e.g. Granger et al., 2004; Interlandi, 2002; Staehr and Sand-

jensen, 1997) and estimates of ocean primary productivity from changes in 

carbon-14 (14C) or oxygen concentration (Williams et al., 1983) are often 

taken from bottles incubated at a single depth or on board a research vessel 

(e.g. Carpenter et al., 2004; Ditullio et al., 2003; Gervais et al., 2002). In both 

of these situations the variability of the natural light environment is largely 

ignored, and results may therefore not accurately capture what is actually 

occurring in natural populations. Such measurements made under stable light 

conditions have been used to parameterise models of ocean productivity, or 

to validate satellite estimates of primary production (Behrenfeld et al., 2002; 

Tilstone et al., 2009). The validity of such models or validation approaches as 

representative of the marine environment is therefore questionable, unless 

the responses of phytoplankton to light variability can be taken into account.  

Studying the effects of short-term random fluctuations in light is 

difficult in the laboratory, because of the inherent difficulty in accurately 

recreating these fluctuations in an experimental setup. Random variations in 

irradiance caused by light focussing, or turbulent mixing tend to be imposed 

on individual cells, whereas experimental light regimes are applied to whole 
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cultures (Wagner et al., 2006). Growing entire phytoplankton cultures under 

random light regimes, or light regimes which feature short flashes of high 

intensity light (such as those cause by wave focussing) is therefore a poor 

method of simulating natural random light fluctuations which are typically 

experienced by single cells only  (Janssen et al., 1999; Nedbal et al., 1996). A 

more promising approach to reproduce this type of random light fluctuations 

is to use large scale mixed cultures grown under a non-random light regime. 

In such a setup turbulent mixing and surface waves cause random light 

fluctuations on the cell level, and the light regime applied to the culture is 

under the control of the experimenter. This method was used by Stramski et 

al. (1993) to study the responses of an optically thin culture of a marine 

chlorophyte to light fluctuations caused by wave focussing. Otherwise, this 

approach tends to be employed primarily in studies of photobioreactors 

which invariably involve high cell densities such that culture self-shading and 

possible nutrient depletion confounds results (Kliphuis et al., 2010; Ogbonna 

et al., 1995). The major problem with this approach is that the actual light 

fluctuations experienced by cells are difficult to determine, and equally 

difficult to control and reliably reproduce (although see Stramski and 

Legendre, 1992).  

A common approach in experimental studies is to simplify random light 

fluctuations into a predictable light regime. Turbulent mixing is typically 

simulated by a cyclical increase and decrease in light intensity according to a 
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sinusoidal or exponential curve (van Leeuwe et al., 2005; Wagner et al., 2006) 

or using step changes in light level (Litchman, 2000). This approach has 

several advantages over attempting to accurately reproduce a stochastic light 

environment, notably: 

• Light regimes are easily reproducible from their summary statistics. 

• Comparing light regimes is significantly easier – it is possible to 

interrogate data to determine which responses are related to which 

properties of light regimes. 

• The experimental setup can be relatively simple. 

Although this approach can be criticised because the resultant light 

regimes lack realism, they nevertheless can provide insight into how 

phytoplankton respond to dynamic light environments. For example, 

comparing phytoplankton grown under a rapidly fluctuating light regime to a 

less rapidly fluctuating one can be used to identify differences in 

photophysiology between phytoplankton growing in a rapidly mixed 

environment, compared to one in which mixing is slower. Equally, using 

simplified light regimes to understand what parameters of the light regime 

(e.g. mean, median, etc.) phytoplankton acclimate to can give insight into how 

natural phytoplankton populations will respond to changes in the light 

environment (Lavaud et al., 2007; Litchman, 2000).  
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Diel periodicity in the light environment is comparatively easy to 

replicate in the laboratory. Reproducing the diel increase and decrease in 

irradiance is typically achieved by way of a sine wave (Kromkamp and 

Limbeek, 1993; Wagner et al., 2006) and this has been found to be reasonably 

consistent with natural light regimes (Mejdoul and Taqi, 2012). 

It warrants mentioning that mathematical models can provide an 

alternative to the experimental approaches outlined above. Individual-based 

models are of particular use when studying phytoplankton responses to short 

term random light fluctuations. In such models hundreds or thousands of cells 

are individually tracked and combined to determine population responses 

(Ross et al., 2011; Ross and Sharples, 2004). This is particularly useful when 

studying light because the light history of cells is known, a factor which can 

significantly impact how cells respond to environmental changes (O’Brien et 

al., 2009). However, even using this approach, the complexity of natural 

random light fluctuations precludes realistic mathematical simulation (Talmy 

et al., 2013). Additionally, these models are difficult to validate, since the 

random nature of the light environment precludes accurate replication in an 

experimental environment, and still require parameterisation based on 

experimental data. 
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1.4. Phytoplankton growth under fluctuating light 

 The responses of phytoplankton growth rate to light variability are 

species specific, and are dependent on frequency and irradiance statistics of 

fluctuations (Flöder et al., 2002; Litchman, 2000; Wagner et al., 2006). 

 Nicklisch (1998) reported reductions in growth rates in cyanobacteria, 

diatoms and chlorophyta in response to fluctuations of an hour or less in 

duration, when compared with cultures grown under square-wave 

illumination. This reduction was greater in cyanobacteria than in diatoms and 

was also found to be lower in more rapidly fluctuating light. These results 

should be treated with caution however, since the integrated daily light dose 

was not comparable between fluctuating and square-wave light regimes, and 

also differed significantly between species within a light treatment.  

Decreases in specific growth rate in response to fluctuating light were 

also reported by Wagner et al. (2006). However, in this study the daily light 

dose was significantly lower in the fluctuating light regime than in the non-

fluctuating regime. Since lower irradiance reduces phytoplankton growth rate 

(Falkowski et al., 1985), the growth rate reduction observed by Wagner et al. 

(2006) is unlikely to be caused by light fluctuations alone. Consistently 

reduced growth rates in fluctuating light versus non-fluctuating have also 

been reported by Nicklisch and Fietz (2001) and Shatwell et al. (2012), the 

latter of which reported that the reduction in growth rate was more extreme 
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at higher light doses. This effect is corroborated by other authors in different 

species of diatoms (Lavaud et al., 2007; Mitrovic et al., 2003).  

In contrast to the results reported above, some authors have reported 

an increase in growth rate when cultures are grown under fluctuating light 

regimes. van Leeuwe et al. (2005) found that growth rates of Chaetoceros 

brevis (a diatom) and Pyramimonas sp. (a flagellate) increased with more 

rapid fluctuations in the light regime (3-hour vs. 1-hour period) and were 

higher than or equal to those in comparable sinusoidal regimes. Faster growth 

under fluctuating light regimes were also reported by Litchman (1998) and 

Litchman (2000) for some species, however in these studies growth rate was 

generally higher under longer period fluctuations. It should be noted that 

Litchman (2000) reported only minor changes in growth rate for the majority 

of light regimes and in fact reported a slight decrease in growth rate for the 

green alga Sphaerocystis schroeteri grown under a fluctuating light regime 

versus a square wave regime. In each of these studies the amplitude of light 

fluctuations was relatively low, and the highest reported maximum irradiance 

was 400 µmol m-2 s-1 (van Leeuwe et al., 2005). Studies reporting reduced 

growth rates in fluctuating light tend to utilise much higher amplitude 

fluctuations, with maximum irradiance exceeding 900 µmol m-2 s-1 (Lavaud et 

al., 2007; Nicklisch, 1998; Nicklisch and Fietz, 2001; Shatwell et al., 2012; 

Wagner et al., 2006). This may have contributed to the inconsistency in the 

reported impact of light fluctuations on growth rate. 
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Despite the uncertainty in how light fluctuations on the timescale of 

minutes to hours affect growth rates the response is clearly species specific. 

Diatoms have consistently been found to cope better in fluctuating light than 

any other group with which they have been compared. That is to say that the 

difference in growth rate between cultures grown under fluctuating and those 

grown under non-fluctuating light is always more positive than in any other 

phytoplankton group studied (Litchman, 2000; van Leeuwe et al., 2005). 

Conversely cyanobacteria are consistently reported to cope poorly with light 

fluctuations (Nicklisch, 1998; Shatwell et al., 2012). 

 

1.5. Photosynthesis and photoacclimation to intradiel light fluctuations 

As photoautotrophic organisms, phytoplankton rely on the light 

dependant reactions of photosynthesis to produce two energy carrying 

molecules, ATP (adenosine triphosphate), and NADPH (nicotinamide adenine 

dinucleotide phosphate hydrogen). These then provide energy for 

carbohydrate synthesis, and ultimately other metabolic processes within the 

cells. A summary of photosynthesis is shown in Figure 1.5.1. 

Light is a fundamental requirement of photosynthesis, however the 

effect of fluctuating light regimes on the rate of photosynthesis and the 

photosynthesis-irradiance response curve has received little attention in the 

literature. The limited data available suggest that a species-specific response 
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also occurs in photosynthesis rates. Carbon assimilation rates have been 

reported to increase with more rapid light fluctuations in the green alga 

Dunaliella tertiolecta, but decrease in the diatom Thalassiosira weissflogii 

(van de Poll et al., 2010).  

 

Ibelings et al. (1994) reported that higher amplitude fluctuations in 

light increased photosynthesis rates in both a cyanobacterium and a green 

alga, and that photosynthesis rates tended to be higher for cultures grown in 

fluctuating versus sinusoidal light regimes. However, in this study the daily 

Figure 1.5.1. Overview of photosynthesis. Adapted from Baker, 2008 
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light dose was not equal between light regimes. Higher amplitude fluctuating 

light regimes also had a reduced daily light dose, which may have led to 

reduced photodamage, contributing to the higher photosynthesis rates.  

In field studies there has been some research on the impact of intradiel 

light fluctuations on photosynthesis rates (Mallin and Paerl, 1992; Marra, 

1978). A particular topic of interest is whether or not photosynthesis rates 

measured in bottles incubated at a fixed depth (i.e. under relatively static light 

environment) can accurately be used to describe photosynthesis in vertically 

mixed phytoplankton populations which experience a fluctuating light 

environment. This has been examined in several studies by comparing 

estimates of photosynthesis extrapolated from a number of incubations at 

fixed depths to estimates from bottles which are continuously moved up and 

down in the water column, and therefore experience a fluctuating light 

environment. (Köhler, 1997; Mallin and Paerl, 1992; Marra, 1978). Generally 

photosynthesis rates from samples experiencing a fluctuating environment 

are considerably higher than those extrapolated from incubations at fixed 

depths (Köhler, 1997; Marra, 1978). This discrepancy is mostly a result of light 

induced damage to the photosynthetic apparatus (see section 1.6 and chapter 

5) in bottles fixed near the surface of the water (Köhler et al., 2001; Ross et 

al., 2011). The substantially different light dose between fixed depth and 

vertically moved incubations make both direct comparison between 

photosynthesis rates, and a clear understanding of how light fluctuations 
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impact photosynthesis, difficult. The use of natural phytoplankton 

communities, and limited knowledge of the fluctuating light regime that 

samples actually experience (Köhler, 1997; Marra, 1978) also make it difficult 

to apply the results of these experiments to understand how different 

fluctuating light environments might impact photosynthesis rates in different 

phytoplankton species. 

 It is also important to consider photoacclimation in phytoplankton in 

response to light fluctuations. Here photoacclimation is used to refer to the 

regulation of the process and components which determine light absorption 

and photosynthesis rates. In phytoplankton this typically involves changes in 

the complement and arrangement of light harvesting pigments, although 

changes related to the Calvin-Benson cycle activity (usually via the 

concentration of RUBISCO) may also be important (Dubinsky and Stambler, 

2009; Falkowski and LaRoche, 1991; Moore et al., 2006).  

Interestingly several authors have reported no significant changes in 

the concentration of light harvesting pigments in response to light 

fluctuations. Diatoms in particular have not been reported to change their 

quota of light harvesting pigments (most notably chlorophyll-a, but also 

others) when grown under a reasonable range of fluctuation amplitudes and 

when compared with non-fluctuating light regimes (Nicklisch, 1998; van de 

Poll et al., 2010; van Leeuwe et al., 2005). This lack of response appears to be 

conserved even when fluctuating light regimes have a slightly reduced daily 
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light dose versus non-fluctuating regimes (e.g. in van Leeuwe et al., 2005, 

average irradiance in fluctuating light regimes was 70% that of the sinusoidal 

regime). Wagner et al. (2006) in contrast, showed a reduction in light 

harvesting pigment content in fluctuating light. It is thought that the 

significantly lower daily light dose in fluctuating regimes (~75% reduction) is 

the cause of this. A similar lack of response to fluctuating light has been 

reported for green algae by some authors (Ibelings et al., 1994; Nicklisch, 

1998), whilst others have reported an increase in light harvesting pigments 

(van de Poll et al., 2010). Each of these studies compared intra-diel light 

fluctuations to sinusoidal fluctuations with the same maximum irradiance. For 

the green alga Dunaliella tertiolecta, Havelkova-Dousova et al. (2004) found 

the light harvesting pigment quota of cells grown under fluctuating light was 

lower than that in cells grown under constant illumination of the same daily 

light dose. It has been suggested that these trends indicate that in fluctuating 

light regimes diatoms acclimate to the average light intensity, whilst 

acclimation in green algae is driven by both the maximum and average 

irradiance (Havelkova-Dousova et al., 2004; van Leeuwe et al., 2005). 

 

1.6. Photoprotection in fluctuating light regimes 

 Light induced damage to the photosynthetic architecture (here 

referred to as photodamage) is an inevitable consequence of photosynthesis 
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and is enhanced under increased irradiance (Long et al., 1994; Tyystjärvi, 

2008; Vass and Aro, 2007). In fluctuating light environments phytoplankton 

may experience rapid increases in irradiance that substantially increase the 

potential for photodamage on short timescales and may reduce 

photosynthetic efficiency (Alderkamp et al., 2010). A number of 

photoprotective mechanisms have been identified which act to dissipate 

excess photosystem II (PSII) excitation energy. These have been found to play 

an important role in preventing photodamage under fluctuating light regimes 

(Lavaud et al., 2007) 

 Non-photochemical quenching (NPQ) of PSII excitation energy is an 

important photoprotective mechanism in many species. In most species the 

xanthophyll cycle is the major pathway of NPQ (Muller et al., 2001), which 

utilises either the de-epoxidation of diadinoxanthin to diatoxanthin, or the de-

epoxidation of violoaxanthin to zeaxanthin via antheraxanthin. Examination of 

the ratios of the various xanthophylls to one another has confirmed that 

xanthophyll cycling is an important photoprotective process in response to 

fluctuations in light (Havelkova-Dousova et al., 2004; van de Poll et al., 2010; 

van Leeuwe et al., 2005) and the activity of the xanthophyll cycle is directly 

related to the incident irradiance. The degree of non-photochemical 

quenching can also be determined from PSII fluorescence. Whilst there is 

some dispute as to how this is best achieved from fluorescence 

measurements (McKew et al., 2013) fluorescence-derived NPQ consistently 
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demonstrates a direct relationship with incident irradiance in fluctuating light 

regimes (Lavaud et al., 2007; van de Poll et al., 2010; Wagner et al., 2006).  

In addition to xanthophyll cycling, green algae utilise state transitions 

to prevent absorption of excess, potentially damaging, light energy (Macintyre 

et al., 2000). State transitions have been implicated as an important response 

to fluctuations in irradiance and have been presented as an explanation for 

lower xanthophyll cycle activity relative to fluorescence-determined NPQ in 

green algae than in diatoms  (Havelkova-Dousova et al., 2004; van de Poll et 

al., 2010; van Leeuwe et al., 2005; Wagner et al., 2006). State transitions may 

also be more important than xanthophyll cycling in green algae in preventing 

photodamage when cells are grown under high frequency (1-hour period) 

fluctuations (van Leeuwe et al., 2005).  

Cyanobacteria lack a xanthophyll cycle and instead use state transitions 

and the Mehler reaction to dissipate excess light energy (Kana, 1992; van Thor 

et al., 1998). The apparent importance of xanthophyll cycling in response to 

fluctuations in irradiance suggests that this may be among the reasons why 

growth rates of cyanobacteria are more negatively affected than growth rates 

of phytoplankton species capable of xanthophyll cycling (Nicklisch and Fietz, 

2001). 

The quantum efficiency of photosynthesis, or PSII electron transport 

(measured from fluorescence) can be used to determine how effectively cells 
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are able to repair, and also prevent photodamage. Photosynthetic efficiency 

tends to decrease as incident light increases. However, in fluctuating light 

regimes this reduction is often less extreme in diatoms than in other species 

(van Leeuwe et al., 2005; Wagner et al., 2006). This, when taken together with 

high xanthophyll activity (i.e. rapid de-epoxidation) and a relatively large 

xanthophyll pool, has led several authors to conclude that diatoms are better 

adapted to fluctuating light regimes than other phytoplankton (Shatwell et al., 

2012; van de Poll et al., 2011, 2010). 

A study by Lavaud et al. (2007) suggests some diatoms may be better 

adapted to intra-diel light fluctuations than others. They reported that 

Phaeodactylum tricornutum, a diatom typically found in estuaries, was 

capable of much higher NPQ than Skeletonema costatum, a typically oceanic 

species. They also theorised that P. tricornutum is able to more rapidly 

activate and deactivate xanthophyll cycle enzymes, preventing unnecessary 

dissipation of energy by NPQ that could otherwise be used in photosynthesis, 

and maintaining a high quantum photosynthetic efficiency. 

 

1.7. Conclusions and project scope 

An important issue with the current research into phytoplankton under 

intradiel light variability is the lack of consistency in how the light 

environment is simulated. For example, whilst some studies conserve mean 
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irradiance between fluctuating light regimes, others conserve maximum 

irradiance (Havelkova-Dousova et al., 2004; Nicklisch, 1998). Substantial 

differences in how fluctuating light environments are altered between 

treatments has led some authors to report that fluctuating light enhances 

growth rates (Litchman, 2000), whilst others report the opposite (Lavaud et 

al., 2007). Much of the current research has focused on comparing fluctuating 

light regimes to sinusoidal ones, however it remains largely unclear how 

differences in the parameters of fluctuating light regimes (e.g. maximum 

intensity, frequency of fluctuations, amplitude of fluctuations, etc.) affect 

phytoplankton growth and photosynthesis, and to which parameters of 

fluctuating light regimes phytoplankton acclimate.  

This study attempted to address these issues in several ways. Growth 

and photophysiology of two species of diatoms were studied in several 

fluctuating light regimes. In order to capture the impact of a range of aspects 

of the light environment on phytoplankton growth and photophysiology, light 

regimes were characterised by a range of mean and maximum irradiance and 

mixing amplitudes. The distribution of the light environment was also 

considered.  

In mathematical models of marine phytoplankton populations, 

including those used to estimate global photosynthesis from satellite 

observations of ocean colour, photoacclimation may be described as a 

function of a single parameter of the light environments (Behrenfeld et al., 
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2016; Graff et al., 2016). This carries an implied hypothesis that 

photoacclimation can be correctly predicted from a single aspect of the light 

regime which, if incorrect, could be a substantial source of error in current 

estimates of global marine photosynthesis. Using a range of light regimes, the 

first aim of this study was to examine whether or not this is the case. With the 

objective of determining which aspect of the light environment is most 

important in driving photoacclimation. 

Secondly, photodamage and the mechanisms which are employed to 

mitigate it were investigated. Photodamage has been implicated as an 

important factor in controlling growth rates in dynamic light environments 

(Alderkamp et al., 2010). This study aimed to investigate how phytoplankton 

acclimated to fluctuating light regimes in order to prevent photodamage 

during peaks in irradiance, and how successful they were in accomplishing 

this. 

Finally, this study aimed to investigate how differences in light 

fluctuations might impact photophysiology and photosynthesis throughout 

the day by measuring photophysiology across the photoperiod in two 

different light regimes. In the field, daily photosynthesis rates may be 

extrapolated from single measurements made at one time of day (Alderkamp 

et al., 2015; Brush et al., 2002; Carmack et al., 2004). One objective was to 

determine how acclimation across the photoperiod might affect the error in 

daily photosynthesis and primary productivity rates estimated in this way, and 
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how light fluctuations might impact this error. These data were also used to 

investigate several hypotheses on what limits growth in fluctuating light 

environments. Several factors have been implicated as a cause for the 

common observation that light fluctuations reduce growth rate (Lavaud et al., 

2007; Nicklisch, 1998; Nicklisch and Fietz, 2001; Shatwell et al., 2012; Wagner 

et al., 2006). This study also aimed to examine the hypotheses that daily 

photosynthesis, photodamage, differences in resource allocation, or a 

combination of these could be responsible.  

Throughout this thesis interspecific differences in growth and 

photophysiology are also discussed. Specifically, in the context of the 

hypothesis that variability in light is an important driving force in determining 

the habitat and ecological niche of phytoplankton (Lavaud et al., 2007). 
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2. Methods development - The light environment 

 

2.1. Approximating the natural light environment 

One of the most important considerations for this study was how to 

practically and accurately investigate natural light regimes in an experimental 

setting. Perhaps the most obvious method is to attempt to replicate the 

processes responsible for the marine light environment. Although this may be 

possible to some degree (Stramski and Legendre, 1992), the high level of 

disorder and randomness associated with many of these processes would 

lead to chaotic light environments which are difficult to control or replicate. 

Whilst such light environments may be realistic, interpreting and reproducing 

results would be very difficult, as would disentangling which aspects of the 

light environment phytoplankton respond to.  

An alternative approach, which was taken here, is to ‘dissect’ the light 

environment, define it by several summary statistics and then reconstruct a 

simplified dynamic light regime based on these. This is a typical approach in 

laboratory studies, the advantages and disadvantages of this method were 

discussed in section 1.3. 
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2.2. The light regimes model 

Light regimes were defined using a simple two-component model of 

irradiance experienced by a particle in a mixed water column. The model 

consisted of: 

1. A solar irradiance component which simulates irradiance at the 

surface of the water column. 

2. A simple model of mixing depth, defining the depth of the particle 

relative to the euphotic depth (defined here as the depth of 1% 

light penetration) at any given time. 

The Beer-Lambert law of light attenuation was then used to calculate 

the irradiance as the simulated particle was mixed through the water column. 

Studies of solar irradiance (in the absence of cloud cover) have 

demonstrated that the incident solar radiation is well predicted by relatively 

uncomplicated sinusoidal models  (Mejdoul and Taqi, 2012). Here a simplified 

two-parameter sinusoidal model is used. This Equation is consistent with 

those used in many previous studies (see section 1.3), and is defined as: 

𝐼(𝑡) = 𝐼𝑀 ∙ 𝑠𝑖𝑛 (
𝜋𝑡

𝐿𝑃
)   2.2.1 

Where 𝐼𝑀 is the maximum irradiance (i.e. at midday) 𝐿𝑃 is the length of 

the photoperiod and 𝑡 denotes the time from the onset of the photoperiod. 
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To incorporate the mixing component the diel sinusoid defined above 

was transformed multiplicatively by a model of exponential decay, consistent 

with the Lambert-Beer law: 

𝐼(𝑡) = 𝐼𝑀 ∙ 𝑠𝑖𝑛 (
𝜋𝑡

𝐿𝑃
) 𝑒−(𝑘𝑑∙𝑍𝑟𝑒𝑙)  2.2.2 

In which 𝑘𝑑 is the attenuation coefficient. Here this is a factor which 

defines the euphotic depth as the depth of 1% light penetration and is equal 

to 𝑙𝑛(100). 𝑍𝑟𝑒𝑙 is the mixing depth relative to the euphotic depth and is 

defined according to Equation 2.2.3. 

𝑍𝑟𝑒𝑙 =  0.5
𝑧𝑚𝑖𝑥

𝑧𝑒𝑢
(1 − 𝑐𝑜𝑠 (

2𝜋𝑡

𝑀𝑃
))  2.2.3 

Where 
𝑧𝑚𝑖𝑥

𝑧𝑒𝑢
 is the maximum mixing depth relative to the euphotic 

depth, and 𝑀𝑃 is the mixing period (i.e. time taken for one full mixing cycle).  

Equation 2.2.3 simulates mixing in a circular motion, similar to that 

experienced by cells entrained in Langmuir cells as shown in Figure 2.2.1. It 

may provide a poor simulation of deeper, convective mixing processes. The 

lack of realism in the light regimes used here has been discussed previously, 

and must be kept in mind when interpreting results. 
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2.3. Selection of light regimes 

Light regimes used in this study, and the parameters used to define 

them are detailed in Table 2.3.1. Light regimes characterised by three 

different values of 
𝑧𝑚𝑖𝑥

𝑧𝑒𝑢
 were used, simulating no mixing (sinusoidal, SI), mixing 

to 50% of the euphotic depth (low fluctuations, LF) and mixing to the euphotic 

depth (high fluctuations, HF). Two different values of mean irradiance were 

used, denoted by HL (high light, 273 µmol m-2 s-1) and LL (low light, 185 µmol 

m-2 s-1). These were selected such that the maximum irradiance in the HLSI 

(high light sinusoidal) regime was equal to the maximum irradiance in the LLLF 

(low light low fluctuating) regime. Based on preliminary data from stock 

cultures HL and LL mean irradiances were also selected to be saturating and 

sub-saturating to photosynthesis respectively. Square wave light regimes (SQ) 

Figure 2.2.1. Langmuir circulation, responsible for changes 

in the light environment of mixed particles similar to those 

used in light regimes in this study. 
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at the mean irradiance were used in order to explore the relationship 

between static and dynamic light regimes, something often neglected in 

studies involving fluctuating light. Parameters used to calculate the light 

regimes in Equations 2.2.1 to 2.2.3 are shown in Table 2.3.1. HL light regimes 

are illustrated in Figure 2.3.1. LL light regimes were identical in shape but are 

transformed vertically. All light regimes used a mixing period of 1 hour (MP in 

equation 2.2.3). 

The phrases “fluctuating regimes” or “fluctuating light regimes” are 

here used to describe all regimes that are not square-wave. That is, SI, LF and 

HF regimes. 

 

Table 2.3.1. Summary statistics of the light regimes used, Values of PAR have units µmol 

m-2 s-1. An n/a value of 
𝑧𝑚𝑖𝑥

𝑧𝑒𝑢
 indicates a square-wave light regime. MP = 1 hour in all light 

regimes. See Table II for details of symbols used. 𝐼𝑀𝑒𝑑  and 𝐼𝑀𝑒𝑑
𝐷  are two different 

measures of the median irradiance and are described in section 2.4.  

Regime 𝐼𝑀 
𝑧𝑚𝑖𝑥

𝑧𝑒𝑢
 𝐼 ̅ 𝐼𝑀𝑒𝑑 𝐼𝑀𝑒𝑑

𝐷  

HLSQ 273 n/a 273 273 273 

HLSI 430 0 273.7 304.1 372.4 

HLLF 1000 0.5 273.3 168.1 504.5 

HLHF 1520 1 273.5 68.6 836.9 
      

LLSQ 118 n/a 118 118 118 

LLSI 185 0 117.8 130.8 160.2 

LLLF 430 0.5 117.8 72.3 216.9 

LLHF 660 1 118.8 29.8 356.3 
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Light intensities reported for light regimes reflect the mean irradiance 

within the culture vessels, measured at a resolution of approximately 1 cm 

using a spherical detector (see section 2.5). 

 

2.4. Physiologically relevant parameters in quantification of light regimes 

 Fluctuating light regimes in the literature are typically expressed in 

terms of the parameters used to calculate them (e.g. Alderkamp et al., 2012; 

Hoppe et al., 2015; Lavaud et al., 2007; Nicklisch, 1998). These parameters are 

not necessarily physiologically relevant over the course of the photoperiod 

and may not be useful in characterising phytoplankton acclimation to the light 

regime. For example, a high maximum irradiance may suggest that for a 

Figure 2.3.1. HL fluctuating and square-wave light regimes. See text and table 2.3.1 for 

description of the light regimes. 
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period of the light regime the plastoquinone pool (PQ) is reduced, 

photosynthesis rates are saturated and the potential for photodamage is high. 

However, if the maximum irradiance is only sustained for a very small fraction 

of the photoperiod its overall effect on acclimation may be minimal. Some 

research indicates that changes in the maximum irradiance in rapidly 

fluctuating light environments have very little effect on phytoplankton 

acclimation, presumably because the maximum irradiance is sustained for 

such a short duration (Mouget et al., 1995; Veal et al., 2010). In order to 

address the question of which aspects of the light environment phytoplankton 

acclimate to, it is vital to define physiologically relevant parameters that can 

be used to characterise any light environment.  

In laboratory studies the light dose (𝐷) or mean irradiance (𝐼)̅, which is 

simply 𝐷 divided by the length of the photoperiod (𝐿𝑃, Equation 2.4.1) are 

very commonly used to characterise fluctuating light regimes and have 

consistently been found to be a poor indicator of photoacclimation (e.g. 

Dimier et al., 2009; Garcia-Mendoza et al., 2002; Hoppe et al., 2015; 

Litchman, 2003, 2000; Litchman et al., 2004)  

𝐼 ̅ =
𝐷

𝐿𝑃
   2.4.1 

Several recent studies using satellite and field data have suggested 

using the median (𝐼𝑀𝑒𝑑), rather than the mean, as an indicator of 

photoacclimation (Behrenfeld et al., 2016; Graff et al., 2016) based on the 
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understanding that the redox state of the plastoquinone pool (PQ) is an 

important regulator of photoacclimation (Durnford and Falkowski, 1997; 

Escoubas et al., 1995; Falkowski and Chen, 2003; Foyer et al., 2012). As 

irradiance increases, PQ becomes increasingly reduced. Once the PQ is 

entirely reduced, and photosynthesis is saturated, subsequent increases in 

irradiance do not cause a change in redox state, and therefore carry no new 

information for photoacclimation (this is discussed in more detail in chapter 

4). They do, however, affect the mean irradiance (𝐼)̅. Median irradiance is less 

affected by supersaturating light levels and provides an intuitive parameter, 

representing the irradiance midpoint such that 50% of the photoperiod is 

spent above it, while 50% is spent below. In this study, the calculation of  𝐼𝑀𝑒𝑑 

is trivial. Software and hardware limitations mean that the irradiance of the 

LEDs (light emitting diode) used to illuminate cultures changes at most once 

per second. Light regimes are composed of a finite number of irradiances 

from which  𝐼𝑀𝑒𝑑 is easily calculated. Mathematically 𝐼𝑀𝑒𝑑 can be defined 

according to Equation 2.4.2 from the probability density function (PDF), 𝑝(𝐼), 

which defines the relative probability that the irradiance will equal 𝐼 within 

the photoperiod and has the associated cumulative distribution function 

(CDF) 𝑃(𝐼).  

∫ 𝑝(𝐼)
𝐼𝑀𝑒𝑑

0
𝑑𝐼 = 𝑃(𝐼𝑀𝑒𝑑) = 0.5    2.4.2 
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Both 𝑝(𝐼) and 𝑃(𝐼) can be estimated from light regimes by kernel 

density estimation. Those calculated from HL light regimes are illustrated in 

Figure 2.4.1. These demonstrate that for these light regimes, as the mixing 

coefficient increases, a greater proportion of the photoperiod is spent at 

lower irradiances. This is clearly reflected by a reduction in 𝐼𝑀𝑒𝑑, while 𝐼 ̅

remains constant (Table 2.3.1). 

 𝐼𝑀𝑒𝑑 as an indicator of photoacclimation attempts to account for the 

lack of change in PQ redox signalling at supersaturating irradiances. However, 

it does not account for variability in the photosynthetic efficiency with which 

light is utilised. Consider for example the HLHF, and HLSI regimes which have 

equal daily light dose. In the HLHF regime a greater proportion of that light 

dose is delivered at higher irradiances. Assuming a similar photosynthesis-

irradiance response for both HLSI and HLLF regimes that saturates below 𝐼𝑀 

for HLHF, the efficiency with which light is used in photosynthesis (and 

therefore daily integrated photosynthesis), will be lower under the HLHF 

regime. A resultant reduction in the quantum efficiency of biomass 

accumulation may restrict energy availability for photoacclimation, or lead to 

differences in resource allocation between photoacclimation and growth 

(Wagner et al., 2006). Here a new parameter is proposed as a potential 

indicator for acclimation to dynamic light regimes, 𝐼𝑀𝑒𝑑
𝐷 . This represents the 

irradiance level above and below which 50% of the light dose is delivered and 

can be defined mathematically in terms of the PDF 𝑝(𝐼), the light dose, and 
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the photoperiod length. Since the photoperiod (𝐿𝑃) is finite, for any given 

irradiance there is a maximum light dose that can be delivered at that 

irradiance, equal to the light dose from a square wave light regime (𝐷𝑠𝑞 

Equation 2.4.3). 

𝐷𝑠𝑞 = 𝐼 ∙ 𝐿𝑃    2.4.3 

For any given light dose (𝐷) there is therefore a maximum fraction of 

that dose that could be delivered at a specific irradiance (Equation 2.4.4). 

Note that this fraction could be larger than 1. 

𝐷𝑠𝑞

𝐷
=

𝐼∙𝐿𝑃

𝐷
    2.4.4 

 The definite integral ∫ 𝑝(𝐼)
𝐼2

𝐼1
𝑑𝐼 gives the probability of the irradiance 

within the photoperiod being between 𝐼1 and 𝐼2, or the fraction of the 

photoperiod where irradiance is between these two values. Multiplying this 

by a variation of Equation 2.4.4 gives the fraction of the light dose delivered 

between 𝐼1 and 𝐼2 (Equation 2.4.5). This is defined as the integral of a PDF 

function, 𝑑(𝐼), which describes the relative proportion of the light dose 

delivered at irradiance 𝐼, and has associated CDF 𝐷(𝐼). 

(
𝐼2∙𝐿𝑃

𝐷
−

𝐼1∙𝐿𝑃

𝐷
) ∫ 𝑝(𝐼)

𝐼2

𝐼1
𝑑𝐼 = ∫ 𝑑(𝐼)

𝐼2

𝐼1
𝑑𝐼  2.4.5 

Based on Equation 2.4.5 𝐼𝑀𝑒𝑑
𝐷  can be calculated according to Equation 

2.4.6. 
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∫ 𝑑(𝐼)
𝐼𝑀𝑒𝑑

𝐷

0
 𝑑𝐼 = 𝐷(𝐼𝑀𝑒𝑑

𝐷 ) =
𝐼𝑀𝑒𝑑

𝐷

𝐷∙𝐿𝑃
∫ 𝑝(𝐼)

𝐼𝑀𝑒𝑑
𝐷

0
 𝑑𝐼 = 0.5    2.4.6 

As with 𝑝(𝐼) and 𝑃(𝐼), 𝑑(𝐼) and 𝐷(𝐼) can be estimated from light 

regimes by kernel density estimation and are shown for HL regimes in Figure 

2.4.1. These clearly illustrate that for these light regimes as the mixing 

coefficient increases, a greater proportion of the light dose is delivered at 

higher irradiances. This is reflected in an increase in 𝐼𝑀𝑒𝑑
𝐷  (Table 2.3.1). 

 

𝐼𝑀𝑒𝑑 and 𝐼𝑀𝑒𝑑
𝐷  are relevant to different physiological aspects of 

phytoplankton and describe the distribution of the light environment. An 

increase in  𝐼𝑀𝑒𝑑 suggests a greater degree of PQ reduction in the 

Figure 2.4.1. Relative (top) and cumulative (bottom) probability distributions for 

photosynthetically active radiation (PAR) in HL fluctuating regimes relative to light dose 

(right) and photoperiod (left). These are defined in the text as a = 𝑝(𝐼),  b = 𝑑(𝐼), c = 𝑃(𝐼) 

and d = 𝐷(𝐼). 

a b 

d c 
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photoperiod. In contrast, an increase in 𝐼𝑀𝑒𝑑
𝐷  suggests a reduction in 

integrated daily photosynthetic efficiency. Importantly, because these two 

parameters are related to the distribution of the light environment, they can 

be calculated for any light regime, regardless of how the light regime is 

derived. This may be particularly useful in comparing both predictable light 

regimes derived from different formulae, or stochastic light regimes 

simulating random changes in irradiance. This study aims to investigate 

whether these parameters, or other more commonly used ones (see Table 

2.3.1), can be used as reliable indicators of phytoplankton acclimation to 

fluctuating light regimes. Statistical methods used to test this are detailed in 

section 4.2. 

 

2.5. Design and construction of LED setup 

 The physical construction of the apparatus used to deliver light regimes 

was also an important consideration for this project. The aim was to minimise 

variability in irradiance within the culture vessel itself to ensure that the 

measured responses of cultures could be predominantly attributed to the 

light regime itself and were minimally affected by other sources of light 

variability. To this end a number of setups were tested, three of which are 

presented here. Two of these are common laboratory setups, and the third 

was found to comparatively reduce irradiance variability within culture 
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vessels. These are illustrated in Figure 2.5.1. Setups 1 and 2 used 4 and 3 

panels of LEDs respectively, positioned equally around the culture vessel. 

Setup 3 used 3 panels of LEDs, two of which were parallel and directed 

obliquely at the culture vessel, while the third was opposite and pointed 

directly at the centre of the vessel. In setup 1 and 2 the vertical positions of 

the LEDs were varied between LED panels in an attempt to reduce vertical 

heterogeneity of irradiance within the culture vessel. 

Figure 2.5.1. Three of the LEDs setups tested while attempting to reduce variability in 

irradiance within culture vessels. Upper section gives a top-down view, lower section 

indicates the positioning of LEDs on the panels shown. For setup 3 all three panels of LEDs 

were the same. All panels were approximately 2 cm from the culture vessel. The schematic in 

the bottom right indicates the approximate positions of measurements reported in Figure 2.5.2. 
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 To assess the different setups, the culture vessels were filled with 

culture medium (see chapter 3) and PAR (photosynthetically active radiation) 

was measured using a spherical sensor at a range of depths at 5 positions 

within the vessel. These positions are indicated in Figure 2.5.1. Measured PAR 

values for the three light setups presented here are shown in Figure 2.5.2. 

Note that values of PAR reported here were not the maximum possible values 

in the final LED setup, but were measured using a consistent voltage supply 

(4.5 v) to LEDs on a test system. 

 

As would be expected, arranging the LEDs so they directly faced the 

culture vessel led to bright spots in front of the LEDs. This resulted in large 

Setup 1 Setup 2 Setup 3 

Figure 2.5.2. PAR values measured in culture vessel in 3 different LED setups. Setups and 

measurement positions are shown in Figure 2.5.1. 
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variability in PAR both vertically and horizontally, as can be seen in both setup 

1 and 2. Offsetting the LEDs vertically so they were not all at the same height 

(as in Figure 2.5.1) had little effect on this. Positioning LEDs so they did not 

directly face the culture vessel (as two of the panels are in setup 3, Figure 

2.5.1) was found to substantially reduce PAR variability. However, if all the 

LEDs were positioned in this way PAR was reduced to below what was 

required for light regimes described in Table 2.3.1. Setup 3 as shown in 

Figures 2.5.1 and 2.5.2 gave low variability in PAR compared with other 

approaches, but still delivered a mean irradiance sufficient for the light 

regimes used in this project. The standard deviation of measured PAR values 

was used as an objective measurement of variability. For setups 1, 2 and 3 the 

standard deviations of the data reported in Figure 2.5.2 are 385, 430 and 303 

µmol m-2 s-1 respectively. Demonstrating the reduced PAR variability in setup 

3 compared with the other two setups. Setup 3 was therefore used in 

experiments. 

 

2.6. A note on light quality 

 Light quality, or light spectra, is known to vary with depth because light 

attenuation is wavelength dependant (e.g. Morel and Maritorena, 2001). 

Phytoplankton are also known to respond differently to different wavelengths 

of light, and light absorption is wavelength dependant (Costa et al., 2013a; 
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Fujiki and Taguchi, 2002). Therefore, in order to accurately portray light 

variability caused by vertical mixing, the spectrum of the incident light should 

also be changed through the light regime. Current understanding of 

phytoplankton growth under dynamic light regimes is limited, variability in 

light quality introduces another layer of complexity into experiments. In 

addition, dynamically changing light spectra with changing light intensity is 

practically difficult. As a result, mixing-dependant changes in light quality 

were not addressed in this study. 
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3. General materials and methods 

 

Note: Several analytical techniques are used in multiple data chapters 

and culture conditions remain similar between chapters. To avoid repetition, 

this chapter details methods which are used in multiple chapters. Methods 

specific to individual chapters are described at the beginning of those 

chapters. 

 

3.1. Species and Culture conditions 

The two diatoms Thalassiosira pseudonana (CCMP 1335) and 

Phaeodactylum tricornutum (CCMP 2561) were selected for this study. These 

species have been studied previously in fluctuating light conditions (Grouneva 

et al., 2016; Lavaud et al., 2016, 2007), and are often used as model 

laboratory species. The availability of previous research on these species 

against which to compare conclusions of this study was an important 

consideration in species selection. 

Both species were grown in semi-continuous cultures under several 

dynamic light regimes (see chapter 2). Cultures (~500 ml) were continuously 

air bubbled and stirred and were maintained in exponential phase growth by 

frequent dilution in F/2 (Guillard, 1975; Guillard and Ryther, 1962) enriched 

artificial seawater (Berges et al., 2001). Temperature in cultures was 
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maintained at 20 ± 0.1 oC by incubation in water-jacketed vessels. 

Measurements were taken when cultures were in exponential phase, 

following an incubation period of approximately 2 weeks. Two replicates were 

achieved by growing two cultures simultaneously for each species. This 

process was then repeated using another two of cultures inoculated from 

stocks for a minimum of four replicates.  

Light was provided by cool white LEDs. Emission spectra of LEDs used 

to illuminate cultures are illustrated in Figure 3.1.1 Light intensities reported 

for light regimes reflect the mean irradiance within the culture vessels, 

measured at a resolution of approximately 1 cm using a spherical detector. 

Figure 3.1.1. Emission spectra of LEDs used in excitation for single turnover FRRF 

measurements (section 3.4), LEDs used to illuminate cultures, actinic LEDs used in 

measurements of ETR and OLCs (sections 3.4 and 4.2) and LEDs used in measurement of 

photodamage (section 5.2). Values are normalised to a maximum of 1. Measured using a 

spectroradiometer (Macan). 
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Irradiance was controlled by a computer (software: Technologica Lab Control, 

U.K.). 

The Equations used to describe the light environment over time and 

the different light regimes used in this project, are described in detail in 

chapter 2. Cultures were maintained optically thin to ensure the accuracy of 

the light regimes reported here. 

Unless stated otherwise, all measurements were made at 

approximately midday in the light regimes, ± 2 hours, to maximise consistency 

in photophysiology between replicates. 

 

3.2. Growth rate 

Growth rates were calculated according to Equation 3.2.1 from extracted 

chlorophyll-a concentrations. See section 3.3 for details of the method used in 

chlorophyll-a extraction. 

𝜇 =
ln([𝑐ℎ𝑙]2)−ln([𝑐ℎ𝑙]1)

𝑡2−𝑡1
   3.2.1 

Where [𝑐ℎ𝑙]2 and [𝑐ℎ𝑙]1 are extracted chlorophyll-a concentrations measured 

at times 𝑡1 and 𝑡2 respectively.  
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3.3. In vivo absorption spectra and chlorophyll-a specific absorption 

coefficients 

In vivo absorbance spectra of dark acclimated cultures were measured 

using an ICAM (integrating-cavity absorption meter) spectrophotometer (Olis 

CLARiTY). Absorbance spectra of live phytoplankton cannot be measured 

using a conventional spectrophotometer because the high turbidity of the 

samples causes substantial, wavelength dependant, scattering of incident 

light. As such, the resulting absorbance spectra can differ significantly from 

the actual absorbance spectra in terms of both shape and magnitude (Nelson 

and Prézelin, 1993; Stramski and Piskozub, 2003). This error can be avoided by 

use of an integrating cavity spectrophotometer, as was used here, in which 

the sample sits within a reflective sphere and the measuring light is applied 

perpendicular to the detector as a diffuse beam, rather than as a focussed 

beam, as in standard spectrophotometers (see Figure 3.3.1). This prevents 

scattering error by ensuring that scattered light is reflected around the sphere 

to be measured by the detector (Elterman, 1970; Fry et al., 1992). As well as 

measuring scattered light, measurement of the sample within a reflective 

sphere has the effect of substantially increasing the average pathlength 

relative to the actual size of the cuvette, since light is reflected through the 

sample multiple times. Although this is advantageous for measuring 

absorbance spectra in dilute or small volume samples, a correction must be 

applied in order to calculate the absorbance spectra across a 1 cm pathlength. 
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Here a correction (Equation 3.3.1) was applied as described by Javorfi 

et al. (2006). This describes an empirical logarithmic relationship between 

absorbance measured using an ICAM spectrophotometer (𝐴′) and absorbance 

over a 1 cm pathlength (𝐴). The coefficients of the correction (𝑎0 and 𝑎1) 

were calculated based on absorbance values of the dye Coomassie blue (G-

250) dissolved in methanol, measured using both the ICAM 

spectrophotometer, and a standard spectrophotometer with a 1 cm 

pathlength (Genesys spectrophotometer, Thermo Scientific). These 

coefficients were found to be variable on a day-to-day basis and were 

determined separately for each measurement. Three concentrations of 

Coomassie blue were used, the highest of which had a peak absorbance of 

0.25 cm-1. Care was taken to ensure that the peak absorbance of measured 

Figure 3.3.1. Comparison of a standard spectrophotometer 

with a fixed pathlength and an ICAM spectrophotometer.  
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culture samples was below the peak absorbance of the calibration samples. 

When fitting Equation 3.3.1 with Coomassie blue calibration samples the large 

number of very low absorbance values around the peak were found to 

considerably skew the fit. To avoid this only the upper 50% of absorbance 

data (i.e. values above the median) were used in the fit. 

𝐴′ = 𝑎0 ln(1 + 𝑎1𝐴)  3.3.1 

Both culture samples, and solutions of Coomassie blue were blank 

corrected. Culture samples were blank-corrected using F/2 growth medium, 

whilst solutions of Coomassie blue were blank corrected using methanol.  

The parameters of Equation 3.3.1 varied throughout the experiment. 

The range of the calibration curves fitted to Equation 3.3.1 are illustrated in 

Figure 3.3.2. For practical reasons a number of diferent cuvettes were used 

throughout experiments. Optical differences between cuvettes used 

throughout the study are thought to be responsible for the variability in 

calibration curves shown in Figure 3.3.2. 
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Following calculation of absorbance along a 1 cm pathlength, 

absorption coefficients were calculated according to Equation 3.3.2. 

𝑎(𝜆) =
2.3𝐴(𝜆)

0.01
   3.3.2 

Where 𝑎(𝜆) is the absorption coefficient (m-1) at wavelength 𝜆, 𝐴(𝜆) is 

the corresponding absorbance in a 1 cm pathlength, the number 2.3 is a 

factor to convert log base 10 to base 𝑒. Chlorophyll-a specific absorption 

coefficients were then calculated according to Equation 3.3.3. 

 

𝑎𝑐ℎ𝑙 = 

∑ 𝑎(𝜆)

700

400

 
 
 

3.3.3 
(700 − 400)[𝑐ℎ𝑙] 

 

Figure 3.3.2. Range of calibration cuves resulting from fitting equation 3.3.1 to 

absorbance measures of Coomassie blue in an ICAM, and a standard linear 

spectrophotometer. 
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Where 𝑎𝑐ℎ𝑙 is the chlorophyll-a specific absorption coefficient (m2 [mg 

chl a]-1), 𝑎(𝜆) is the in vivo absorption coefficient at wavelength λ (m-1), and  

[𝑐ℎ𝑙] is the extracted chlorophyll-a concentration (mg m-3). 

In some cases, differences in light sources make it necessary to weight 

absorption coefficients to the emission spectra of the light sources in order to 

accurately compare measurements from different devices (e.g. see Suggett et 

al., 2004). Where required, this was done according to Equation 3.3.4 (Suggett 

et al., 2004). 

 

𝑎̅𝑐ℎ𝑙 = 

∑(𝑎(𝜆) ∙ 𝐸(𝜆))

700

400

 
 
 

3.3.4 

∑ 𝐸(𝜆)

700

400

[𝑐ℎ𝑙] 

 

Where 𝑎̅𝑐ℎ𝑙 is the spectrally weighted chlorophyll-a specific absorption 

coefficient (m2 [mg chl a]-1) and 𝐸(𝜆) is the irradiance at wavelength 𝜆. 

Chlorophyll-a concentrations of samples were determined 

fluorometrically following overnight extraction in cold 90% acetone. Before 

measurement samples, were centrifuged at 1000 rpm for 5 minutes to 

remove cell debris. Supernatant fluorescence was measured using a Trilogy 

Fluorometer (Turner Biosystems). Calibration of the fluorometer was 

performed using chlorophyll-a samples extracted from both species. To 

calibrate, the chlorophyll-a concentration of samples was determined 
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independently from absorption spectra (measured using Genesys 

spectrophotometer, Thermo Scientific) using the equations described by 

Ritchie (2006). As expected, fluorescence was linearly correlated with 

chlorophyll-a concentration within the range of values studied. The 

calibration is detailed in Figure 3.3.3. 

 

3.4. In vivo photosystem II fluorescence induction and electron transport 

 A fast repetition rate fluorometer (FRRF, Chelsea Technologies) was 

used to measure single turnover fluorescence characteristics of photosystem 

II (PSII) in vivo. This process delivers a series of rapid, subsaturating excitation 

pulses which progressively close PSII reaction centres by reducing the pool of 

QA (the primary electron acceptor of PSII). The short timescale over which the 

Figure 3.3.3. Calibration data for the Turner fluorometer used to measure 

chlorophyll-a concentration. Dashed line has slope 3.93 and R2 0.99. 
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excitation pulses are delivered (here 200 µs) does not permit reoxidation of 

QA by reduction of the plastoquinone pool (Kolber et al., 1998). Progressive 

closing of PSII reaction centres reduces the proportion of excitation energy 

that can be dissipated by PSII photochemistry (i.e. reduction of QA) and this 

instead is emitted as fluorescence, inducing a measurable increase in 

fluorescence over time. Measurement when all PSII reaction centres are open 

results in the minimum fluorescence (𝐹𝑜), and the maximum proportion of 

energy dissipated by photochemistry, while measurement when all reaction 

centres are closed results in maximum fluorescence (𝐹𝑚), and no deexcitation 

through photochemistry (Kolber et al., 1998).  Thus, the maximum proportion 

of excitation energy used in photochemistry, typically referred to as the 

maximum photochemical efficiency of PSII designated as 𝐹𝑣 𝐹𝑚⁄  can be 

calculated according to Equation 3.4.1.  

𝐹𝑣

𝐹𝑚
=

𝐹𝑚−𝐹𝑜

𝐹𝑚
    3.4.1 

 See Lavergne and Trissl (1995) and Trissl (2002) for a detailed 

explanation of the theory of fluorescence induction curves, and the derivation 

of this parameter. The rate at which reaction centres close, and fluorescence 

increases, during FRRF measurements is dependent on the effective cross 

section of PSII, designated 𝜎𝑃𝑆𝐼𝐼, such that a more rapid increase in 

fluorescence is expected with a larger 𝜎𝑃𝑆𝐼𝐼, and vice versa. Here 𝜎𝑃𝑆𝐼𝐼  was 

calculated as described in Kolber et al. (1998). A sample fluorescence 
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induction curve indicating values of 𝐹𝑜, 𝐹𝑚, 𝐹𝑣  and 𝜎𝑃𝑆𝐼𝐼  is shown in Figure 

3.4.1. 

 

 FRRF measurements were made following a 20 minute period of dark 

acclimation to allow maximum oxidation of QA. The FRRF protocol consisted 

of 100, 1 µs excitation pulses, separated by 1 µs. This was repeated 12 times 

at an interval of 100 ms. The resultant fluorescence induction curves were 

averaged to determine values of Fo, Fm and 𝜎𝑃𝑆𝐼𝐼.  

 In addition to dark acclimated measurements, FRRF measurements 

were also made under actinic light. The initial fluorescence yield under actinic 

light differs from 𝐹𝑜 in that PSII reaction centres are not all open, and is 

denoted by 𝐹′ (Baker and Oxborough, 2004). FRRF measurements made 

under actinic light (𝐹′, 𝐹𝑚
′  and 𝜎𝑃𝑆𝐼𝐼′ respectively) also differ from those made 

following dark acclimation as a result of variability in other deexcitation 

Figure 3.4.1. Sample fluorescence induction curve for P. tricornutum. 
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pathways within PSII; in diatoms the most notable of which is non-

photochemical quenching (Derks et al., 2015; Genty et al., 1989; Trissl, 2002). 

PSII photochemical efficiency under actinic light (𝐹𝑞′ 𝐹𝑚′⁄ ) was calculated 

according to Equation 3.4.2. This provides an estimation of the quantum 

efficiency of PSII electron transport under the irradiance to which samples are 

acclimated (Genty et al., 1989), and is often referred to as PSII operating 

efficiency. 

𝐹𝑞
′

𝐹𝑚
′ =

𝐹𝑚
′ −𝐹′

𝐹𝑚
′                                             3.4.2 

 Measurements were taken under a range of actinic light intensities 

increased stepwise following an acclimation period of 5 minutes at each light 

step to allow establishment of equilibrium between processes within PSII and 

downstream reactions (e.g. electron transport chain and the Calvin cycle). The  

emission spectra of LEDs are shown in Figure 

3.1.1. Light intensities used are detailed in Table 

3.4.1. The temperature was maintained at 20oC 

throughout, using a water jacket surrounding the 

sample. 

 From these measurements, PSII electron transport 

rate (ETR, µmol e- mg chl-1 s-1) was calculated as the 

product of the PSII operating efficiency (𝐹𝑞′ 𝐹𝑚′⁄ ), the chlorophyll specific light 

absorption by PSII spectrally weighted to the spectra of the actinic LEDs (𝑎̅𝑎𝑐𝑡
𝑐ℎ𝑙, 

Table 3.4.1 PAR (µmol 

m-2 s-1) values for light 

steps used in 

measurements of ETR.  

Step FRRF ETR 

1 0 

2 10 

3 35 

4 61 

5 113 

6 190 

7 294 

8 513 

9 757 

10 927 

11 1256 

12 1459 
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Figure 3.1.1), and the irradiance (I) according to Equation 3.4.3 (Kromkamp 

and Forster, 2003). 

𝐸𝑇𝑅 =  𝐼 ∙
𝐹𝑞

′

𝐹𝑚
′ ∙ 0.5𝑎̅𝑎𝑐𝑡

𝑐ℎ𝑙                                  3.4.3 

 This calculation is based on the assumption that 50% of the light 

absorbed by chlorophyll is used in PSII (Gilbert et al., 2000). Amongst diatoms 

this assumption has been reported to be relatively accurate over a range of 

growth irradiances (Suggett et al., 2004). 

 It should be acknowledged that an alternative method of calculating 

ETR from FRRF measurements is possible based on the PSII functional antenna 

size. In this case the value of 𝐹𝑞′ 𝐹𝑚′⁄  in equation 3.4.3 can be substituted 

according to equation 3.4.4 (Gorbunov et al., 2001; Suggett et al., 2009) 

 
𝐹𝑞

′

𝐹𝑚
′ =

𝜎𝑃𝑆𝐼𝐼′

𝜎𝑃𝑆𝐼𝐼
∙

𝐹𝑞
′

𝐹𝑣
′ ∙

𝐹𝑣

𝐹𝑚
                                 3.4.4 

 As irradiance increases the difference between 𝐹′ and 𝐹𝑚
′  within single 

turnover FRRF measurements decreases. As such the signal to noise ratio 

within the data also decreases (Figure 3.4.2). This has a greater impact on the 

precision of the right-hand side of equation 3.4.4 than on the left, as is 

evident when comparing the coefficient of variation (CV; the ratio of the 

standard deviation to the mean) between the two (Figure 3.4.3). Therefore, to 

minimise error in the calculation of ETR it was calculated as per equation 

3.4.3. This method is also consistent with the method used in a number 
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articles cited throughout this thesis (e.g. Alderkamp et al., 2012; Dimier et al., 

2009; Lefebvre et al., 2007; Shatwell et al., 2012; Wagner et al., 2006). 

Figure 3.4.2. Two single turnover fluorescence induction curves curve for P. 

tricornutum, measured following acclimation to 10 µmol m-2 s-1 (low irradiance) and 

1459 µmol m-2 s-1 (low irradiance). Fluorescence values were normalised to a range of 

0-1. Lines are iterative fits based on equations presented in Kolber et al. (1998). 

Figure 3.4.3. Coefficients of variation for the two sides of equation 3.4.4 for P. 

tricornutum grown under HL light regimes. See section 2.3 for details of light 

regimes. Dashed line is 1:1. 
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 The relationship between ETR and irradiance was then fitted to 

Equation 3.4.5. This relationship was described by Bannister (1979) and 

includes a curvature parameter (𝑏) not present in most other models of the 

photosynthesis irradiance response. It is used here following the 

recommendation of Jones et al. (2014), and the finding that 𝑏 tended to differ 

between T. pseudonana and P. tricornutum. 

𝐸𝑇𝑅(𝐼) = 𝐸𝑇𝑅𝑚𝑎𝑥
𝐼

(𝐼𝑘
𝑏+𝐼𝑏)

1
𝑏

                            3.4.5 

 Where 𝐸𝑇𝑅(𝐼) is the ETR at irradiance I, 𝐸𝑇𝑅𝑚𝑎𝑥 is the maximum rate 

of ETR, 𝐼𝑘 is the saturation irradiance for ETR, and 𝑏 is a dimensionless 

curvature parameter for the model.  

 The initial slope of the ETR-irradiance response curve (𝛼, µmol e- [µmol 

phot]-1 m2 [mg chl]-1) was calculated according to Equation 3.4.6. 

𝛼 =
𝐸𝑇𝑅𝑚𝑎𝑥

𝐼𝑘
                                                     3.4.6 

 

3.5. Spectral correction of photosynthesis-irradiance curves 

Cultures were grown under LEDs of different spectra than those used 

to measure P-I curves, either by ETR or O2 evolution (see section 4.2 for 

details of O2 evolution measurements). As such it was necessary to apply a 

spectral correction in order to estimate photosynthesis rates under the 
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growth irradiance. This is distinct from the spectral weighting of absorption 

coefficients described in section 3.4. Following Markager and Warwick (2001) 

the spectral matching parameter, absorption efficiency (𝐴𝑒, dimensionless) 

was used. This is defined as the ratio of the spectrally weighted chlorophyll 

specific absorption coefficients. 𝐴𝑒  between actinic LEDs used in both 

measurements of photosynthesis, and LEDs used to illuminate cultures, is 

described by Equation 3.5.1. 

𝐴𝑒(𝑎𝑐𝑡𝑖𝑛𝑖𝑐: 𝑐𝑢𝑙𝑡𝑢𝑟𝑒) =
𝑎̅𝑎𝑐𝑡

𝑐ℎ𝑙

𝑎̅𝑐𝑢𝑙𝑡
𝑐ℎ𝑙    3.5.1 

Where 𝑎̅𝑎𝑐𝑡
𝑐ℎ𝑙 and 𝑎̅𝑐𝑢𝑙𝑡

𝑐ℎ𝑙  are the spectrally weighted chlorophyll specific 

absorption coefficients weighted to ETR/OLC actinic LEDs and culture LEDs 

respectively (Figure 3.1.1) calculated according to Equation 3.3.4. 

Photosynthesis-irradiance curves were then spectrally corrected by dividing 𝛼 

or 𝛼𝑂2  by 𝐴𝑒  (Markager and Warwick, 2001). Note that the spectral correction 

has no impact on light saturated photosynthesis and therefore also effects the 

saturation irradiance (Equations 3.4.5 and 3.5.3). As a result the correction 

can also be applied by multiplying the irradiance in the P-I response by 𝐴𝑒  

with identical results. Unless specifically stated, reported P-I curves are not 

spectrally corrected. Spectral corrections were only performed when applying 

P-I curves to light regimes using culture LEDs. The values of 𝐴𝑒  are not 

reported, but ranged between 0.92 and 0.95 as calculated by Equation 3.5.1. 

 



55 
 

3.6. Non-photochemical quenching 

As with ETR, non-photochemical quenching (NPQ) was also calculated 

from steady-state fast repetition rate fluorometry data. Here the normalised 

Stern-Volmer coefficient (NSV) was used. This enables comparison in NPQ 

between samples with different values of  
𝐹𝑣

𝐹𝑚
 , and allows differences in the 

level of NPQ in dark acclimated samples to be investigated. Neither of these 

can be addressed using the Stern-Volmer coefficient (SV, Equation 3.6.1), 

which has historically been employed to investigate NPQ in microalgae 

(McKew et al., 2013).  

𝑆𝑉 =
𝐹𝑚−𝐹𝑚

′

𝐹𝑚
′       3.6.1 

The normalised Stern-Volmer coefficient was calculated according to 

Equation 3.6.2 (McKew et al., 2013). 

𝑁𝑆𝑉 =
𝐹0

′

𝐹𝑚
′ −𝐹0

′      3.6.2 

Where 𝐹0
′ and 𝐹𝑚

′  are respectively the minimum and maximum PSII 

fluorescence under actinic light. NSV and SV are interrelated according to 

equation 3.6.3. 

𝑁𝑆𝑉 = 𝑆𝑉 (
𝐹𝑚

𝐹𝑣
− 1) + (

𝐹𝑚

𝐹𝑣
− 1)   3.6.3 
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The value of 𝐹0
′ in equation 3.6.2 was calculated from measurements of 

PSII fluorescence (Equation 3.6.4) by the method described in Oxborough and 

Baker (1997).  

𝐹0
′ =

𝐹𝑜

𝐹𝑣 𝐹𝑚+𝐹𝑜 𝐹𝑚
′⁄⁄

    3.6.4 

It is worth noting that this calculation assumes all reaction centres 

share a common antenna. In other words that PSII photosynthetic units are 

fully connected as per the lake model. 

The NSV irradiance relationship was then fitted to a variation of the Hill 

Equation, as described in Equation 3.6.5.  

𝑁𝑆𝑉(𝐼) = ∆𝑁𝑆𝑉
𝐼𝑛

𝐼50
𝑛+𝐼𝑛 + 𝑁𝑆𝑉0      3.6.5 

Where 𝑁𝑆𝑉0 and ∆𝑁𝑆𝑉 describe the minimum NSV and the maximum 

increase in NSV (dimensionless), 𝐼50 is the half saturation irradiance for NSV, 

and n is a parameter describing the curvature of the model. Note that the 

maximum NSV (𝑁𝑆𝑉𝑚𝑎𝑥) can be calculated by summing 𝑁𝑆𝑉0 and ∆𝑁𝑆𝑉 

according to Equation 3.6.6.  

𝑁𝑆𝑉𝑚𝑎𝑥 = 𝑁𝑆𝑉0 + 𝛥𝑁𝑆𝑉                                 3.6.6 

The NSV-irradiance relationship described here is functionally similar to 

the relationship described by Serôdio and Lavaud (2011), but includes a 

minimum NPQ parameter (𝑁𝑆𝑉0) to accommodate the use NSV as the 
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quantification of NPQ, rather than SV as was used by Serôdio and Lavaud 

(2011). 

 

3.7. Statistical analysis 

Statistical differences between variables measured under different 

light regimes were compared using a two-way ANOVA (analysis of variance) 

with light regime and species as independent variables. Post hoc Tukey tests 

were used to perform pairwise comparisons. Curve fitting was performed 

using the least squares method. 

All statistical analyses were performed using the program R. 
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4. Photoacclimation: Light absorption and photosynthesis – How do 

cells acclimate to short term light variability? 

 

4.1. Introduction 

 Whilst photoacclimation typically refers to a wide range of processes, 

including changes in the potential for photoprotection (Dubinsky and 

Stambler, 2009) this chapter deals specifically with those processes relating to 

light absorption, PSII electron transport, and photosynthetic CO2 fixation. 

Under static light conditions photoacclimation is well documented 

(Dubinsky and Stambler, 2009). As irradiance increases phytoplankton 

typically reduce light absorption, whilst increasing their maximum 

photosynthetic rate. Although phytoplankton must absorb light to 

photosynthesise, intracellular concentrations of molecules required for 

photosynthetic electron transfer and CO2 fixation (such as plastoquinone and 

RUBISCO) limit the maximum amount of absorbed light that can be used 

photosynthetically. Excess light not used in photosynthesis can cause damage 

to the photosynthetic architecture (see chapter 5 for more details). As 

photosynthesis becomes increasingly light-saturated the potential for 

photodamage increases. For phytoplankton, light can therefore be likened to 

an essential nutrient that is harmful in high concentrations.  When light is 

scarce phytoplankton acclimate to increase the fraction of available light that 
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is absorbed (Dubinsky and Stambler, 2009). Even so, the absolute amount of 

light energy absorbed may be relatively low and maintaining high 

concentrations of molecules involved in photosynthesis is energetically costly, 

and unnecessary if the rate of photosynthesis is light limited. Therefore, 

cellular concentrations of molecules such as RUBISCO tend to be relatively 

low (Losh et al., 2013), as is the maximum capacity for photosynthesis 

(Dubinsky and Stambler, 2009). As light intensity increases a smaller fraction 

of the available light is required to maintain the same rate of photosynthesis, 

and photosynthesis becomes increasingly light-saturated, increasing the 

potential for photodamage. Phytoplankton acclimate to increasing light 

intensity by reducing the fraction of available light which is absorbed by 

pigments, and by increasing the concentrations of molecules used in 

photosynthesis. This results in an increase in the capacity for photosynthesis 

and reduces the potential for photodamage (Dubinsky and Stambler, 2009).  

Photoacclimation as discussed in this chapter has a comparatively long 

response time (Macintyre et al., 2000; Nymark et al., 2009). When the light 

environment is static (i.e. square wave) phytoplankton can fully 

photoacclimate to maximise photosynthesis and minimise photodamage 

throughout the photoperiod. If the light environment is dynamic, and rapidly 

fluctuates between photosynthetically limiting and saturating irradiance on 

timescales shorter than those required for photoacclimation, full acclimation 

is impossible. The rate constant for photoacclimation is considerably longer 
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than the period of light fluctuations used in this study (Macintyre et al., 2000; 

Nymark et al., 2009). As a result, phytoplankton are unable to fully acclimate 

to individual peaks and troughs in irradiance and must somehow integrate 

photoacclimation across a range of light intensities. It is currently unclear how 

this occurs. 

Studies of photoacclimation to light fluctuations are highly inconsistent 

in how the light regime is simulated, and which parameters are controlled. 

This makes it difficult to determine which components of the light 

environment diatoms actually photoacclimate to. Several studies report no 

significant changes in both diatom light harvesting pigment quota, and 

absorption coefficients, in response to light fluctuations  (Nicklisch, 1998; van 

de Poll et al., 2010; van Leeuwe et al., 2005). Meanwhile others report 

variability reflecting the differences in maximum (Yarnold et al., 2015) or 

average (Wagner et al., 2006) irradiance between fluctuating and non-

fluctuating light regimes.  

 Rates of photosynthetic CO2 fixation, and photosynthetic electron 

transport, place a fundamental restriction on phytoplankton growth, yet in 

the context of intra-diel light variability have received almost no attention. 

Several authors have suggested that reductions in growth rate under higher 

amplitudes of fluctuating light are caused by reduced overall photosynthetic 

efficiency (e.g. Litchman, 2000; Shatwell et al., 2012), however it remains 

unclear how the characteristics of the photosynthesis-irradiance (P-I) 
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response acclimate to predictable intradiel variability in irradiance. This 

chapter attempts to address this by investigating the relationship between a 

number of descriptors of the light environment and several parameters of 

photoacclimation. The aim of this chapter is to characterise photoacclimation 

to different amplitudes of light fluctuations, and to attempt to determine 

whether or not photoacclimation of the two diatoms studied can be predicted 

from parameters descriptive of the light regime (see sections 2.3 and 2.4 for 

details of the parameters in question). 

 

4.2. Materials and methods 

 Culture conditions were as described in section 3.1. Growth rates, 

chlorophyll-a absorption coefficients, and FRRF measurements were all 

carried out at approximately midday within the photoperiod according to the 

methods described in sections 3.2 to 3.5. 

 

Measurements of oxygen evolution were made using a Clarke 

electrode (Hansatech Oxygraph, Hansatech Instruments). The electrode was 

prepared using a 50% saturated solution of KCl as an electrolyte according to 

the following procedure: 

1. A small drop of electrolyte was placed on the cathode. 
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2. This was covered with a square of thin paper spacer, care was taken 

to ensure this established a connection between the anode and 

cathode. 

3. A square of PTFE membrane larger than the paper spacer was 

placed on top, and sealed with a rubber o-ring, making sure there 

were no air bubbles or tears in the membrane or paper. 

4. The water-jacketed sample chamber was sealed around the 

electrode. 

The electrode was calibrated following each preparation. Air saturated 

water which had been bubbled for ~10 minutes was used as the high end of 

the calibration, after which the strong reducing agent sodium dithionite was 

added to the water to reach 0% oxygen saturation. During calibration and 

measurement, the sample chamber was continuously mixed by a magnetic 

stirrer. The temperature in the sample chamber was maintained at 20oC. 

 To increase the signal to noise ratio samples of cultures were 

concentrated to an approximate chlorophyll concentration of 1000 µg L-1 by 

centrifuging, using the procedure described in section 3.3. Oxygen light curves 

(OLCs) were then measured according to the following procedure: Samples 

were dark acclimated for 20 minutes, then 2 ml was added to the electrode 

sample chamber. Oxygen concentration was measured over a range of actinic 

light intensities increased stepwise following an initial dark step, each step 

was 5 minutes in duration. The temperature was maintained at 20oC 
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throughout measurements using a water jacket surrounding the sample. 

Illumination was provided by Act 2 system LEDs (Chelsea Technologies 

Group). LED emission spectra were identical to those used in measurements 

of ETR as described in section 3.4, and can be seen in Figure 3.1.1 (page 38).  

 Due to instrumental limitations light steps could not be of the same 

intensities as those used to measure the ETR-

irradiance response. These are detailed in 

Table 4.2.1, alongside those used in 

measurements of ETR for ease of comparison. 

At each light step the rate of oxygen evolution 

was calculated as the slope of a linear 

regression between oxygen concentration and 

time, using only the final 1-minute of each 5-

minute step to allow establishment of an equilibrium between processes 

involved in oxygen evolution and uptake. Chlorophyll specific gross 

photosynthesis (𝑃𝑔𝑟𝑜𝑠𝑠, µmol O2 mg chl-1 s-1) at each light step was calculated 

by Equation 4.2.1. 

𝑃𝑔𝑟𝑜𝑠𝑠 =
𝑃𝑛−𝑅

[𝑐ℎ𝑙]
  4.2.1 

 Where 𝑃𝑛 is the net rate of photosynthesis measured within the 

sample chamber and 𝑅 is the rate of respiration measured as the rate of 

change in oxygen concentration during the initial dark step. [𝑐ℎ𝑙] is the 

Table 4.2.1. PAR values for 

light steps used in measurements 

of ETR and O2 evolution. 

 PAR (µmol m-2 s-1) 

Step FRRF ETR O2 

1 0 0 

2 10 29 

3 35 66 

4 61 111 

5 113 167 

6 190 237 

7 294 324 

8 513 432 

9 757 566 

10 927 734 

11 1256 941 

12 1459 1200 
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chlorophyll concentration of the sample measured as per section 3.3. This 

assumes there is no significant photorespiration or other light-dependant O2 

consumption, and that respiration is consistent throughout light steps. 

 Resultant values of 𝑃𝑔𝑟𝑜𝑠𝑠 were fitted to Equation 4.2.2. This is identical 

to Equation 3.4.5 with terms substituted. 

𝑃𝑔𝑟𝑜𝑠𝑠 (𝐼) = 𝑃𝑚𝑎𝑥
𝐼

((𝐼𝑘
𝑂2)

𝑏𝑂2
+𝐼𝑏𝑂2 )

1

𝑏𝑂2

  4.2.2 

 Where 𝑃𝑔𝑟𝑜𝑠𝑠 (𝐼) is the gross photosynthesis at irradiance 𝐼, 𝑃𝑚𝑎𝑥 is the 

maximum rate of photosynthesis (µmol O2 mg chl-1 s-1), 𝐼𝑘
𝑂2  is the saturation 

irradiance for photosynthesis, and 𝑏𝑂2  is a curvature parameter for the 

model. The initial slope of the photosynthesis – irradiance response (P-I) 

curve was calculated according to Equation 4.2.3 and is denoted by 𝛼𝑂2(µmol 

O2 [µmol phot]-1 m2 [mg chl]-1). 

𝛼𝑂2 =
𝑃𝑚𝑎𝑥

𝐼𝑘
𝑂2

                                           4.2.3 

To avoid confusion the term photosynthesis is used exclusively when 

discussing the results of OLCs, while ETR is used in reference to data from 

fluorescence measurements.  

Since measurements of ETR and O2 evolution were made under light 

sources with the same emission spectra (Figure 3.1.1, page 38) they could be 

compared directly without any further spectral corrections. Unfortunately, 
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hardware restrictions prevented matching the irradiance of actinic LEDs 

between these two measurements (Table 4.2.1). To compare ETR and O2 

evolution ETR was calculated from the fitted ETR-irradiance response curves 

at the irradiance values used to measure O2 evolution. The Act 2 system used 

for illumination in OLCs was provided on loan from Kevin Oxborough (Chelsea 

Technologies Group). Unfortunately, it was not available for the entirety of 

the project and a suitable replacement could not be found. As such 

measurements of O2 evolution were only performed for cultures of T. 

pseudonana grown under a limited range of light regimes. 

 

PSII photosynthetic unit size (𝑛𝑃𝑆𝐼𝐼) was estimated based on 

measurements of 𝜎𝑃𝑆𝐼𝐼 and 𝑎𝑐ℎ𝑙. Suggett et al. (2004) demonstrated that 

values of chlorophyll-a specific light absorption by PSII (𝑎𝑃𝑆𝐼𝐼
𝑐ℎ𝑙 ) calculated from 

optical (as in this study) and biophysical measurement are highly correlated. 

Assuming equivalence of optical and biophysical measurements of 𝑎̅𝑃𝑆𝐼𝐼
𝑐ℎ𝑙 , 𝑛𝑃𝑆𝐼𝐼  

can be calculated according to Equation 4.2.4. 

𝑛𝑃𝑆𝐼𝐼 =
𝑎̅𝑃𝑆𝐼𝐼

𝑐ℎ𝑙

0.675𝜎𝑃𝑆𝐼𝐼
                               4.2.4 

 Where 𝑛𝑃𝑆𝐼𝐼  has units mol RCII [mol chl]-1 and the factor 0.675 is used 

to convert nm2 to m2 and mg chl to mol chl, 𝑎̅𝑃𝑆𝐼𝐼
𝑐ℎ𝑙  is calculated according to 

Equation 4.2.5, this is consistent with the calculation of 𝐸𝑇𝑅 assuming 50% of 

the total light absorbed is transferred to PSII. In Equation 4.2.5 𝑎̅𝐹𝑅𝑅𝐹
𝑐ℎ𝑙  is the 
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chlorophyll-a specific absorption coefficient weighted to the emission spectra 

of the FRRF excitation LEDs (see Figure 3.1.1), calculated according to 

Equation 3.3.4.  

𝑎̅𝑃𝑆𝐼𝐼
𝑐ℎ𝑙 = 0.5𝑎̅𝐹𝑅𝑅𝐹

𝑐ℎ𝑙                             4.2.5 

An alternative method to estimate 𝑛𝑃𝑆𝐼𝐼  from FRRF measurements was 

described in Oxborough et al. (2012). However, this method requires 

knowledge of instrument-specific parameters that must be determined from 

independent calibrations between fluorescence measurements and flash-

yield determinations of PSII reaction centre concentrations. Since these were 

not available for the instruments used in the present study the method 

described by Oxborough et al. (2012) could not be employed here. 

To investigate what aspects of the light environment most influence 

the photoacclimation of phytoplankton exposed to variable light regimes, and 

whether photoacclimation can be predicted in terms of parameters 

descriptive of the light environment, a series of linear regressions were 

performed. An initial test for multicollinearity between descriptive 

parameters (parameters are summarised in Table 2.3.1) using the variance 

inflation factor (VIF) revealed substantial multicollinearity (VIF >> 10). This is 

to be expected since the number of light regimes is small, and some 

parameters may correlate since the light regimes vary predictably. As 

multicollinearity was high, rather than performing a single multiple linear 
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regression, linear regressions were performed separately for each parameter. 

This approach is also more in line with modelling approaches where 

photoacclimation may be described in terms of a single light regime 

parameter (e.g. Behrenfeld et al., 2016; Graff et al., 2016). To control for the 

potential for species-specific responses the species was included as an 

interaction term in the model. Since the intention was to exclusively examine 

photoacclimation in variable light regimes, data from square-wave regimes 

were excluded from this analysis. 

 

 4.3. Results 

Chlorophyll-a specific light absorption coefficients, effective PSII 

antenna size (𝜎𝑃𝑆𝐼𝐼) and estimates of 𝑛𝑃𝑆𝐼𝐼  derived from these are shown in 

Table 4.3.1 along with growth rates. Note that a decrease in 𝑛𝑃𝑆𝐼𝐼  indicates an 

increase in the number of chlorophyll-a molecules per RCII. Both 𝑎𝑐ℎ𝑙  and 

𝑛𝑃𝑆𝐼𝐼  were significantly higher in T. pseudonana than in P. tricornutum 

(F1,33=6.35 p=0.016, and F1,34=19.96 p<0.01 respectively). In contrast 𝜎𝑃𝑆𝐼𝐼  was 

significantly larger in P. tricornutum than in T. pseudonana (F1,43=16.1 p<0.01). 

Between HL and LL light regimes with similar fluctuation characteristics 

acclimation is consistent with that observed in square-wave light regimes to 

increased light. Namely, a reduction in 𝑎𝑐ℎ𝑙 and 𝑛𝑃𝑆𝐼𝐼  and a concurrent 

increase in 𝜎𝑃𝑆𝐼𝐼  (Dubinsky and Stambler, 2009; Falkowski and Owens, 1980; 
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Moisan and Mitchell, 1999). Within fluctuating regimes an increase in 

fluctuation amplitude from SI to HF results in a consistent increase in 𝑎𝑐ℎ𝑙 and 

𝑛𝑃𝑆𝐼𝐼 , and little change in 𝜎𝑃𝑆𝐼𝐼  in both species, akin to acclimation to a 

reduction in irradiance under square-wave light regimes (Dubinsky and 

Stambler, 2009). 
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Table 4.3.1. Chlorophyll-a specific absorption coefficients (𝑎𝑐ℎ𝑙, m2 mg chl-1), effective PSII antenna size (𝜎𝑃𝑆𝐼𝐼, nm2), 

PSII unit size (𝑛𝑃𝑆𝐼𝐼, mol RCII mol chl-1) and growth rate (𝜇, day-1) for two species grown under a range of light 

regimes. Values in brackets are 1 standard deviation. Values that share a letter are not significantly different (p>0.05). 

Sets of letters are conserved between species. Grey fills graphically indicate the values on a scale from 0 to the 

maximum value for each parameter. 

 
 HL Regimes LL Regimes 

 
 HLSQ HLSI HLLF HLHF LLSQ LLSI LLLF LLHF 

          

T
. 

p
se

u
d
o
n
a
n
a
 

𝑎𝑐ℎ𝑙 0. 0080a,b 

(0.0008) 

0.0063a,b,c,d 

(0.0009) 

0.0071a,b,c 

(0.0016) 

0.0087a 

(0.0014) 

 0.0042c.d 

(0.0006) 

0.0059a,b,c,d 

(0.0010) 

0.0082a 

(0.00004) 

𝜎𝑃𝑆𝐼𝐼 1.77c,d,e 

(0.15) 

1.38f 

(0.35) 

1.32f 

(0.16) 

1.42e,f 

(0.21) 

2.19a,b,c 

(0.19) 

1.85c,d,e 

(0.11) 

1.86b,c,d,e 

(0.16) 

2.08a,b,c,d 

(0.17) 

𝑛𝑃𝑆𝐼𝐼 0.0066a,b 

(0.0004) 

0.0063a,b 

(0.0017) 

0.0070a,b 

(0.0012) 

0.0087a 

(0.0020) 

 0.0033c 

(0.0009) 

0.0043b,c 

(0.0009) 

0.0053a,b,c 

(0.00002) 

𝜇 0.76a 

(0.12) 

0.56b,c,d 

(0.11) 

0.51b,c,d,e 

(0.03) 

0.38c,d,e 

(0.02) 

 0.36d,e 

(0.07) 

0.37c,d,e 

(0.18) 

0.32e 

(0.12) 

          

P
. 
tr

ic
o

rn
u

tu
m

 

𝑎𝑐ℎ𝑙 0.0075a,b,c 

(0.0011) 

0.0053a,b,c,d 

(0.0010) 

0.0056a,b,c 

(0.0002) 

0.0081a,b 

(0.0001) 

 0.0031d 

(0.0008) 

0.0044b,c,d 

(0.0007) 

 

𝜎𝑃𝑆𝐼𝐼 2.25a,b 

(0.12) 

1.54e,f 

(0.02) 

1.63d,e,f 

(0.15) 

1.62d,e,f 

0.04) 

2.47a 

(0.31) 

1.92b,c,d,e 

(0.15) 

1.75c,d,e,f 

(0.07) 

 

𝑛𝑃𝑆𝐼𝐼 0.0047b,c 

(0.0009) 

0.0050b,c 

0.0012) 

0.0050b,c 

(0.0001) 

0.0071a,b 

(0.0005) 

 0.0023c 

(0.0008) 

0.0032c 

(0.0009) 

 

𝜇 0.83a 

(0.13) 

0.77a 

(0.06) 

0.60a,b,c 

(0.04) 

0.51b,c,d,e 

(0.02) 

 0.65a,b 

(0.08) 

0.48b,c,d,e 

(0.02) 
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Comparing square-wave and fluctuating light regimes shows a 

considerable reduction in 𝜎𝑃𝑆𝐼𝐼  when a sinusoidal or fluctuating component is 

included in light regimes, while 𝑎𝑐ℎ𝑙 tends to decrease, and 𝑛𝑃𝑆𝐼𝐼  generally 

increases. Interestingly, 𝑎𝑐ℎ𝑙 in both species under a square-wave regime 

appears to be comparable to that of cells grown under a high amplitude 

fluctuating light regime of equivalent light dose. Assuming the increase in 𝑎𝑐ℎ𝑙 

between LLSI and HLSI is conserved when light dose increases 𝑎𝑐ℎ𝑙 in a 

square-wave light regime may also be comparable to that under a sinusoidal 

light regime of higher light dose. In contrast 𝑛𝑃𝑆𝐼𝐼  under a square-wave 

regime is statistically similar to that under a sinusoidal regime of the same 

dose in both species.  

Growth rate was significantly lower in T. pseudonana than in P. 

tricornutum (F1,43=40.1 p<0.01). Growth rates of both species were lower in LL 

light regimes compared with HL regimes with similar fluctuation 

characteristics and tended to decrease in fluctuating regimes as the 

fluctuation amplitude increased (i.e. from SI to HF). Compared with P. 

tricornutum growth rates of T. pseudonana show relatively little variability 

between SI and LF regimes. In both species growth under a square-wave 

regime was faster than under fluctuating regimes of the same dose, although 

this difference is only statistically significant when comparing HLSQ and HLHF 

regimes. P. tricornutum seems to be less negatively affected than T. 

pseudonana by the addition of variability to light regimes. Growth rates under 
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fluctuating light regimes are 93%, 72% and 62% of those under HLSQ for HLSI, 

HLLF, and HLHF regimes respectively for P. tricornutum. Meanwhile, for T. 

pseudonana growth rates under HLSI, HLLF and HLHF regimes are respectively 

74%, 67% and 50% of the growth rate under HLSQ.  

 

 PSII operating efficiency (𝐹𝑞′ 𝐹𝑚′⁄ ) showed little response to changes in 

light fluctuations at LL (Figure 4.3.1), although it was considerably lower at 

any incident irradiance in HLSQ compared with HL fluctuating regimes. Under 

LL 𝐹𝑞′ 𝐹𝑚′⁄  generally decreased more rapidly with increased irradiance than 

under HL, regardless of light fluctuations, and generally decreased more 

T. pseudonana HL 

Regimes 

P. tricornutum HL 

Regimes 

T. pseudonana LL 

Regimes 

P. tricornutum LL 

Regimes 

Figure 4.3.1. Relationship between PSII operating efficiency and light intensity in two 

diatoms grown under several fluctuating and square-wave light regimes. Error bars are 1 

standard deviation. 
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rapidly in P. tricornutum than in T. pseudonana. Dark acclimated, maximum 

photochemical quenching efficiency (𝐹𝑣 𝐹𝑚⁄ ) also tended to be slightly higher 

in T. pseudonana. 

Curve fits of the photosynthesis-irradiance response curves measured 

from ETR and O2 evolution data are illustrated in Figures 4.3.2 and 4.3.3. 

Parameters of the fitted model are detailed in Table 4.3.2 and 4.3.3. For ETR 

measurements of the LLSQ regime 𝛼 and 𝐸𝑇𝑅𝑚𝑎𝑥  are missing because 

measurements of 𝑎𝑐ℎ𝑙 were not available, and these parameters could not be 

calculated from 𝐹𝑞′ 𝐹𝑚′⁄ . Data for 𝐼𝑘 and 𝑏 are shown because these 

parameters are independent of light absorption (Blache et al., 2011). Values 

of 𝛼, 𝐸𝑇𝑅𝑚𝑎𝑥 and 𝐼𝑘 were significantly higher in T. pseudonana than in P. 

tricornutum (F1,37=34.5 p<0.01, F1,37=51.0, p<0.01 and F1,41=43.0, p<0.01 

respectively), 𝑏 was not significantly different between species (F1,41=2.0, 

p=0.16). 

Within fluctuating light regimes variability in 𝐸𝑇𝑅𝑚𝑎𝑥 and 𝛼 are 

consistent with the observed variability in 𝑎𝑐ℎ𝑙. Both are consistently higher in 

HL regimes than in LL regimes with similar fluctuation characteristics and 

increase significantly between SI and HF fluctuating regimes. Compared with 

square-wave regimes, 𝐸𝑇𝑅𝑚𝑎𝑥 is higher under fluctuating light regimes in 

both species. Conversely, 𝛼 is lower under HLSI and HLHF regimes than under 

HLSQ. However, because 𝛼 increases with fluctuation amplitude 𝛼 under 

HLHF is equal to, or greater than, 𝛼 under HLSQ. Among fluctuating regimes 𝐼𝑘 
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is significantly lower in LL regimes. Interestingly the trend in 𝐼𝑘 with changing 

fluctuation amplitude is different between HL and LL. Under the former, 𝐼𝑘 

tends to decrease from SI to HF (although is slightly lower under HLLF than 

HLHF for T. pseudonana), while under the latter the reverse appears to be 

true. Compared with SQ regimes, 𝐼𝑘 is typically higher under fluctuating 

regimes, although this difference is only significant at HL. 

Notably, the parameters of the ETR-irradiance response for T. 

pseudonana are statistically similar between HLSQ and LLHF. The same is true 

for HLSQ and LLLF in P tricornutum, although the numerical difference is 

greater. Thus, the ETR-irradiance response measured under a square-wave 

T. pseudonana HL 

Regimes 

P. tricornutum HL 

Regimes 

T. pseudonana LL 

Regimes 

P. tricornutum LL 

Regimes 

Figure 4.3.2. Relationship between PSII Electron transport rate and light intensity in two 

diatoms grown under several fluctuating and square-wave light regimes. Parameters of curves 

fits can be found in table 4.3.2. Error bars are 1 standard deviation. 
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light regime is comparable to that a under a high amplitude fluctuating light 

regime with a lower light dose. 

The curvature of the ETR-irradiance relationship, 𝑏, was variable 

between species and light regimes (Table 4.3.2). The physiological relevance 

of 𝑏 is not well understood. It appears to be impacted by a number of factors, 

including intercellular and intracellular self-shading, PSII connectivity, and size 

of the plastoquinone pool (Jones et al., 2014). As such values of 𝑏 are 

reported here for completeness but are not discussed. 
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Table 4.3.2. Parameters of the ETR-irradiance response curve for two species grown under a range of light regimes. Initial slope, 𝛼 (µmol e- [µmol 

phot]-1 m2 [mg chl]-1), maximum ETR, 𝐸𝑇𝑅𝑚𝑎𝑥 (µmol e- [mg chl]-1 s-1), saturation irradiance, 𝐼𝑘 (µmol m-2 s-1) and curvature parameter, 𝑏 

(dimensionless). Values in brackets are 1 standard deviation. Values that share a letter are not significantly different (p>0.05). Sets of letters are 

conserved between species. Grey fills graphically indicate the values on a scale from 0 to the maximum value for each parameter. 

 
 HL Regimes LL Regimes 

 
 HLSQ HLSI HLLF HLHF LLSQ LLSI LLLF LLHF 

          

T
. 

p
se

u
d
o
n
a
n
a
 

𝛼 0.0019 a 

(1.4 x10-4) 

0.0013 c,d,e,f,g 

(2.6 x10-4) 

0.0015 a,b,c,d,e 

(7.7 x10-5) 

0.0019 a,b 

(3.5 x10-4) 

 0.0010f,g 

(6.8 x10-5) 

0.0015b,c,d,e,f 

(4.7 x10-4) 

0.0020a,b,c 

(1.5 x10-4) 

𝐸𝑇𝑅𝑚𝑎𝑥 0.490c,d 

(0.066) 

0.628b,c 

(0.177) 

0.696a,b 

0.153) 

0.896a 

(0.141) 

 0.166f 

(0.014) 

0.327d,e,f 

(0.116) 

0.522b,c,d 

(0.095) 

𝐼𝑘 257.4d,e 

(23.3) 

493.7a 

(63.5) 

452a,b 

(29.7) 

463.7a 

(30.3) 

188.57e,f,g 

(42.7) 

167.3f,g 

(18.2) 

216.4e,f 

(16.8) 

263.7d,e 

(37.6) 

𝑏 1.71c 

(0.23) 

2.88a 

(0.27) 

2.77a,b 

(0.03) 

2.31a,b,c 

(0.31) 

1.61c 

(0.33) 

2.21a,b,c 

(0.36) 

1.67c 

(0.50) 

2.05a,b,c 

(0.45) 

          

P
. 
tr

ic
o

rn
u

tu
m

 

𝛼 0.0014 b,c,d,e,f 

(1.7 x10-4) 

0.0011 e,f,g 

(1.4 x10-4) 

0.0012 d,e,f,g 

(5.3 x10-5) 

0.0018 a,b,c,d 

(1.1 x10-4) 

 0.0007 g 

(3.1 x10-5) 

0.0009f,g 

(4.9 x10-5) 

 

𝐸𝑇𝑅𝑚𝑎𝑥 0.290d,e,f 

(0.051) 

0.398c,d,e 

(0.024) 

0.424c,d,e 

(0.054) 

0.550b,c 

(0.062) 

 0.107f 

 (0.021) 

0.187e,f 

(0.015) 

 

𝐼𝑘 211.5e,f,g 

(21.3) 

371b,c 

(39.5) 

320c,d 

(12.7) 

302c,d 

(26.2) 

141.8g 

(15.7) 

149.2f,g 

(6.1) 

203e,f,g 

(10.9) 

 

𝑏 2.63a,c 

(0.93) 

2.20a,b,c 

(0.18) 

1.68c 

(0.11) 

1.47c 

(0.08) 

1.91a,b,c 

(0.08) 

1.42c 

(0.09) 

1.78b,c 

(0.04) 
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The P-I response for T. pseudonana, measured by O2 evolution, is 

somewhat different to the ETR-irradiance response (Figure 4.3.3 and Table 

4.3.3). Similar to measurements of 𝐸𝑇𝑅𝑚𝑎𝑥, 𝑃𝑚𝑎𝑥 was significantly reduced by 

a decrease in mean irradiance, consistent with acclimation to square-wave 

light regimes (Dubinsky and Stambler, 2009). However, unlike in 

measurements of ETR, neither 𝛼𝑂2or 𝑃𝑚𝑎𝑥 were significantly affected by the 

inclusion of a fluctuating component in light regimes. Nor were they much 

affected by changes in the amplitude of fluctuations. In contrast with the 

trend in 𝛼, 𝛼𝑂2  somewhat decreased between SI and LF light regimes under 

both HL and LL. The saturation irradiance of O2 production, 𝐼𝑘
𝑂2, did not 

significantly differ between HLSQ and HLSI regimes unlike 𝐼𝑘 for ETR, and was 

only significantly higher under HLLF. Similar to ETR, 𝐼𝑘
𝑂2  was reduced under LL 

regimes compared with HL regimes. ETR under a square-wave regime was 

similar to that under a high amplitude fluctuation regime of lower dose. This 

does not appear to be the case for photosynthetic O2 production. OLCs are 

Figure 4.3.3. Relationship between O2 evolution and light intensity in T. pseudonana grown 

under several fluctuating and square-wave light regimes. Parameters of curve fits can be 

found in table 4.3.3. Error bars are 1 standard deviation. 
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affected comparatively little by light fluctuations, and the light dose appears 

to dominate observed variability. 

 

Whether photoacclimation can be reliably described in terms of a 

single parameter of the light regime was investigated using several linear 

regressions. Correlation coefficients for these regressions, and the best 

predictive model for each measure of photoacclimation, are reported in Table 

4.3.4. Overall 𝐼𝑀𝑒𝑑
𝐷  was the parameter best able to predict photoacclimation 

as measured by the variables in Table 2.3.1. 𝐼𝑀𝑒𝑑
𝐷  was the most strongly 

correlated parameter with 3 of the 6 variables, and only correlated poorly 

with 𝜎𝑃𝑆𝐼𝐼. Since 𝐼𝑀 and 𝐼𝑀𝑒𝑑
𝐷  were highly collinear within LF and HF regimes, 

R2 for models using 𝐼𝑀 are also relatively high. Mean irradiance, 𝐼 ̅correlated 

relatively strongly with 𝜎𝑃𝑆𝐼𝐼  and 𝐸𝑇𝑅𝑚𝑎𝑥, and was highly correlated with 𝐼𝑘.  

Table 4.3.3. Parameters of the photosynthesis-irradiance response curve measured by 

O2 evolution for T. pseudonana grown under a range of light regimes. Initial slope, 

𝛼𝑂2 (µmol O2 [µmol phot]-1 m2 [mg chl]-1), maximum gross photosynthesis, 𝑃𝑚𝑎𝑥 

(µmol O2 [mg chl]-1 s-1), saturation irradiance, 𝐼𝑘
𝑂2 (µmol m-2 s-1) and curvature 

parameter, 𝑏𝑂2 (dimensionless). Values in brackets are 1 standard deviation. Values 

that share a letter are not significantly different (p>0.05). Sets of letters are conserved 

between species. 

 
 HL Regimes LL Regimes 

 
 HLSQ HLSI HLLF LLSI LLLF 

       

T
. 
p
se

u
d
o
n
a
n
a
 

𝛼𝑂2 4.7 x10-4 a 

(1.4 x10-4) 

5.7 x10-4 a 

(5.7 x10-5) 

3.3 x10-4 a 

(1.8 x10-4) 

4.3 x10-4 a 

(1.0 x10-4) 

4.3 x10-4 a 

(1.4 x10-4) 

𝑃𝑚𝑎𝑥 0.115a 

(0.020) 

0.089a 

(0.024) 

0.100a 

(0.022) 

0.046b 

(0.004) 

0.042b 

(0.009) 

𝐼𝑘
𝑂2 216.6a,b 

(64.5) 

169.4b 

(24.9) 

376.7a 

(69.2) 

119.5b 

(43.7) 

98.9b 

(7.0) 

𝑏𝑂2 2.34a 

(1.16) 

1.29a 

(0.47) 

2.54a 

(1.22) 

2.1a 

(1.0) 

1.27a 

(0.03) 
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In contrast, 𝐼𝑀𝑒𝑑 was found to be a consistently poor predictor of 

photoacclimation and although 
𝑧𝑚𝑖𝑥

𝑧𝑒𝑢
 was well correlated with 𝛼 it was very 

poorly correlated with several other variables. With the exception of 𝛼, 

species was not a significant predictor of measurements of photoacclimation. 

However, the species interaction term was a significant predictor of variability 

in 𝜎𝑃𝑆𝐼𝐼, 𝐸𝑇𝑅𝑚𝑎𝑥 and 𝐼𝑘. Table 4.3.4 indicates that 𝜎𝑃𝑆𝐼𝐼  and 𝐼𝑘 in P. 

tricornutum increases far less than that for T. pseudonana as 𝐼 ̅decreases. 

Meanwhile, the regression model for 𝐸𝑇𝑅𝑚𝑎𝑥 presented in in Table 4.3.4 

Table 4.3.4. R2 values for a series of linear regressions between parameters descriptive of the 

light environment and several indicators of photoacclimation in T. pseudonana and P. 

tricornutum grown under fluctuating light. Highest R2 values are in bold and the linear model 

these derive from are given. Values in brackets are p-values for the regression terms directly 

above them. Species (Spp) is included as an interaction term. For details of abbreviations and 

symbols see Table II. 

  𝐼𝑀 𝑧𝑚𝑖𝑥

𝑧𝑒𝑢
 𝐼  ̅ 𝐼𝑀𝑒𝑑 𝐼𝑀𝑒𝑑

𝐷  

 

𝑎𝑐ℎ𝑙 

R2 0.58 0.52 0.34 0.15 0.59 
Model 

(p-value) 
0.0025 + 6.70 × 10−6𝐼𝑀𝑒𝑑

𝐷
+ 0.0019𝑆𝑝𝑝 − 1.2 × 10−6 (𝐼𝑀𝑒𝑑

𝐷
∙ 𝑆𝑝𝑝) 

        (0.001)        (<0.001)                 (0.053)                        (0.560) 

 
𝜎𝑃𝑆𝐼𝐼 

R2 0.19 0.02 0.65 0.30 0.28 
Model 

(p-value) 
2.02 − 0.0015𝐼̅ + 0.29𝑆𝑝𝑝 − 0.0019(𝐼 ̅ ∙ 𝑆𝑝𝑝) 

                    (<0.001)   (0.012)        (0.078)             (0.014) 

 
𝑛𝑃𝑆𝐼𝐼 

R2 0.64 0.35 0.58 0.13 0.71 
Model 

(p-value) 
0.0015 + 7.30 × 10−6𝐼𝑀𝑒𝑑

𝐷
+ 0.0017𝑆𝑝𝑝 − 4.45 × 10−7 (𝐼𝑀𝑒𝑑

𝐷
∙ 𝑆𝑝𝑝) 

       (0.016)           (<0.001)             (0.054)                         (0.850) 

 
𝛼 

R2 0.63 0.67 0.31 0.24 0.60 
Model 

(p-value) 
0.0008 + 0.0008

𝑧𝑚𝑖𝑥

𝑧𝑒𝑢
+ 0.0003𝑆𝑝𝑝 + 5.74 × 10−5 (

𝑧𝑚𝑖𝑥

𝑧𝑒𝑢
∙ 𝑆𝑝𝑝) 

          (<0.001)     (<0.001)           (0.030)                      (0.945) 

 
𝐸𝑇𝑅𝑚𝑎𝑥 

R2 0.78 0.37 0.72 0.09 0.81 
Model 

(p-value) 
0.0740 + 0.0006𝐼𝑀𝑒𝑑

𝐷
− 0.0034𝑆𝑝𝑝 + 0.0005 (𝐼𝑀𝑒𝑑

𝐷
∙ 𝑆𝑝𝑝) 

               (0.183)      (<0.001)           (0.954)                   (0.004) 

 
𝐼𝑘 

R2 0.44 0.08 0.90 0.28 0.56 
Model 

(p-value) 
57.7 + 1.00𝐼̅ − 52.2𝑆𝑝𝑝 + 0.70(𝐼̅ ∙ 𝑆𝑝𝑝) 

                             (0.071) (<0.001)    (0.177)      (<0.001) 
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indicates that 𝐸𝑇𝑅𝑚𝑎𝑥 increased more rapidly with an increase in 𝐼𝑀𝑒𝑑
𝐷  in T. 

pseudonana than in P. tricornutum. 

 

4.4. Light harvesting and acclimation of the PSII antenna 

 Under static square-wave light regimes photoacclimation of light 

harvesting is described along a gradient from high light to low light. Under 

acclimation from high to low light cells are characterised by increased cellular 

chlorophyll, which results in greater pigment packaging and a corresponding 

decrease in chlorophyll specific light absorption. This coincides with an 

increase in either the number of PSII units (n-type acclimation), an increase in 

the size of the effective PSII antenna (σ-type acclimation), or a combination of 

the two (Brunet et al., 2011; Dubinsky and Stambler, 2009). The addition of a 

fluctuating component to the light environment clearly alters this response 

(Rascher and Nedbal, 2006). Within fluctuating light regimes of equal dose 

photoacclimation of 𝑎𝑐ℎ𝑙 and 𝑛𝑃𝑆𝐼𝐼  to increasing fluctuation amplitude 

appears functionally similar to high light acclimation. From SI to HF regimes T. 

pseudonana and P. tricornutum increase 𝑎𝑐ℎ𝑙, which can be consistent with a 

reduction in cellular chlorophyll concentration (Bricaud et al., 2010; Fujiki and 

Taguchi, 2002). This could also in part reflect an increase in light absorption by 

photoprotective and accessory pigments (Dimier et al., 2009; van de Poll et 

al., 2010; van Leeuwe et al., 2005). Such an increase in 𝑎𝑐ℎ𝑙 with the 
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amplitude of light fluctuations is consistent with a number of previous 

observations (Fietz and Nicklisch, 2002; Flameling and Kromkamp, 1997; 

Hoppe et al., 2015; Shatwell et al., 2012; Wagner et al., 2006), and may 

indicate maximum irradiance is an important driver in acclimation of light 

harvesting. Interestingly this appears to be the reverse of photoacclimation in 

cyanobacteria and green algae, in which increasing fluctuating amplitude 

drives acclimation comparable to that under decreasing square-wave 

irradiance (Fietz and Nicklisch, 2002; Havelkova-Dousova et al., 2004; Ibelings 

et al., 1994). 

The concurrent increases in 𝑎𝑐ℎ𝑙 and 𝑛𝑃𝑆𝐼𝐼 , combined with little 

variation in 𝜎𝑃𝑆𝐼𝐼, is suggestive of an increase in number, but reduction in size 

of photosynthetic units (PSUs, Suggett et al., 2007). PSU n-type acclimation to 

light fluctuations in which the number of PSUs increase while their size 

decreases is consistent with observations of the picoeukaryote Pelagomonas 

calceolate (Dimier et al., 2009), and at least two other diatom species (Fietz 

and Nicklisch, 2002; Kromkamp and Limbeek, 1993). This is thought to enable 

exploitation of a wide range of irradiances, as are found in highly fluctuating 

light environments (Dimier et al., 2009; Wagner et al., 2006). Although 

acclimation of PSUs to light fluctuations appears to be primarily n-type, a 

decrease in 𝜎𝑃𝑆𝐼𝐼  between SQ and fluctuating regimes is indicative of σ-type 

acclimation. Dimier et al. (2009) have previously suggested that acclimation 

mode is dependent on the timescale of light variability. With σ-type 
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acclimation being of greater importance than n-type in acclimation to lower 

frequency fluctuations and vice versa. Here σ-type acclimation appears only 

relevant when an initial fluctuation component is added from SQ to SI and 

does not appear to occur between SI and LF or HF regimes.  

The apparent importance in n-type acclimation to light fluctuations in 

regimes of equal light dose is interesting given the greater resource cost when 

compared with σ-type (Six et al., 2008). This suggests that photoacclimation 

to light fluctuations is energetically more costly than acclimation to square-

wave light regimes. 

Differences in 𝑎𝑐ℎ𝑙, 𝑛𝑃𝑆𝐼𝐼, and 𝜎𝑃𝑆𝐼𝐼, between HL and LL are consistent 

with acclimation to the lower mean irradiance (Dubinsky and Stambler, 2009). 

It appears that acclimation of light harvesting in fluctuating light follows the 

mean irradiance whilst being modulated by the amplitude of light variability, 

apparently as a result of changes in the maximum irradiance. Some previous 

studies have compared fluctuating light regimes to non-fluctuating regimes of 

different mean irradiance (e.g. Nicklisch, 1998; van Leeuwe et al., 2005). 

Present data indicate that photoacclimation under these circumstances 

should be interpreted with caution, as disentangling acclimation to the mean 

irradiance and the magnitude of light variability may be difficult. 
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4.5. Photosynthesis and alternative electron sinks 

 Within fluctuating light regimes of equal dose, differences in ETR are 

predominantly driven by changes in light absorption (Figure 4.3.2 and Table 

4.3.1). Differences in 𝐹𝑞′ 𝐹𝑚′⁄  are minimal under fluctuating light regimes 

(Figure 4.3.1), indicating it does not contribute to variability in ETR. 

Differences in 𝐹𝑞′ 𝐹𝑚′⁄  between square-wave and fluctuating light regimes are 

discussed later in this section. 

Increasing fluctuation amplitude from SI to HF enhanced the ETR-

irradiance response by significantly increasing 𝛼 and 𝐸𝑇𝑅𝑚𝑎𝑥. The impact on 

the saturation irradiance, 𝐼𝑘, appears dependant on mean irradiance. 𝐼𝑘 does 

not change significantly between fluctuating HL cultures and increases from SI 

to HF in LL cultures. An increase in 𝐸𝑇𝑅𝑚𝑎𝑥, and tendency to increase 𝐼𝑘, with 

increasing fluctuation amplitude has been observed in several species (Hoppe 

et al., 2015; Shatwell et al., 2012). This could be interpreted as acclimation to 

increase photosynthetic utilisation of high irradiance peaks in fluctuating 

regimes (e.g. in Shatwell et al., 2012). Comparing measurements of ETR with 

those of O2 evolution suggests otherwise (Figure 4.5.1).  
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  While 𝐸𝑇𝑅𝑚𝑎𝑥 increases with fluctuation amplitude, 𝑃𝑚𝑎𝑥 is not 

significantly affected at either HL or LL. Theoretically, evolution of 1 molecule 

of O2 requires the transfer of 4 electrons. Under square-wave light regimes 

the relationship between measurements of ETR and O2 evolution are 

consistently linear, and approximately conform to this ratio across a number 

of species (Lefebvre et al., 2007; Suggett et al., 2009). Under HLSQ and LLSI 

(LLSI being the least variable of the fluctuating regimes) the present 

measurements of T. pseudonana also conform to this ratio. However, under 

fluctuating light the ratio of ETR to O2 evolution deviates from the expected 

linear relationship such that the electron efficiency of O2 evolution decreases 

with increasing light. This observation may explain an apparent contradiction 

in research on phytoplankton photosynthesis under fluctuating light. Namely 

that studies using ETR as a measure of photosynthesis report strong 

acclimation of maximum photosynthesis (Hoppe et al., 2015; Shatwell et al., 

2012), but studies using O2 evolution generally do not (Fietz and Nicklisch, 

2002; Flameling and Kromkamp, 1997). Wagner et al. (2006) previously 

Figure 4.5.1. Comparison of ETR and O2 evolution as measurements of photosynthesis in T. 

pseudonana growth under several fluctuating and square-wave light regimes. Trend line 

indicates a ratio of 4:1 electrons:O2. 
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identified this and attributed the reduction in the electron efficiency of 

oxygen evolution to an increase in alternative electron sinks. In linear electron 

transport electrons are removed from water and delivered to NADP+ 

(nicotinamide adenine dinucleotide phosphate). Several processes provide 

alternative sinks to NADP+ for these electrons including the Mehler reaction 

(Claquin et al., 2004), plastoquinone terminal oxidase (PTOX), and cyclic 

electron transport around PSII (Onno Feikema et al., 2006; Wagner et al., 

2016).  

When using ETR as a measure of photosynthesis, comparison between 

different species or different growth environments carries the assumption 

that the fraction of electrons used in linear electron transport is consistent. 

Under square-wave light this appears to be the case (Lefebvre et al., 2007; 

Suggett et al., 2009).  However, present data and others indicate acclimation 

to fluctuating light involves a relative increase in the fraction of electrons 

contributing to alternative electron sinks under conditions of high irradiance 

(Su et al., 2012; Wagner et al., 2016, 2006). Rather than concluding that the 

change in 𝐸𝑇𝑅𝑚𝑎𝑥 under fluctuating regimes is a response to maximise 

photosynthesis in high irradiance peaks, it is instead hypothesised to be a 

photoprotective mechanism to dissipate excess excitation energy (Lavaud et 

al., 2002b; Onno Feikema et al., 2006). This highlights that the interpretation 

of ETR as a measure of photosynthesis under fluctuating light must be 

approached with caution, and alternative electron sinks need to be 
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considered. It was recently demonstrated in P. tricornutum that an increase in 

alternative electron sinks was an important process in acclimation to 

fluctuating light (Wagner et al., 2006). Present data indicates the same is true 

of T. pseudonana. Changes in cyclic electron transport around PSII have been 

shown to be a significant contributor to differences in alternative electron 

sinks arising from acclimation to fluctuating light in P. tricornutum (Wagner et 

al., 2016). It is currently unclear whether or not PSII cyclic electron transport 

plays a role as an alternative electron sink in T. pseudonana. 

In comparison to fluctuating light regimes the ETR-irradiance response 

under the square-wave regime is considerably diminished. Differences in 

alternative electron sinks mean this is not the same for O2 evolution, which is 

comparatively enhanced under square-wave light. Intriguingly the apparent 

enhancement of the ETR irradiance response with increased fluctuation 

amplitude (here attributed to alternative electron sinks) results in statistically 

similar ETR-irradiance curves between HLSQ and LLHF in T. pseudonana. 

Changes in the relative importance of alternative election sinks do not 

satisfactorily explain variability in 𝐼𝑘 and 𝐼𝑘
𝑂2  in fluctuating light regimes. A 

substantial increase in 𝐼𝑘
𝑂2  between HLSI and HLHF suggests acclimation to 

more efficiently utilise high irradiance peaks. This is consistent with the 

increase in 𝐼𝑘 from LLSI to LLHF in T. pseudonana, and from LLSI to LLLF in P. 

tricornutum but not with the apparent lack of a significant change in 𝐼𝑘 under 

HL fluctuating regimes. It is suggested here that the high values of 𝐼𝑘 reported 
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under HL fluctuating regimes represent a physiological limit to the saturation 

irradiance, and hence do not significantly differ between light regimes. This is 

supported by other studies of these species, which report saturation 

irradiances for photosynthesis below those found here (Bates and Platt, 1984; 

Costa et al., 2013a; Geider et al., 1985; Nymark et al., 2009; Sobrino et al., 

2008).  

Differences between HL and LL of either measurement of the P-I 

response are consistent with acclimation to the light dose. That is, a reduction 

in saturation irradiance and maximum photosynthetic rate, as well as a 

tendency for the initial slope to be reduced (Dubinsky and Stambler, 2009; 

Falkowski and Owens, 1980; Macintyre et al., 2002). The more rapid decrease 

in 𝐹𝑞′ 𝐹𝑚′⁄  with increasing irradiance under LL also suggests acclimation to the 

light dose.  

 

4.6. Characterising photoacclimation from parameters of fluctuating light 

environments 

 In order to accurately predict phytoplankton responses to changes in 

light variability it is necessary to understand which aspects of the light 

environment drive photoacclimation processes. This is particularly relevant in 

the modelling and interpretation of productivity during changes in ocean 

stratification, as well as for estimating global primary production and 
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photosynthesis from satellite measurements of ocean colour (Behrenfeld et 

al., 2016; Bellacicco et al., 2016; Nicklisch et al., 2008). Here a simplistic 

approach was used to test if a single aspect of the light regime can be used to 

predict a range of photoacclimative processes. Since only two mean 

irradiances were investigated, correlation between 𝐼 ̅and photoacclimation 

must be interpreted cautiously. As noted previously, several previous studies 

have found 𝐼 ̅to be a poor predictor of photoacclimation to fluctuating light 

(e.g. Dimier et al., 2009; Garcia-Mendoza et al., 2002; Hoppe et al., 2015; 

Litchman, 2003, 2000; Litchman et al., 2004). However, most of these studies 

compared fluctuating light regimes of equivalent  𝐼,̅ but different fluctuation 

characteristics. It should not be concluded that  𝐼 ̅does not impact 

photoacclimation without comparing light regimes of different  𝐼.̅ Shatwell et 

al. (2012) conducted a comprehensive study of growth and ETR of several 

phytoplankton under square-wave and fluctuating light regimes with a range 

of 𝐼.̅ They found that changes in  𝐼 ̅resulted in similar trends of 

photoacclimation between fluctuating and square-wave regimes, but these 

trends were shifted by the inclusion of a fluctuating component. Present data 

suggest a similar conclusion; that photoacclimation in fluctuating light follows 

𝐼 ̅whilst being modulated by light variability. 

The mechanisms of photoacclimation in diatoms remain relatively 

unknown. In phytoplankton the oxidation state of PQ appears to act as a 

signal for photoacclimation (Durnford and Falkowski, 1997; Escoubas et al., 
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1995; Foyer et al., 2012; Oelze et al., 2008). The redox state of PQ represents 

a ratio between PSII light harvesting and the ability of a cell to utilise 

photochemically quenched energy. A highly reduced PQ pool indicates that 

light is being absorbed faster than it can be used, and vice versa. If light 

absorption is greater than utilisation, and PQ is highly reduced, cells 

photoacclimate to reduce their content of light harvesting pigment (Escoubas 

et al., 1995; Oelze et al., 2008).  For a given cell in a dynamic light regime the 

degree of reduction within PQ increases with irradiance from light-limited to 

light-saturated photosynthesis (Melis, 1999). Once photosynthesis is light-

saturated subsequent increases in irradiance have little effect on the redox 

state of PQ, and therefore have no effect on photoacclimation driven by PQ 

redox signalling. Based on this a number of authors have used 𝐼𝑀𝑒𝑑 rather 

than 𝐼 ̅as an indicator of photoacclimation in modelling studies (Behrenfeld et 

al., 2016; Graff et al., 2016; Siegel et al., 2013; Westberry et al., 2008). The 

median is less affected by extreme values than the mean and so is 

hypothesised to more closely relate to PQ redox state in a dynamic light 

environment in which irradiance is saturating for part of the photoperiod. 

Present data do not appear to support this hypothesis. In fact, 𝐼𝑀𝑒𝑑 overall 

appears to be worst predictor of photoacclimation among the parameters 

studied here. However, this does not mean that redox signalling is 

unimportant in photoacclimation. The FRRF method used to measure ETR 

only reports on the redox state of QA and has minimal effect on the redox 
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state of PQ (Falkowski and Raven, 2007; Suggett et al., 2003). However, 

during measurements of ETR under actinic light the redox potential of QA is 

assumed to be in equilibrium with that of PQ. Processes involving alternative 

electrons sinks discussed in the previous section occur downstream of PQ 

oxidation/reduction and need not be considered here (Lavaud et al., 2002b). 

Assuming the saturation irradiance for ETR is equivalent to the irradiance at 

which PQ becomes fully 

reduced, the fraction of the 

photoperiod during which PQ 

is partially oxidised can be 

estimated as the portion of 

time irradiance is below 𝐼𝑘. 

This represents the fraction 

of the photoperiod for which 

PQ redox signalling provides information on the incident irradiance. For the 

remainder of the photoperiod it is assumed that PQ is entirely reduced, and 

further increases in irradiance have minimal effect on PQ redox state. Note 

that this assumes the ETR-irradiance response does not change significantly 

over the course of the photoperiod which is unlikely to be correct (see 

chapter 6). The fraction of the photoperiod for which irradiance is below 𝐼𝑘 is 

shown in Figure 4.6.1. Values of 𝐼𝑘 were spectrally corrected as described in 

section 3.5 before making this estimation. These values are quite consistent 

Figure 4.6.1. Fraction of the photoperiod for which 

irradiance is subsaturating to ETR in two diatoms 

grown under several fluctuating and square-wave light 

regimes. Error bars are 1 standard deviation. 
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between light regimes ranging from 0.73 to 0.80 in T. pseudonana (excluding 

HLSI at which 𝐼𝑘 is above 𝐼𝑀) and from 0.62 to 0.75 in P. tricornutum. Within 

species, the fraction of the photoperiod for which irradiance is subsaturating 

to ETR is only significantly different from the other light regimes under HLSI 

for T. pseudonana and LLLF for P. tricornutum (p<0.05, 2-way ANOVA with 

post-hoc Tukey HSD). Otherwise the fraction of the photoperiod that is not 

saturating to ETR is statistically similar across fluctuating light regimes. Under 

square-wave light regimes phytoplankton tend to acclimate such that 𝐼𝑘 

follows the light intensity (e.g. Arrigo et al., 2010; Lefebvre et al., 2007; 

Mouget et al., 1995). This data suggests that under fluctuating light regimes 

phytoplankton may photoacclimate such that 𝐼𝑘 follows the distribution of 

light intensity throughout the photoperiod, consistent with acclimation 

controlled by the redox state of PQ. This begs the question: If the fraction of 

the photoperiod below 𝐼𝑘 is so consistent, why then is it so poorly correlated 

with 𝐼𝑀𝑒𝑑? The answer is apparent when the overall distribution of irradiance 

throughout the photoperiod is considered and is a direct result of the light 

regimes used in this study. Figure 2.4.1c in chapter 2 (page 31) shows the 

cumulative distribution function (CDF) of light throughout the photoperiod, 

on which 𝐼𝑀𝑒𝑑 is the irradiance at the 50th percentile. Figure 2.4.1d (page 31) 

shows that the CDFs for the fluctuating light regimes intersect at 

approximately the 75th percentile, such that above this value 𝐼𝑀𝑒𝑑 no longer 

accurately describes the irradiance distribution. This is also approximately the 



92 
 

 
 

value of 𝐼𝑘. The linear regressions reported in Table 4.2.4 were repeated using 

the irradiance values at the 80th percentile (𝑃80
𝐼 , not  

shown), above this intersection. 𝑃80
𝐼  was more strongly correlated with all 

measurements of photoacclimation than 𝐼𝑀𝑒𝑑, and strongly correlated with  

some variables (Table 4.6.1). This suggests that although distribution of 

irradiance within the photoperiod may be a useful indicator of 

photoacclimation (consistent with 

control by PQ redox signalling), the 

measurement of the irradiance 

distribution requires careful 

consideration. The use of 𝐼𝑀𝑒𝑑 as an 

indicator of photoacclimation may not 

be appropriate, and the saturation 

irradiance for ETR (or the irradiance at 

which PQ becomes reduced) should be considered when using a measure of 

the irradiance distribution as an indicator of photoacclimation.  

 Thus far only PQ redox signalling has been considered as a mechanism 

of photoacclimation. Several recent studies have identified photoreceptors in 

phytoplankton that act as controls on photoacclimation distinct from PQ 

redox signalling (Depauw et al., 2012; Jaubert et al., 2017; Nymark et al., 

2009). These have been identified in both T. pseudonana and P. tricornutum 

Table 4.6.1. R2 values for a series of 

linear regressions between PAR at the 

50th (𝐼𝑀𝑒𝑑) and 80th (𝑃80
𝐼 ) percentile and 

several indicators of photoacclimation in 

T. pseudonana and P. tricornutum 

grown under fluctuating light. 

 𝐼𝑀𝑒𝑑 𝑃80
𝐼  

𝑎𝑐ℎ𝑙 0.15 0.42 

𝜎𝑃𝑆𝐼𝐼 0.30 0.57 

𝑛𝑃𝑆𝐼𝐼 0.13 0.69 

𝛼 0.24 0.43 

𝐸𝑇𝑅𝑚𝑎𝑥 0.09 0.82 

𝐼𝑘 0.28 0.83 
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(Costa et al., 2013b; Takahashi et al., 2007). Although they are predominantly 

discussed in reference to the acclimation of non-photochemical quenching 

(e.g. Costa et al., 2013a) they are also important in photoacclimation of the   

P-I response, and appear to be related to acclimation to high light (Costa et 

al., 2013b). Control of photoacclimation by photoreceptors may reduce the 

usefulness of any measure of the distribution of irradiance across the 

photoperiod that seeks to predict photoacclimation in terms of redox 

signalling. Present data supports this, suggesting that in fluctuating light 

regimes the maximum irradiance and 𝐼𝑀𝑒𝑑
𝐷  (which is closely correlated with 

the maximum irradiance) are good indicators of some parameters of 

photoacclimation. This is not consistent with PQ redox signalling but may 

reflect the involvement of photoreceptors in the control of photoacclimation. 

 Overall the present data is not sufficient to conclude which aspects of 

fluctuating light environment control photoacclimation, but it highlights that 

the use of the median as an indicator of photoacclimation may be 

inappropriate. Generally, it appears that no single parameter of the light 

environment is sufficient to describe photoacclimation as a whole in dynamic 

light environments. Recently, Graff and Behrenfeld (2018) reached a similar 

conclusion in a field study of phytoplankton during a mixing event. They noted 

that a single relationship may be insufficient to describe the photoacclimation 

response. 
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4.7. Summary and conclusions 

 Photoacclimation of T. pseudonana and P. tricornutum to fluctuating 

light is fundamentally different to that under square-wave regimes. In 

response to increasing fluctuation amplitude photoacclimation appears to be 

dominated by photoprotective responses to high irradiance peaks. It is 

characterised by an increase in alternative sinks for PSII electrons under high 

irradiance, an increase in the chlorophyll specific absorption coefficient and 

an apparent increase in the number, but reduction in size, of PSU (Fietz and 

Nicklisch, 2002; Wagner et al., 2006). Although photoacclimation is still driven 

by the changes in the mean irradiance (or light dose) as it is under static light 

regimes, it is also modulated by the amplitude of light variability in fluctuating 

regimes. In natural populations this drives significant variability in 

photophysiology between stratified and well-mixed water columns (Lewis et 

al., 2018; Moore et al., 2006) and is an important consideration for 

interpretation of satellite estimates of marine productivity (Behrenfeld et al., 

2016; Graff and Behrenfeld, 2018). The mechanisms of photoacclimation are 

still being uncovered. Currently it is not entirely clear which aspects of the 

light environment control photoacclimation, but it appears than no single 

parameter is a sufficient indicator on its own. Rather, the overall distribution 

of the light environment needs to be taken into account. 

 Among laboratory studies a reduction in growth rate as intradiel light 

fluctuations increase in amplitude is commonly reported in most 
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phytoplankton species (Lavaud et al., 2007; Nicklisch, 1998; Nicklisch and 

Fietz, 2001; Shatwell et al., 2012; Wagner et al., 2006). Such a reduction was 

also found here for T. pseudonana and P. tricornutum. Although changes in 

the maximum rate of PSII electron transport appear to indicate acclimation to 

better utilize high irradiance peaks in fluctuating light regimes, these were 

actually a result of changes in alternative election sinks, and did not reflect 

changes in photosynthesis rates (Su et al., 2012; Wagner et al., 2006). As 

dynamic light regimes increase in fluctuation amplitude a greater fraction of 

the light dose is delivered at light levels saturating to photosynthesis (see 

Figure 2.4.1d in chapter 2, page 31). As a consequence of the limited 

acclimation of photosynthesis and the changing distribution of the light dose, 

the efficiency with which cells can use the available light declines (Litchman, 

2000; Wagner et al., 2006). In addition, photoacclimation of the light 

harvesting apparatus to fluctuating light regimes appears to be energetically 

costly, perhaps more so than to static light regimes (Dimier et al., 2009; Six et 

al., 2008). The combination of these two factors may be the cause for the 

reduction in growth rates of phytoplankton under fluctuating light 

environments. 
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5. Photoprotection by non-photochemical quenching – Responses to 

short-term light variability and consequences for photodamage 

 

5.1. Introduction 

An inevitable consequence of photosynthesis is photodamage to PSII. 

The rate of PSII photodamage is correlated with the incident irradiance, and 

under high irradiance photodamage may exceed repair processes, resulting in 

a reduction of the efficiency with which PSII operates (Baroli and Melis, 1996; 

McKew et al., 2013; Ting and Owens, 1994). To minimise photodamage and 

the associated reduction in photosynthetic efficiency diatoms employ several 

mechanisms to safely dissipate or prevent the absorption of excess irradiance. 

In order to maximise growth rates diatoms must balance energy investment in 

mechanisms to reduce photodamage whilst also compensating for the 

potential reduction in photosynthesis rates caused by photodamage itself 

(Raven, 2011; Wagner et al., 2006). 

Diatom responses to minimise photodamage operate over a wide 

range of timescales (see summary in Macintyre et al., 2000), and therefore 

different processes may be relevant dependant on the rate of change of 

irradiance. For the timescales of irradiance variability used here, previous 

research has identified non-photochemical quenching (NPQ) as one of the 

most important processes in minimising photodamage (Lavaud et al., 2007; 

Wagner et al., 2006). In diatoms, NPQ principally occurs through the 
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depoxidation of diadinoxanthin to diatoxanthin, which is controlled by the 

build-up of a transthylakoid proton gradient, and allows excess absorbed 

photons to be dissipated as heat (Lavaud and Goss, 2014; Lavaud and Kroth, 

2006). Notably, NPQ can be rapidly activated and deactivated when cells 

experience light fluctuations thus enabling diatoms to minimise photodamage 

during periods of high light, whilst maintaining high rates of photosynthesis 

during periods of low light (van de Poll et al., 2011, 2010). The capacity and 

kinetics of NPQ are known to vary between different species, potentially 

reflecting their ecological niche (Lavaud et al., 2007; Lavaud and Lepetit, 

2013; Petrou et al., 2011).   

In addition to NPQ and other processes which reduce photodamage, 

D1 repair is important in maintaining a high photosynthetic efficiency under 

periodic high light intensities (Lavaud et al., 2016). Recent studies have 

highlighted interspecific differences in the repair capacity of diatoms (Lavaud 

et al., 2016; Wu et al., 2012). Similarly to NPQ, these may relate to the 

ecological niche of the study species. 

Both NPQ and D1 repair are rapid regulatory processes, the interaction 

between which is important in maintaining a high photosynthetic efficiency in 

diatoms (Lavaud et al., 2016). The relatively high rate constants of these 

processes make them particularly important in acclimation to intradiel light 

fluctuations (Macintyre et al., 2000). Although interspecific differences in 

both NPQ and repair have been noted (Lavaud et al., 2016, 2007), little 
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research has examined variability in these processes between and within 

species in response to dynamic light environments. Changes in energy 

investment in NPQ and repair may have consequences on photosynthesis 

rates (e.g. by reducing photodamage or increasing photosynthetic efficiency) 

and may directly or indirectly affect growth rates by detracting from energy 

investment in growth or reducing energy available from photosynthesis. This 

chapter aims to examine variability in NPQ and repair of photodamage in 

response to dynamic light regimes, to investigate how the study species 

acclimate to minimise photodamage and how successful they are in achieving 

this in dynamic light environments.  

 

5.2. Materials and methods 

 Culture conditions were as described in section 3.1. FRRF 

measurements of NPQ were carried out at approximately midday within the 

photoperiod according to the methods described in section 3.6. 

 

 PSII photodamage and repair can be studied immunochemically 

through measurement of the D1 protein or PsbA (Bouchard et al., 2005) or 

through fluorescence measurements of photochemical efficiency (Ragni et al., 

2010). Here the latter approach was used. 

 Experimental methodology largely followed Ragni et al. (2010), using 

lincomycin (Sigma) at a concentration of 0.9 mM as an inhibitor of PSII repair. 
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Samples extracted at approximately midday in the light regimes were 

incubated in a range of light levels. These were sampled periodically and then 

moved to darkness for a recovery period of 30 minutes. Following recovery 

samples were measured in an FRRF. Two different treatments of lincomycin 

were used as follows: 

1. Lincomycin added at start of incubation 

2. Lincomycin added at start of recovery period 

Of these, the results from treatment 1 represents gross photodamage, 

while treatment 2 represents net photodamage in the light. 

As in Ragni et al. (2010), cells were incubated at 100, 250, 550 and 

1100 μmol phot. m-2 s-1 (±5%) and sampled for measurement at 5, 15, 30 and 

60 minutes. Measurements of 𝐹𝑣 𝐹𝑚⁄  were used to determine photodamage 

and repair rates. LED excitation spectrum is shown in Figure 3.3.1 (page 38). 

Rate constants of PSII reaction centre photodamage are generally 

calculated as in Ragni et al. (2008) assuming first order reaction kinetics in the 

inactivation of PSII. These can be calculated from 𝐹𝑣 𝐹𝑚⁄  by fitting 𝐹𝑣 𝐹𝑚⁄  

measured under gross photoinhibition (treatment 1 above) to a model of 

exponential decay, as described in Equation 5.2.1. 

𝐹𝑣 𝐹𝑚⁄
(𝑡) = 𝐹𝑣 𝐹𝑚⁄

(0) 𝑒−𝑘𝑖𝑡    5.2.1 

Where 𝑘𝑖 is the rate constant for photodamage and 𝐹𝑣 𝐹𝑚⁄
(𝑡) and 

𝐹𝑣 𝐹𝑚⁄
(0) represent values of 𝐹𝑣 𝐹𝑚⁄  at time t and time 0 respectively.  
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In order to determine the rate of PSII reaction centre repair some 

previous studies have calculated a rate constant for net photoinhibition based 

on an exponential decay model of 𝐹𝑣 𝐹𝑚⁄  in the absence of lincomycin during 

illumination (treatment 2) (McKew et al., 2013; Ragni et al., 2010, 2008). 

Repair rate is then calculated by subtracting the rate constant for net 

photoinhibition from that for gross photoinhibition. This approach is 

described by Equations 5.2.2 to 5.2.4 using notation from Ragni et al. (2008). 

𝐺𝑃𝑖𝑅 = −
∆𝑙𝑛(𝐹𝑣 𝐹𝑚⁄ 𝐿𝐼𝑁)

∆𝑡
  5.2.2 

𝑁𝑃𝑖𝑅 = −
∆𝑙𝑛(𝐹𝑣 𝐹𝑚⁄ )

∆𝑡
   5.2.3 

𝑅𝑅 = 𝑁𝑃𝑖𝑅 − 𝐺𝑃𝑖𝑅   5.2.4 

 In Equations 5.2.2 to 5.2.4 𝐺𝑃𝑖𝑅 is the rate constant for gross 

photodamage using measurements of 𝐹𝑣 𝐹𝑚⁄  made in the presence of 

lincomycin and 𝑁𝑃𝑖𝑅 is the rate constant for net photodamage using 

measurements of 𝐹𝑣 𝐹𝑚⁄  made in the absence of lincomycin during 

illumination. 𝑅𝑅 is not actually a rate constant for repair, rather it gives a 

number which relates the rate of repair to the rate of gross photodamage 

that cannot easily be converted to a rate constant (Campbell and Tyystjärvi, 

2012). In this study an alternative approach is proposed to determine rate 

constants of PSII reaction centre repair (𝑘𝑟) by fitting data to a two 

compartment model based on that proposed by Kok (1956). A variation of the 

model was described in Campbell and Tyystjarvi (2012).  
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This model assumes an equilibrium between photodamage acting on 

undamaged PSII reaction centres and repair acting on damaged PSII reaction 

centres is reached after some time at a certain level of photoinhibition. 

Although the mechanism of PSII reaction centre repair is highly complex it 

appears to be rate limited by a single process, namely the degradation of 

damaged D1 proteins (Campbell and Tyystjärvi, 2012; Melis, 1999; Nixon et 

al., 2010). This process follows first order reaction kinetics with respect to the 

concentration of damaged reaction centres (Tyystjärvi et al., 1994). Based on 

this, the rate at which damaged PSII reaction centres (RCIIs) are repaired (rep) 

can be calculated according to Equation 5.2.5. 

𝑟𝑒𝑝 = −𝑘𝑟 ∙ [𝑅𝐶𝐼𝐼𝑖]   5.2.5 

 Where [𝑅𝐶𝐼𝐼𝑖] is the concentration of damaged RCIIs and 𝑘𝑟 is the rate 

of repair. Similarly, from Equation 5.2.1, the rate of photodamage of 

functional RCIIs (dam) is given by Equation 5.2.6. 

𝑑𝑎𝑚 = −𝑘𝑖 ∙ [𝑅𝐶𝐼𝐼𝑓]   5.2.6 

 Where [𝑅𝐶𝐼𝐼𝑓] is the concentration of functional RCIIs and 𝑘𝑖 is the 

rate of photodamage. Equations 5.2.5 and 5.2.6 describe a simple 2 

compartment equilibrium model which is illustrated in Figure 5.2.1.  These 

two Equations can be combined to calculate the rate of change in [𝑅𝐶𝐼𝐼𝑓] 

according to Equation 5.2.7. 

𝛿[𝑅𝐶𝐼𝐼𝑓]

𝛿𝑡
= 𝑘𝑟 ∙ [𝑅𝐶𝐼𝐼𝑖] − 𝑘𝑖 ∙ [𝑅𝐶𝐼𝐼𝑓]  5.2.7 
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To fit the model to measurements of 𝐹𝑣 𝐹𝑚⁄  it was assumed that the 

fraction of total reaction centres which are functional is directly proportional 

to the value of 𝐹𝑣 𝐹𝑚⁄  relative to its maximum, 𝐹𝑣 𝐹𝑚⁄
𝑚𝑎𝑥

. Such that if 𝐹𝑣 𝐹𝑚⁄  = 

0 no RCIIs are functional and if 𝐹𝑣 𝐹𝑚⁄  = 𝐹𝑣 𝐹𝑚⁄
𝑚𝑎𝑥

 all RCIIs are functional. The 

fraction of functional RCIIs (𝑅𝐶𝐼𝐼𝑓) is given by Equation 5.2.8.  

𝑅𝐶𝐼𝐼𝑓 =
𝐹𝑣 𝐹𝑚⁄

𝐹𝑣 𝐹𝑚⁄ 𝑚𝑎𝑥

                        5.2.8 

Since 𝑅𝐶𝐼𝐼𝑓 represents the fraction of functional RCIIs from 0 to 1 it 

follows that 𝑅𝐶𝐼𝐼𝑖, the fraction of damaged RCIIs, can be calculated by 

Equation 5.2.9. This assumes that the concentration of RCIIs is static over the 

course of the measurement. 

𝑅𝐶𝐼𝐼𝑖 = 1 − 𝑅𝐶𝐼𝐼𝑓    5.2.9 

Equation 5.2.7 can therefore be rewritten as Equation 5.2.10. 

𝛿𝑅𝐶𝐼𝐼𝑓

𝛿𝑡
= 𝑘𝑟(1 − 𝑅𝐶𝐼𝐼𝑓) − 𝑘𝑖 ∙ 𝑅𝐶𝐼𝐼𝑓   5.2.10 

Figure 5.2.1. Equilibrium model of PSII reaction centre damage and repair. See text for description. 
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 The value of 𝑘𝑖 in Equation 5.2.10 can be determined directly from 

cultures in which RCII repair has been inhibited by lincomycin (as in treatment 

1) by fitting 𝐹𝑣 𝐹𝑚⁄  to Equation 5.2.11, a variation of Equation 5.2.1. Note that 

value of 𝑘𝑖 determined from Equation 5.2.11 is equal to 𝑘𝑖 determined from 

Equation 5.2.1 and 𝐺𝑃𝑖𝑅 in Equation 5.2.2. 

𝑅𝐶𝐼𝐼𝑓(𝑡)
= 𝑅𝐶𝐼𝐼𝑓(0)

𝑒−𝑘𝑖𝑡   5.2.11 

 Where 𝑅𝐶𝐼𝐼𝑓(𝑡)
 and 𝑅𝐶𝐼𝐼𝑓(0)

 are the fraction of functional RCIIs at time 

𝑡 and time 0 respectively. The repair rate constant can then be found by 

solving Equation 5.2.10 for 𝑘𝑟, using measurements of 𝐹𝑣 𝐹𝑚⁄  from cultures in 

which RCII repair during illumination has not been inhibited by lincomycin, 

and 𝑘𝑖 determined from 5.2.11. This can either be solved numerically, or by 

fitting measurements of 𝐹𝑣 𝐹𝑚⁄  to the analytical solution to Equation 5.2.10 

which is given by Equations 5.2.12 and 5.2.13. Here the latter approach was 

used. 

𝑅𝐶𝐼𝐼𝑓(𝑡)
= 𝐶 ∙ 𝑒−𝑡(𝑘𝑟+𝑘𝑖) +

𝑘𝑟

𝑘𝑟+𝑘𝑖
   5.2.12 

 In Equation 5.2.12 C is a constant that relates the value of 𝑅𝐶𝐼𝐼𝑓 at 

time t to its initial value. Solving for t=0 gives C (Equation 5.2.13). 

𝐶 =  𝑅𝐶𝐼𝐼𝑓(0)
−

𝑘𝑟

𝑘𝑟+𝑘𝑖
     5.2.13 

 When fitting the model, 𝑅𝐶𝐼𝐼𝑓(0)
 was initially fit in Equation 5.2.11 and 

the same value was used in fitting Equation 5.2.13. 
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The use of 𝑅𝐶𝐼𝐼𝑓 rather than raw values of 𝐹𝑣 𝐹𝑚⁄  removes the 

assumption of the model formulation in Campbell and Tyystjärvi (2012) that 

the initial value of 𝐹𝑣 𝐹𝑚⁄  is the maximum. This was important because 𝐹𝑣 𝐹𝑚⁄  

of samples which were not repair inhibited was found to increase over time 

under the lowest light treatment. Indicating that samples had suffered some 

photodamage at the start of the measurement. Using 𝑅𝐶𝐼𝐼𝑓 makes no 

assumptions of the physiological state of photodamage of cells at the 

beginning of the measurement. The calculation of 𝑅𝐶𝐼𝐼𝑓 as per Equation 5.2.8 

was performed using the maximum recorded value of 𝐹𝑣 𝐹𝑚⁄
𝑚𝑎𝑥

 in the culture 

to which the data pertains. To the author’s knowledge, this study is the first 

presentation and implementation of the model presented by Kok (1956) using 

𝑅𝐶𝐼𝐼𝑓. 

As mentioned above the rate of PSII repair (𝑘𝑟) may be limited by a 

single process, the degradation/removal of the damaged D1 protein from PSII  

(Campbell and Tyystjärvi, 2012; Melis, 1999; Nixon et al., 2010). If this is the 

case, and the rate of this process is only proportional to the concentration of 

damaged PSIIs, then 𝑘𝑟 may be expected to show Michaelis-Menten kinetics 

with respect to 𝑘𝑖, the rate of photodamage (Wu et al., 2012). The 

relationship between 𝑘𝑖 and 𝑘𝑟 can therefore be hypothesised to be 

described by Equation 5.2.14. 

𝑘𝑟 =
𝑘𝑟

𝑚𝑎𝑥𝑘𝑖

𝑘𝑖
𝑀+𝑘𝑖

   5.2.14 
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Where 𝑘𝑟
𝑚𝑎𝑥 is the saturated (maximum) value of 𝑘𝑟 and 𝑘𝑖

𝑀 is the 

value of 𝑘𝑖 when 𝑘𝑟 is half of 𝑘𝑟
𝑚𝑎𝑥. Where possible 𝑘𝑖 and 𝑘𝑟 were fitted to 

Equation 5.2.14 to test whether these show Michaelis-Menten kinetics.  

 

5.3. Results 

Both the initial NPQ (𝑁𝑆𝑉0) and the light dependant increase in NPQ 

(∆𝑁𝑆𝑉) were significantly greater in P. tricornutum (F1,38=74.5, p <0.001 and 

F1,38=32.0, p <0.001 respectively) than in T. pseudonana (Figure 5.3.1 and 

Table 5.3.1). The maximum capacity for NPQ, 𝑁𝑆𝑉𝑚𝑎𝑥, was also significantly 

higher in P. tricornutum (F1,38=68.7, p<0.001), reaching up to 1.7 times greater 

levels under the HLHF regime. In contrast 𝐼50 was significantly greater in T. 

pseudonana (F1,38=10.4, p = 0.003). The curvature parameter, 𝑛, did not differ 

significantly between species (F1,38=1.2, p=0.23).  

T. pseudonana showed little difference in 𝑁𝑆𝑉0 and 𝑁𝑆𝑉𝑚𝑎𝑥  between 

fluctuating light regimes at HL, and no significant change from LL to HL. 

However, 𝑁𝑆𝑉𝑚𝑎𝑥  was significantly lower under LLSI than in other LL 

fluctuating regimes as a result of a reduction in ∆𝑁𝑆𝑉. In contrast P. 

tricornutum significantly increased 𝑁𝑆𝑉𝑚𝑎𝑥  as the amplitude of light 

fluctuations increased from HLSI to HLHF, but showed no significant variability 

in NPQ irradiance response under LL. Significantly higher ∆𝑁𝑆𝑉 values under 
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HL regimes means 𝑁𝑆𝑉𝑚𝑎𝑥 in P. tricornutum was also significantly higher 

under HL than LL. 

Figure 5.3.1. NPQ-irradiance response of two diatoms grown under a range of fluctuating and 

non-fluctuating light regimes. Parameters of curve fits are detailed in table 5.3.1. Error bars 

are 1 standard deviation. 

T. pseudonana HL 

Regimes 

P. tricornutum HL 

Regimes 

T. pseudonana LL 

Regimes 

P. tricornutum LL 

Regimes 
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Table 5.3.1. Parameters of the NPQ (NSV) irradiance response for two species grown under a range of light regimes. 

Initial value (𝑁𝑆𝑉0), maximum increase (∆𝑁𝑆𝑉) and maximum capacity for NPQ (𝑁𝑆𝑉𝑚𝑎𝑥) have no units, as do values 

of the curvature parameter (𝑛). Half-saturation irradiance (𝐼50) has units µmol m-2 s-1. Values in brackets are 1 standard 

deviation. Values that share a letter are not significantly different (p>0.05). Sets of letters are conserved between 

species. Grey fills graphically indicate the values on a scale from 0 to the maximum value for each parameter.  

  HL Regimes LL Regimes 

  HLSQ HLSI HLLF HLHF LLSQ LLSI LLLF LLHF 
          

T
. 

p
se

u
d
o
n
a
n
a
 

𝑁𝑆𝑉0 0.66f 

(0.09) 

1.01a,b,c 

(0.07) 

0.99a,b,c,d 

(0.09) 

0.86b,c,d,e,f 

(0.01) 

0.71a,b,c,d 

(0.04) 

0.69e,f 

(0.05) 

0.73d,e,f 

(0.02) 

0.81c,d,e,f 

(0.05) 

𝐼50 488.2d 

(21.2) 

963.7a,b 

(209.5) 

1053.0a.b 

(152.7) 

1058.7a 

(96.1) 

350.3d 

(66.6) 

290.5d 

(45.9) 

438.9c,d 

(30.8) 

777.1b 

(118.3) 

∆𝑁𝑆𝑉 1.06d,e 

(0.18) 

0.94d,e 

(0.15) 

1.43b,c,d,e 

(0.05) 

1.20c,d,e 

(0.14) 

1.02d,e 

(0.27) 

0.86e 

(0.15) 

1.52b,c 

(0.09) 

1.43b,c,d 

(0.32) 

𝑛 3.69b,c 

(0.42) 

3.48c,b 

(0.76) 

3.53b,c 

(0.49) 

4.61a,b 

(0.31) 

3.46b,c 

(0.67) 

3.98a,b,c 

(0.30) 

3.79b,c 

(0.12) 

3.82a,b,c 

(0.27) 

𝑁𝑆𝑉𝑚𝑎𝑥 1.72e,f 

(0.24) 

1.95d,e,f 

(0.15) 

2.31b,c,d 

(0.12) 

2.06c,d,e,f 

(0.13) 

1.73d,e,f 

(0.31) 

1.55f 

(0.17) 

2.25b,c,d 

(0.07) 

2.24c,b,e 

(0.36) 

          

P
. 
tr

ic
o

rn
u

tu
m

 

𝑁𝑆𝑉0 1.03a,b,c 

(0.21) 

1.15a 

(0.02) 

1.00a,b,c 

(0.001) 

1.1a,b 

(0.06) 

0.87a,b,c,d 

(0.12) 

0.83c,d,e,f 

(0.01) 

0.90b,c,d,e 

(0.003) 

 

𝐼50 397.0d 

(33.3) 

758.0b 

(52.9) 

707.0b,c 

(26.9) 

797.3b 

(77.8) 

320.7d 

(23.3) 

378.9d 

(4.3) 

476.4c,d 

(25.2) 

 

∆𝑁𝑆𝑉 1.37b,c,d,e 

(0.28) 

1.60b,c 

(0.03) 

2.03a,b 

(0.17) 

2.47a 

(0.49) 

1.19c.d.e 

(0.04) 

1.05d,e 

(0.15) 

1.21c,d,e 

(0.10) 

 

𝑛 3.00c 

(0.26) 

4.77a 

(0.33) 

4.10a,b,c 

(0.29) 

4.35a,b 

(0.54) 

3.33b,c 

(0.66) 

3.97a,b,c 

(0.11) 

4.33b,c 

(0.25) 

 

𝑁𝑆𝑉𝑚𝑎𝑥 2.40b,c,d 

(0.05) 

2.75b,c 

(0.03) 

3.03a,b 

(0.17) 

3.57a 

(0.54) 

2.05c,d,e,f 

(0.14) 

1.88d,e,f 

0.14) 

2.10c,d,e,f 

(0.09) 
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In both species 𝑁𝑆𝑉𝑚𝑎𝑥  was somewhat lower under square-wave 

irradiance than under fluctuating regimes at HL, but this was only found for T. 

pseudonana at LL. The 50% saturation irradiance (𝐼50) increases from LL to HL 

in both species and tended to be higher in fluctuating light than under square-

wave regime. Fluctuation amplitude has little effect on 𝐼50 at HL, but 

correlated with 𝐼50 at LL such that 𝐼50 increased from LLSI to LLHF. Curvature 

of the NPQ irradiance response (𝑛) was relatively unaffected by light regime, 

although it was significantly lower under HLSQ than under HL fluctuating 

regimes in P. tricornutum. 

 Unfortunately, photodamage and repair in LL regimes could not be 

reported for P. tricornutum. An error in the addition of lincomycin to some 

samples reduced the available replicates to below 3 in LL P. tricornutum 

cultures.  

The rate of gross photodamage (𝑘𝑖) increased approximately linearly 

with irradiance above a threshold (Figure 5.3.2). Below this threshold 

irradiance (given as intercept in Table 5.3.2) gross photodamage was 

negligible. At both HL and LL, 𝑘𝑖 increased more rapidly in the square-wave 

regimes than in fluctuating regimes. Within HL fluctuating regimes 𝑘𝑖 in P. 

tricornutum was lowest under the highest amplitude fluctuating regime 

(HLHF) whereas in T. pseudonana 𝑘𝑖 was lowest under the least fluctuating 

regime HLSI.  
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Gross photodamage did not greatly differ between species but tended 

to be slightly higher in P. tricornutum. For T. pseudonana 𝑘𝑖 was similar 

between LL and HL. 

Table 5.3.2. Parameters of the linear trendlines fit to PSII gross photodamage (k𝑖) versus 

PAR in Figure 5.3.2. 

 T. pseudonana P. tricornutum 

Regime Slope 

(µmol m2 s hour-1) 

Intercept 

(µmol m-2 s-1) 

Slope 

(µmol m2 s hour-1) 

Intercept 

(µmol m-2 s-1) 
     

HLSQ 0.00203 147.0 0.00208 157.3 

HLSI 0.00115 127.8 0.00178 158.9 

HLLF 0.00133 110.7 0.00173 144.4 

HLHF 0.00142 109.2 0.00128 113.2 
     

LLSQ 0.00180 146.8   

LLSI 0.00163 105.0   

LLLF 0.00133 87.7   

LLHF 0.00138 12.1   

 

Figure 5.3.2. Gross photodamage in two diatoms grown under a range of fluctuating and non-

fluctuating light regimes. Parameters of trendlines are detailed in table 5.2.2. Error bars are 1 

standard deviation. 

T. pseudonana HL 

Regimes 

P. tricornutum HL 

Regimes 

T. pseudonana LL 

Regimes 
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Rate constants for repair of PSII photodamage, 𝑘𝑟, are shown with 

respect to PAR in Figure 5.3.3. It was hypothesised that PSII repair would 

show Michaelis-Menten kinetics with respect to 𝑘𝑖. The relationship between 

𝑘𝑟 and 𝑘𝑖 is shown in Figure 5.3.4. 

 

At HL the rate of repair of PSII photodamage, 𝑘𝑟, approximately 

followed Michaelis-Menten kinetics with respect to the rate of photodamage 

(Figure 5.3.4). This was not the case under LL. Data reported for LL T. 

pseudonana and preliminary data for LL P. tricornutum (not shown due to a 

lack of replicates, see above in this section) show a consistent reduction in 𝑘𝑟 

at the highest recorded 𝑘𝑖, or highest irradiance. In fact, careful observation 

Figure 5.3.3. Rates of repair of PSII photodamage (𝑘𝑟) with respect to PAR in two diatoms 

grown under a range of fluctuating and non-fluctuating light regimes. Error bars are 1 

standard deviation. 

T. pseudonana HL 

Regimes 

T. pseudonana LL 

Regimes 

P. tricornutum HL 

Regimes 
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of Figure 5.3.4 reveals that in some cases under HL regimes 𝑘𝑟 is also reduced 

at the highest 𝑘𝑖, most notably in T. pseudonana at HLSQ. However, this 

occurs to a much lesser degree than at LL.  

 

From values of 𝑘𝑖
𝑀 in Table 5.3.3, and from Figure 5.3.4, it is apparent 

that 𝑘𝑟 saturated at quite low values of 𝑘𝑖, and was consistently saturated 

below 550 µmol m-2 s-1, the third highest of the four light intensities used to 

investigate PSII damage and repair. 

 

 

T. pseudonana HL 

Regimes 

T. pseudonana LL 

Regimes 

P. tricornutum HL 

Regimes 

Figure 5.3.4. Rates of repair of PSII photodamage (𝑘𝑟) with respect to photodamage (𝑘𝑖) in 

two diatoms grown under a range of fluctuating and non-fluctuating light regimes. HL data 

are fit to the Michaelis-Menten equation, details of the curve fits are given in table 5.2.3. 

Error bars are 1 standard deviation. 
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Table 5.3.3. Parameters of the Michaelis-Menten 

fits to PSII repair (kr) versus gross photodamage 

(k𝑖) in Figure 5.3.4. 

 T. pseudonana P. tricornutum 

Regime 𝑘𝑟
𝑚𝑎𝑥 

(hour-1) 
𝑘𝑖

𝑀 

(hour-1) 

𝑘𝑟
𝑚𝑎𝑥 

(hour-1) 
𝑘𝑖

𝑀 

(hour-1) 
     

HLSQ 2.70 0.12 3.66 0.04 

HLSI 2.16 0.03 3.93 0.04 

HLLF 2.59 0.06 4.69 0.04 

HLHF 3.64 0.07 5.42 0.18 

 

Unlike gross photodamage, 𝑘𝑟 was markedly different between 

species, and much higher in P. tricornutum. At 1100 µmol m-2 s-1 𝑘𝑟 for P. 

tricornutum was 1.7, 1.9, 1.8 and 1.5 times higher than 𝑘𝑟 for T. pseudonana 

under HLSQ, HLSI, HLLF and HLHF respectively. This is also apparent in the 

values of 𝑘𝑟
𝑚𝑎𝑥 (Table 5.3.3), the maximum rate of PSII repair, assuming a 

Michaelis-Menten fit is appropriate. P. tricornutum also exhibited much 

higher values of 𝑘𝑟 than T. pseudonana at the lowest light intensity. For P. 

tricornutum repair was not only faster, but also more strongly activated at low 

irradiances.  

In P. tricornutum, 𝑘𝑟 differed between light regimes, particularly the 

maximum 𝑘𝑟. Using either 𝑘𝑟
𝑚𝑎𝑥 from the Michaelis-Menten fits (Table 5.3.3) 

or 𝑘𝑟 at the highest light level 𝑘𝑟 increased from HLSQ to HLHF. This indicates 

an apparent increase in the capacity for PSII repair as the amplitude of light 

fluctuations increased. This was corroborated by preliminarily data at LL but 

was not the case for T. pseudonana. At HL there was little difference in 𝑘𝑟 in 

T. pseudonana under 3 of the 4 light regimes although the capacity for PSII 

repair was higher under HLHF than under other HL regimes. At LL 𝑘𝑟 in T. 
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pseudonana is difficult to compare between light regimes, in general it 

appears consistent with 𝑘𝑟 under HL in that it is similar between SQ, SI and LF 

regimes, but slightly higher under the HF regime. 

 

5.4. Acclimation of NPQ to fluctuating light and interspecific differences 

 Non-photochemical quenching has previously been highlighted as an 

important photoprotective mechanism under conditions of fluctuating light  

(Havelkova-Dousova et al., 2004; Lepetit et al., 2017; van de Poll et al., 2010; 

van Leeuwe et al., 2005), principally because it can be rapidly activated and 

deactivated (Miloslavina et al., 2009; Roháček et al., 2014). That the 

mechanism of NPQ in diatoms is principally controlled via the pH gradient 

across the thylakoid membrane (Derks et al., 2015; Goss et al., 2006; Lavaud 

and Goss, 2014; Lavaud and Kroth, 2006) serves to explain several 

characteristics of the NPQ irradiance response observed here.  

Firstly, the variability in 𝐼50 both between species and light regimes. 

During non-saturated electron transport, protonation of the thylakoid lumen 

by reduction of plastoquinone and other compounds is countered by 

formation of ATP and the Mehler reaction which causes the transport of 

protons back across the thylakoid membrane (Cardol et al., 2011; Curien et 

al., 2016; Järvi et al., 2013). This prevents the accumulation of a 

transthylakoid proton gradient. As photosynthesis becomes saturated these 

processes become increasingly decoupled and a transthylakoid proton 
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gradient is established (Schonknecht et al., 1995). Therefore NPQ can be 

expected to begin to saturate somewhat after the saturation of PSII electron 

transport (Giovagnetti et al., 2014; Serôdio and Lavaud, 2011). Directly 

comparing measurements of 𝐼50 with those of 𝐼𝑘 reported in chapter 4 

illustrates this (Figure 5.4.1). The relationship between 𝐼𝑘 and 𝐼50 was the 

same for T. pseudonana and P. tricornutum and was unaffected by light 

regime. As indicated by the linear trendline in Figure 5.4.1 𝐼50 is 

approximately 2.2 times higher 

than 𝐼𝑘 in all cultures. This is 

consistent with the hypothesis 

put forward by Serôdio and 

Lavaud (2011) that the 

relationship between the 

saturation of NPQ and ETR is 

principally dependant on the 

mechanism of the xanthophyll cycle. NPQ via the xanthophyll cycle can occur 

either by conversion of diadinoxanthin to diatoxanthin (DD-DT), or the 

conversion of violaxanthin to zeaxanthin via the intermediary antheraxanthin 

(VAZ). T. pseudonana and P. tricornutum, being diatoms, utilise only DD-DT 

(Goss and Jakob, 2010) so the relationship between 𝐼𝑘 and 𝐼50 is expected to 

be conserved between the two species.  Notably, the slope of the relationship 

between 𝐼𝑘 and 𝐼50 found here (2.2) is very similar to the mean value of 2.39 

Figure 5.4.1. Relationship between ETR saturation 

irradiance (𝐼𝑘) and NPQ saturation irradiance (𝐼50) in 

2 diatoms. Line has slope 2.2 and R2 0.89. Error bars 

are 1 standard deviation. 
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reported by Serôdio and Lavaud (2011) for species having DD-DT type 

xanthophyll cycle. The variability in the saturation 𝐼50 therefore does not 

represent acclimation of NPQ per se, rather it reflects the effects of 

photoacclimation on 𝐼𝑘. 

The second characteristic of the NPQ-irradiance response that may be 

explained in terms of NPQ control by thylakoid lumen pH is the high reported 

values of 𝑛, the curvature parameter. In the Hill Equation from which the 

NPQ-irradiance curve fit used here is derived, the value of 𝑛 indicates the 

degree of cooperativity of the reaction. Values of 𝑛 > 1 indicate positive 

cooperativity in which an initial reaction increases the probability of 

subsequent reactions and values of 𝑛 < 1 indicate negative cooperativity in 

which the opposite is true (e.g. Perutz, 1989). Data indicate activation of NPQ 

is highly positively cooperative (Table 5.3.1). It has been suggested for 

diatoms that the accumulation of a transthylakoid proton gradient causes a 

conformational change in the binding site of epoxidized xanthophylls 

(diadinoxanthin) within the light harvesting antenna complex (Lavaud and 

Kroth, 2006; Ruban et al., 2004). This allosteric control of xanthophyll de-

epoxidation appears to switch xanthophylls to a so-called “activated state”, 

resulting in rapid, positively cooperative activation of NPQ with little change 

in transthylakoid pH gradient (Lavaud and Kroth, 2006; Lepetit et al., 2012; 

Ruban et al., 2004). Values of 𝑛 greater than 1 for the NPQ-irradiance 

response reported here and elsewhere (Barnett et al., 2015; Serôdio and 
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Lavaud, 2011) similarly indicate cooperative allostery of NPQ. This appears to 

be largely independent of light environment. 

Finally, NPQ control by transthylakoid pH gradient is important in 

understanding the slight initial decrease in NPQ with increased irradiance. 

This is most evident in cultures of P. tricornutum but also occurs in T. 

pseudonana (Figure 5.3.1). NPQ is principally understood in the context of 

photoprotection against high light intensities, this is inconsistent with 

elevated NPQ at low irradiances (Muller et al., 2001). Rather than being 

photoprotective, this observation can be attributed to chlororespiration. 

Chlororespiration causes reduction of plastoquinone in the dark, resulting in 

the establishment of a weak transthylakoid pH gradient (Bennoun, 2002). In 

diatoms this is sufficient to stimulate xanthophyll cycle activity, and therefore 

NPQ, in conditions of darkness (Cruz et al., 2011; Grouneva et al., 2009; Jakob 

et al., 2001). The impact of chlororespiration on NPQ is not described by the 

current model of the NPQ-irradiance response. To compensate for this model 

weakness, elevated values of NPQ at low light intensities were excluded when 

fitting the NPQ-irradiance response curves shown in Figure 5.3.1. Recently, 

chlororespiration has been found to be important  in maintaining growth rate 

under rapidly fluctuating light by regulating the redox state of the 

plastoquinone pool. Nawrocki et al. (2018) found growth rates in cells 

incapable of chlororespiration is reduced under light fluctuations (60s period) 

compared with cells capable of chlororespiration. Although the current data is 
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insufficient to conclude this, the strong impact of chlororespiration on the 

plastoquinone pool in diatoms may contribute to the competitive advantage 

that this group appears to have in growth rate under fluctuating light 

(Dijkman and Kroom, 2002; Lavaud et al., 2002b; Litchman, 2000; Nicklisch, 

1998). 

Thus far this section has focussed on aspects of the NPQ-irradiance 

response which are related to the control of NPQ by thylakoid lumen pH. 

These are either relatively insensitive to light regime and species (𝑛, and 

chlororespiration), or dependant on acclimation of other processes and do 

not strictly represent acclimation of the NPQ-irradiance response (𝐼50). In 

contrast, the capacity for NPQ (𝑁𝑆𝑉𝑚𝑎𝑥) indicates significant species-specific 

acclimation of NPQ in response to the light regime. The 1.5-fold increase in 

NPQ from HLSQ to HLHF in P. tricornutum demonstrates high plasticity for 

NPQ in this species compared with T. pseudonana in which NPQ was 

comparatively inflexible and significantly lower than in P. tricornutum at HL. 

As well as modifying 𝑁𝑆𝑉𝑚𝑎𝑥  in response to light fluctuations at HL P. 

tricornutum also increased its capacity for NPQ from LL to HL while T. 

pseudonana did not. P. tricornutum is known to exhibit particularly high 

plasticity in NPQ compared with other species (Lavaud et al., 2016, 2007; 

Lavaud and Lepetit, 2013; Lepetit et al., 2017). This is thought to confer a 

competitive advantage in conditions of fluctuating light by reducing 

photodamage during irradiance peaks (Lavaud et al., 2007). Indeed, growth 
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rates reported in chapter 4 (Table 4.3.1, page 65) support this, as growth of P. 

tricornutum was less negatively affected by light fluctuations than growth of 

T. pseudonana at HL. 

 

5.5. Target for PSII photodamage 

Gross PSII photodamage (𝑘𝑖) is not simply dependant on light dose 

(Figure 5.3.2). Rather, the target of photodamage is variable between light 

regimes. Under HL, 𝑘𝑖 appears to be somewhat reduced by light variability 

(particularly in P. tricornutum) indicating a reduction in the target of 

photodamage. Within fluctuating light regimes an increase in 𝑘𝑖 for T. 

pseudonana from HL to LL similarly indicates an increase in the target of 

photodamage (McKew et al., 2013). To further investigate the target of 

photodamage, and how acclimation to light variability may affect it, two 

models of photodamage can be considered.  

In the first PSII photodamage occurs following production of a singlet 

oxygen by the reduction of an already reduced primary quinone acceptor, QA 

(Krieger-Liszkay et al., 2008; Vass et al., 1992). In other words, excitation of a 

closed PSII reaction centre in which QA is reduced results in the production of 

a reactive oxygen species which causes damage to the D1 protein (Krieger-

Liszkay, 2005; Vass and Aro, 2007). In this model gross photodamage should 

be proportional to the density of the incident photons, the fraction of closed 

PSII reaction centres, and the size of the PSII functional antenna (Baroli and 
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Melis, 1998; McKew et al., 2013; Melis, 1999). This can be quantified from 

FRRF measurements according to Equation 5.5.1. 

𝑘𝑖 ∝ 𝐸(1 − 𝑞𝑝)𝜎𝑃𝑆𝐼𝐼′   5.5.1 

Where 𝐸 is irradiance and 𝜎𝑃𝑆𝐼𝐼′ is the functional cross section of the 

PSII antenna measured under actinic light as described in section 3.4. The 

parameter 𝑞𝑝 in Equation 5.5.1 is the coefficient of photochemical quenching, 

which, under the assumption of zero connectivity between reaction centres is 

equivalent to the fraction of open reaction centres (Baker and Oxborough, 

2004). Therefore 1 − 𝑞𝑝 is equivalent to fraction of closed PSII reaction 

centres, this is often called the PSII excitation pressure and approximates the 

fraction of QA that is reduced (Huner et al., 1998; Hüner et al., 2013; NDong et 

al., 2003). Equation 5.5.2 describes the calculation of 𝑞𝑝 from parameters 

measured by FRRF. 

𝑞𝑃 =
𝐹𝑚

′ −𝐹′

𝐹𝑚
′ −𝐹𝑜

′  5.5.2 

Figure 5.5.1 shows that the model of gross photodamage described by 

Equation 5.5.1 does not accurately represent photodamage measured here. 

For the data to reflect this model, data in Figure 5.5.1 should be accurately 

described by a single trendline. While it somewhat resolves the differences in 

𝑘𝑖 between different light regimes this model fails to explain differences in 𝑘𝑖 

between HL and LL in T. pseudonana. 
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 An alternative model ascribes PSII photodamage to direct excitation of 

a closed PSII reaction centre (McKew et al., 2013). In this model photodamage 

is independent of light absorption and can be described by Equation 5.5.3 

𝑘𝑖 ∝ 𝐸(1 − 𝑞𝑝)   5.5.3 

This model arises from the hypothesis that primary PSII photodamage 

results from direct excitation of the manganese cluster in the water splitting 

complex of PSII (Dau and Haumann, 2008; Tyystjärvi, 2008). This is supported 

by recent work demonstrating that the action spectrum of PSII photodamage 

in P. tricornutum and other phytoplankton closely match the absorption 

spectrum of manganese (Hakala et al., 2005; Havurinne and Tyystjärvi, 2017; 

Figure 5.5.1. Relationship between gross photodamage and the product of 

irradiance, the PSII functional antenna and the fraction of reduced PSII reaction 

centres for two diatoms grown under a range of light regimes. Dashed trendline 

for T. pseudonana HL and P. tricornutum HL has slope 0.0037 and R2 0.92. 

Dotted trendline for T. pseudonana LL has slope 0.0025 and R2 0.97. 
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Soitamo et al., 2017). Current data was consistent with this model between all 

light regimes and across both species (Figure 5.5.2). 

 

Gross photodamage is therefore modulated by processes which affect 

the excitation pressure within PSII reaction centres (McKew et al., 2013). In 

this study acclimation of light absorption, photochemical quenching, and non-

photochemical quenching all serve to alter PSII excitation pressure at any 

given irradiance, either by reducing excitation or increasing deexcitation of 

PSII reaction centres (Gray et al., 1996; Hüner et al., 2013; Maxwell et al., 

1995). Examining 𝑞𝑝 directly illustrates the effect of acclimation to fluctuating 

light on excitation pressure (Figure 5.5.3). At HL acclimation to fluctuating 

light substantially reduces PSII excitation pressure compared with acclimation 

Figure 5.5.2. Relationship between gross photodamage and the product of 

irradiance and the fraction of reduced PSII reaction centres for two diatoms 

grown under a range of light regimes. Dashed trendline has slope 0.0023 and R2 

0.96. 
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to a square-wave light regime, reinforcing the conclusion put forward in 

chapter 4 that acclimation to fluctuating light is driven by photoprotection. 

Conversely, Figure 5.5.3 shows little difference in 𝑞𝑝 between fluctuating light 

regimes, particularly at high irradiances.  

 

It is possible to quantify the effectiveness of several process which 

impact excitation pressure in mitigating gross photodamage by calculating the 

number of photochemical charge separations per photodamage incident at 

PSII. Based on the values of PAR and 𝑘𝑖 presented in Figure 5.3.2 a target size 

for photodamage, 𝜎𝑖, can be quantified according to Equation 5.5.4. 

𝜎𝑖 =
𝑘𝑖

𝑃𝐴𝑅
    5.5.4 

Figure 5.5.3. Photochemical quenching coefficient in response to irradiance in two diatoms 

grown under a range of fluctuating and non-fluctuating light regimes. Error bars are 1 

standard deviation. 

T. pseudonana HL 

Regimes 

P. tricornutum HL 

Regimes 

T. pseudonana LL 

Regimes 

P. tricornutum LL 

Regimes 
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The number of PSII photochemical charge separations per 

photodamage incident can then be calculated from 𝜎𝑖, 𝑞𝑝 and the PSII 

functional antenna in the light, 𝜎𝑃𝑆𝐼𝐼′ according to Equation 5.5.5 (Campbell 

and Tyystjärvi, 2012). This describes the ratio of the functional antenna size 

for photochemistry in the light to the antenna size for photodamage, and as 

such is here denoted as 𝜎𝑃𝑄′ 𝜎𝑖⁄ . 

𝜎𝑃𝑄′

𝜎𝑖
=

(𝑞𝑝×𝜎𝑃𝑆𝐼𝐼′)

𝜎𝑖
    5.5.5 

Since 𝜎𝑃𝑆𝐼𝐼′ is the functional antenna size for light absorption by PSII 

photochemistry and is downregulated by NPQ in the light (Gorbunov et al., 

2001) its inclusion in Equation 5.5.5 accounts for the impacts of these two 

aspects on excitation pressure. Meanwhile 𝑞𝑝 accounts for the impact of 

photochemical quenching. 

Values of 𝜎𝑖 are shown in Figure 5.5.4, while 𝜎𝑃𝑄′ 𝜎𝑖⁄  is shown in Figure 

5.5.5. Higher values of 𝜎𝑃𝑄′ 𝜎𝑖⁄  in T. pseudonana than in P. tricornutum under 

low irradiance can probably be attributed to differences in PSII antenna size 

and 𝑞𝑝. P. tricornutum was found to have a larger PSII antenna (see chapter 

4), and lower 𝑞𝑝under low irradiances (Figure 5.5.3) and therefore 

experiences more photodamage relative to the activity of photochemistry 

than T. pseudonana when irradiance is low. However, at high irradiance 

𝜎𝑃𝑄′ 𝜎𝑖⁄  is comparable between the two species. The larger PSII antenna, and 
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lower 𝑞𝑝 can also be invoked to explain the lower values of 𝜎𝑃𝑄′ 𝜎𝑖⁄  in T. 

pseudonana at LL, compared with HL under low irradiances.  

 

With the exception of cultures grown under the HLSQ regime there is 

very little difference in 𝜎𝑃𝑄′ 𝜎𝑖⁄  between light regimes in T. pseudonana. 

Again, the lower 𝜎𝑃𝑄′ 𝜎𝑖⁄  in HLSQ cultures is likely to be caused by a 

combination of lower 𝑞𝑝 and higher 𝜎𝑃𝑆𝐼𝐼. Interestingly, there is a very small 

difference in 𝜎𝑃𝑄′ 𝜎𝑖⁄  between HLSQ and other light regimes in P. tricornutum, 

despite the much lower 𝑞𝑝 under this light regime. The high level of NPQ in 

this species in all HL light regimes may be responsible for this. An increase in 

NPQ between HLSQ and HLLF may also be responsible for the differences in 

Figure 5.5.4. Target size for photodamage in two diatoms grown under a range of fluctuating 

and non-fluctuating light regimes. Error bars are 1 standard deviation. 

T. pseudonana HL 

Regimes 

T. pseudonana LL 

Regimes 

P. tricornutum HL 
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𝜎𝑃𝑄′ 𝜎𝑖⁄  between light regimes at the highest irradiance, although this impact 

is relatively small overall.  

 

In general, the PSII functional antenna size, NPQ and photochemical 

quenching have been found to mitigate photodamage at lower irradiance by 

reducing excitation pressure, but have a minimal impact on photodamage 

under higher light levels (Hurry et al., 1996; Li et al., 2002; Tyystjärvi, 2008). 

This is demonstrated here by the minimal differences in 𝜎𝑃𝑄′ 𝜎𝑖⁄  between all 

cultures at the highest two light levels. An increase in high irradiance peaks 

from SI to HF, and minimal variability in 𝜎𝑃𝑄′ 𝜎𝑖⁄  under high irradiances 

suggests that cells are more susceptible to gross photodamage under higher 

T. pseudonana HL 

Regimes 

T. pseudonana HL 

Regimes 

P. tricornutum HL 

Figure 5.5.5. Number of photochemical charge separations per photodamage event in two 

diatoms grown under a range of fluctuating and non-fluctuating light regimes. Error bars are 

1 standard deviation. Note the logarithmic scale of the y-axis. 
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amplitude light fluctuations. Such differences in photodamage have 

previously been proposed as one reason for the reduction in growth rate 

associated with fluctuating light (van Leeuwe et al., 2005). In natural 

populations, this may be instrumental in limiting growth in deeply mixed 

water columns (Alderkamp et al., 2010).  

 

5.6. Comparing models of net photodamage and PSII repair 

 Figure 5.3.4 reports rates of repair of PSII photodamage calculated 

according the model proposed in section 5.2. This model of net PSII 

photodamage is somewhat novel in the use of 𝑅𝐶𝐼𝐼𝑓 rather than raw values of 

𝐹𝑣 𝐹𝑚⁄  and describes an equilibrium model of PSII damage and repair. An 

alternate model described in Ragni et al. (2008) involves simply modelling 

𝐹𝑣 𝐹𝑚⁄  under net photodamage as an exponential decay function, 

independent of gross photodamage (Key et al., 2010; McKew et al., 2013; 

Ragni et al., 2010, 2008). For simplicity this model is referred to as the Ragni 

model, while the model proposed in this study is referred to as the functional 

Kok model. The Ragni model was outlined in Equations 5.2.2 to 5.2.4 (see 

page 95). In order to assess the functional Kok model in this section it is 

compared to the Ragni model. 

In section 5.2 it was noted that the Ragni model does not actually 

return a rate constant for PSII repair acting on damaged PSII reaction centres 

(Campbell and Tyystjärvi, 2012). Instead it gives a value which describes how 
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much the rate of gross photodamage is reduced by repair processes. In the 

case of no net photodamage the rate of repair from the Ragni model will 

equal the rate of gross photodamage. Arguably this may be useful 

information, but it does not actually inform on the rate of PSII repair, and 

repair values from the Ragni model are not easily converted to rate constants 

of repair (Campbell and Tyystjärvi, 2012). This is illustrated in Figure 5.6.1, 

which compares 𝑘𝑟 from the functional Kok model to 𝑅𝑅 from the Ragni 

model using the data from the present study. 

 The second criticism of the Ragni model is that by modelling 𝐹𝑣 𝐹𝑚⁄  

under net photodamage as a first-order exponential it assumes that 

eventually all PSII reaction centres will be damaged. Conversely, the 

functional Kok model assumes that under net photodamage PSII damage and 

repair eventually reach equilibrium, and the fraction of damaged PSII reaction 

centres will be asymptotic to some value less than 1. Although measurements 

of net photodamage appear to suggest the latter (e.g. Aro et al., 1993; 

Campbell and Tyystjärvi, 2012; Patsikka et al., 1998; Wu et al., 2012) no 

measurements of sufficient duration could be found to sufficiently test either 

model.  
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Thirdly, an underlying assumption of the Ragni model is that at the 

onset of measurements no PSII reaction centres are damaged. This is unlikely 

to be the case (Lavaud et al., 2016) and in the present study measurements of 

𝐹𝑣 𝐹𝑚⁄  often increased during incubation at the lowest irradiance under 

conditions of net photodamage, indicating that some photodamage was 

present when samples were initially taken. The functional Kok model was able 

to accurately model this when the Ragni model was not. Theoretically this 

could be remedied by allowing samples an extended recovery period in low 

light or darkness prior to measurements to permit repair of photodamage. 

However, a prolonged low irradiance recovery period could significantly alter 

Figure 5.6.1. Comparison of two measures of PSII repair in two diatoms grown under a range 

of fluctuating and non-fluctuating light regimes. 

T. pseudonana HL 

Regimes 

P. tricornutum HL 

Regimes 

T. pseudonana LL 

Regimes 
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the acclimation state of the cells with the sample, making measurements 

irrelevant to the original culture conditions (Anning et al., 2000; Harris et al., 

2009).  

One notable advantage of the Ragni model is its comparative simplicity 

and by not returning a rate constant for repair it also does not carry an 

assumption of the functional Kok model. Namely, that the total concentration 

of reaction centres does not change throughout the experiment. Although 

this is likely to be the case under the conditions found in the present study 

this assumption may not be met in cultures in the process of acclimating to 

changes in nutrients (Parkhill et al., 2001). Additionally, the functional Kok 

model carries a mathematical weakness not present in the Ragni model. As 𝑘𝑖 

decreases values of 𝐹𝑣 𝐹𝑚⁄  predicted by the model are increasingly insensitive 

to changes in 𝑘𝑟. This led to difficulties in fitting data from the lowest 

irradiance treatment in which gross photodamage is negligible (Figure 5.3.2) 

and fitting the functional Kok model occasionally returned excessively large 

values of 𝑘𝑟. In order to avoid this, it is recommended that the functional Kok 

model is only used to describe repair in conditions where some gross 

photodamage is observed. Otherwise 𝑘𝑟 should be interpreted with caution. 
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  Figure 5.6.2 shows a comparison between the descriptive power of the 

Ragni and functional Kok model. Both models were able to describe 𝐹𝑣 𝐹𝑚⁄  

under net photodamage relatively well, however the Ragni model tended to 

overestimate low values of 𝐹𝑣 𝐹𝑚⁄  to a greater degree. The overall sum of 

squares for residuals for the Ragni model was 0.121, for the functional Kok 

model it was 0.059 indicating it was a better descriptor of 𝐹𝑣 𝐹𝑚⁄  under net 

photodamage. 

 

 Overall the functional Kok model has several theoretical advantages 

over the Ragni model and gives a better description of the current data. 

Figure 5.6.2. Comparison between descriptive power of two models of 𝐹𝑣 𝐹𝑚⁄  in two diatoms 

experiencing net photodamage. Functional Kok model, left, and Ragni model, right. See text 

(section 3.8) for descriptions of the models. Lines in top plots are 1:1. 

Functional Kok model Ragni model 
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Therefore, it is concluded that use of the functional Kok model is preferable to 

the Ragni model. 

 

5.7. Regulation of net photodamage under fluctuating light 

 PSII repair under HL reported in Figure 5.3.4 can be used to resolve a 

point of some confusion in the literature. Several studies have reported that 

higher NPQ capacity reduces the rate of PSII photodamage (Krieger-Liszkay et 

al., 2008; Lavaud et al., 2007, 2004, 2002a; Ruban et al., 2004). However, if 

the mechanism of PSII photodamage is by direct excitation of the manganese 

cluster within PSII, as suggested in section 5.5, a greater capacity for NPQ 

would not directly prevent it (Onno Feikema et al., 2006). This has been used 

as evidence that the site of photodamage is not the manganese cluster (Vass, 

2011). In contrast, several studies have reported that a greater capacity for 

NPQ does not in fact reduce PSII photodamage (Hakala et al., 2005; Jin et al., 

2003; Olaizola et al., 1994; Ragni et al., 2010). The key to resolving this issue is 

the need to distinguish between gross and net photodamage. The studies 

referenced above which report the dependence of photodamage on NPQ use 

net photodamage, while those that report the opposite use gross 

photodamage.  

It is also important to note that NPQ can indirectly affect gross 

photodamage by reducing PSII excitation pressure, but does not directly 

prevent damage by excitation of the manganese cluster (Hakala et al., 2005). 
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However, the capability of NPQ to mitigate gross photodamage by reducing 

excitation pressure is relatively small, particularly at high irradiances 

(Tyystjärvi, 2008). This was demonstrated in the present study, and gross 

photodamage did not differ greatly between species, despite a considerably 

greater capacity for NPQ in P. tricornutum (Figure 5.3.1). However, 𝑘𝑟 was 

much lower in T. pseudonana than in P. tricornutum, indicating reduced net 

photodamage in the species with an enhanced capacity for NPQ. Recently, it 

has become increasingly apparent that NPQ acts to prevent downregulation 

of PSII repair process, and does little to prevent photodamage itself (Jin et al., 

2003; Lavaud et al., 2016; Murata et al., 2012; Nishiyama et al., 2011, 2006; 

Six et al., 2007; Takahashi and Badger, 2011). Present data is consistent with 

this conclusion.  

Greater plasticity of NPQ capacity in P. tricornutum enabled this 

species to alter the rate of PSII repair in response to fluctuating light regimes, 

resulting in lower net photodamage under higher amplitude light fluctuations. 

This is hypothesised to reduce net PSII photodamage during high irradiance 

peaks, enabling P. tricornutum to maintain a higher rate of photosynthesis 

relative to its maximum than T. pseudonana throughout light fluctuations 

within the photoperiod (Lavaud et al., 2007). In addition, phytoplankton with 

a greater capacity for PSII repair have been found to require a smaller pool of 

RCIIs to maintain a similar concentration of undamaged RCIIs (Lavaud et al., 

2016). This may confer a reduced energy cost in the synthesis of RCIIs, 
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enabling greater energy investment in growth. A greater capacity for PSII 

repair in P. tricornutum may therefore contribute to the less negative impact 

of light fluctuations on growth rate compared with T. pseudonana. 

 NPQ is thought to prevent downregulation of PSII repair by reducing 

the production of reactive oxygen species (ROS) which inhibit translation of 

D1 from mRNA (Nishiyama et al., 2011; Takahashi and Badger, 2011). Within 

PSII ROS can be produced by excitation of a reaction centre in which the 

primary quinone acceptor, QA, is already reduced (Krieger-Liszkay, 2005; 

Krieger-Liszkay et al., 2008; Pospíšil, 2009). Therefore production of ROS 

increases as PSII electron transport become increasingly saturated (Asada, 

2006). NPQ reduces the production of ROS by directly competing with 

photochemical charge separation and subsequent electron transport as a sink 

for PSII excitation energy (Nishiyama et al., 2006; Takahashi and Badger, 

2011).  

In addition to interspecific differences in 𝑘𝑟, Figure 5.3.4 also shows 

inhibition of repair under high irradiance, particularly in T. pseudonana at LL. 

Inhibition of PSII repair under high irradiance by ROS has been reported 

previously (Takahashi and Murata, 2008; Tikkanen et al., 2008), however in 

the current data this is not observed in all cultures. To explain this, it is 

hypothesised that differences in photoacclimation indirectly affect 𝑘𝑟. 

Photoacclimation (as discussed in chapter 4) can affect production of ROS by 

increasing or decreasing the capacity for PSII electron transport (ETR), thereby 
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altering the PSII excitation pressure at a given irradiance, and changing the 

fraction of reduced QA (Asada, 2006; Murata et al., 2007). Differences in the 

capacity for PSII electron transport in T. pseudonana illustrated in Figure 4.3.2 

(page 69) can therefore be hypothesised to explain the inhibition of PSII repair 

under high irradiance at LL observed in Figure 5.3.4. A greater capacity and 

higher saturation irradiance of ETR in T. pseudonana HL cultures would result 

in lower production of ROS at high irradiance, compared with T. pseudonana 

LL cultures (Murata et al., 2007). Since PSII repair is thought to be inhibited by 

ROS (Nishiyama et al., 2011; Takahashi and Badger, 2011), greater inhibition 

of repair under high irradiance would be expected in T. pseudonana LL 

cultures than in T. pseudonana HL cultures. This hypothesis is supported by 

differences in 𝑘𝑟 between T. pseudonana HL cultures. Firstly, 𝑘𝑟 is highest in 

under the HLHF regime, in which ETR is also highest. Secondly, among T. 

pseudonana HL cultures, 𝑘𝑟 exhibits the greatest inhibition under high 

irradiance in cultures grown under HLSQ regime, in which ETR is the lowest. 

That PSII repair is inhibited under high irradiance invalidates the 

hypothesis that 𝑘𝑟 conforms to Michaelis-Menten kinetics with respect to 𝑘𝑖. 

In fact, it may be more appropriate to describe 𝑘𝑟 with respect to irradiance 

using a model similar to that of the photosynthesis-irradiance response which 

includes photoinhibition. For example the model proposed by Platt et al. 

(1980) or Eilers and Peeters (1988). Unfortunately, this could not be tested 
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with the present data because of the low number of measurements over the 

range of irradiance explored. 

NPQ is hypothesised to reduce inhibition of repair by competing with 

electron transport as a sink for PSII excitation energy. Based on this 

hypothesis other processes which compete with PSII electron transport for 

the deexcitation of absorbed light energy would also modulate production of 

ROS, and therefore reduce downregulation of PSII repair. In chapter 4 PSII 

cyclic electron transport was hypothesised to be a significant contributor to 

variation in alternative electron sinks between cultures grown under different 

light regimes. Although the mechanism of PSII cyclic electron transport is not 

entirely clear some evidence suggests it may bypass QA and QB, and therefore 

act to reduce ROS production by competing with linear electron transport 

(Lysenko et al., 2016; Onno Feikema et al., 2006; Wagner et al., 2016). A 

hypothesis can therefore be presented that acclimation to fluctuating light by 

increases in alternative electron sinks reduces net photodamage by 

preventing downregulation of PSII repair by ROS. This hypothesis can also 

somewhat explain differences in 𝑘𝑟 in T. pseudonana between light regimes. 

 

5.8. Summary and conclusions  

The two species studied here demonstrate differences in the plasticity 

of NPQ. P. tricornutum has previously been demonstrated to have a high 

plasticity for NPQ compared with other diatoms, and to enhance its capacity 
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for NPQ in fluctuating light (Lavaud et al., 2007). NPQ directly competes with 

photosynthetic electron transport as an energy sink within PSII. However, the 

rapid kinetics of its activation and deactivation and control by the 

transthylakoid proton gradient mean NPQ is only significantly activated under 

light levels saturating to PSII ETR (Giovagnetti et al., 2014; Goss and Jakob, 

2010; Lavaud et al., 2002a). Thereby minimising the potential reduction of 

photosynthetic electron transport by NPQ (Derks et al., 2015).  

NPQ has previously been hypothesised to be a mechanism to reduce 

photodamage during high irradiance peaks in fluctuating light regimes 

(Lavaud et al., 2007; Lavaud and Lepetit, 2013; Lepetit et al., 2017). However, 

because the target of photoinhibition appears to be largely independent of 

NPQ (Takahashi and Badger, 2011), acclimation to fluctuating light regimes 

does not reduce PSII photodamage directly. Rather it is hypothesised to limit 

the inhibition of PSII repair under high irradiance (Nishiyama et al., 2006). 

Thus, the enhancement and comparatively greater capacity for NPQ in P. 

tricornutum enables it to maintain higher rates of PSII repair than T. 

pseudonana in fluctuating light regimes (Lavaud et al., 2016).  

Photodamage, and subsequent repair, has recently been found to play 

a vital role in the control of phytoplankton growth during vertical mixing in 

the ocean (Alderkamp et al., 2010). Depending on physical conditions, vertical 

mixing of phytoplankton can produce a wide range of light environments. In 

terms of light environments T. pseudonana and P. tricornutum can be 
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characterised as occupying different ecological niches. P. tricornutum is an 

estuarine species whilst T. pseudonana is a coastal oceanic species (Lavaud et 

al., 2007). Since estuaries tend to be characterised by rapid mixing and 

greater light attenuation (caused by higher turbidity) P. tricornutum can be 

expected to experience a light environment that is more rapidly variable, and 

features higher magnitudes of variability, than the light environment 

experienced by T. pseudonana. It is hypothesised that a higher plasticity and 

capacity for NPQ in P. tricornutum is an adaptation to its ecological niche, 

allowing it to outcompete T. pseudonana in conditions of high light variability 

by reducing the inhibition of PSII repair during periods of high irradiance 

(Blommaert et al., 2017; Lavaud et al., 2007; Lavaud and Lepetit, 2013). 
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6. Intradiel acclimation to light variability and impacts on estimates of 

daily photosynthesis 

 

6.1. Introduction 

 The previous two chapters discussed acclimation of light absorption, 

the photosynthesis-irradiance response, and photoprotection and damage in 

fluctuating light regimes as a whole based on measurements made at 

approximately midday during the photoperiod. Although this gives an 

understanding of the mode of acclimation to dynamic light it fails to account 

for variability of photophysiology within the photoperiod itself. In chapter 4 it 

was acknowledged that the rate constant for photoacclimation is longer than 

the period of light fluctuations used here, such that cells would be unable to 

acclimate to individual peaks in irradiance. (Macintyre et al., 2000; Nymark et 

al., 2009). However, variability in light harvesting pigments and the 

photosynthesis irradiance response across the entire photoperiod is well 

documented in phytoplankton in natural systems, as well as under square-

wave illumination in laboratory studies (Harding et al., 1981b, 1981a; John et 

al., 2012; Schuback et al., 2016; Yoshikawa and Furuya, 2006). This is typically 

characterised by an increase in chlorophyll specific light absorption, maximum 

photosynthetic rate (measured as ETR, O2 evolution, or carbon accumulation) 

and the initial slope of the photosynthesis-irradiance (P-I) response from 
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dawn towards approximately midday, and a subsequent decrease to dusk 

(Harding et al., 1981a; Yoshikawa and Furuya, 2006). The xanthophyll pool has 

also been found to exhibit diurnal variability in natural systems, being 

maximal around midday (Kudoh et al., 2003). 

 Intradiel variability in photophysiology across the photoperiod has 

serious implications for estimations of primary productivity. Field 

measurements of photosynthesis are time consuming and the number of 

measurements that can be made is limited, as such daily photosynthesis rates 

may be extrapolated from a single measurement (e.g. Alderkamp et al., 2015; 

Brush et al., 2002; Carmack et al., 2004). Failure to account for diel variability 

in the photophysiology of the phytoplankton can result in considerable 

overestimates or underestimates of daily photosynthesis  (Harding et al., 

1982; Walsby et al., 2001; Yoshikawa and Furuya, 2006). 

 Although some studies have examined intradiel variability of 

phytoplankton photophysiology to sinusoidal light (Bruyant et al., 2005) or 

more highly fluctuating light regimes (Dimier et al., 2009), how changes in 

light fluctuations impact the magnitude and dynamics of this variability is 

almost entirely unknown. In the marine environment changes in stratification 

occur as a result of numerous physical process, and these can significantly 

affect the amplitude of light variability experienced by phytoplankton (Diehl 

et al., 2002; Huisman et al., 2004). Understanding the impact of changes in 

the light environment on diel variability in the P-I curve is important in order 
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to assess its impact on the accuracy of estimates of daily photosynthesis 

rates. For example, Yoshikawa and Furuya (2006) reported that a decline in 

maximum photosynthetic rate from midday to dusk resulted in daily 

photosynthesis rates based on dusk measurements of the P-I response 

considerably underestimating the actual value of daily photosynthesis. 

However, these measurements were exclusively made during a period of 

stratification. Increased mixing, and therefore variability in irradiance may 

significantly alter diel variability in the P-I curve, increasing or reducing the 

accuracy of estimated daily photosynthesis made based on P-I curves at a 

single point in the photoperiod (Cullen and Lewis, 1988). One objective of this 

study was to investigate how intradiel light fluctuations impacted acclimation 

throughout the photoperiod, and how this may affect estimates of daily 

photosynthesis based on a single set of measurements. This chapter examines 

changes in light absorption, the ETR, and NPQ over the course of the 

photoperiod in T. pseudonana and P. tricornutum under a sinusoidal and a 

fluctuating light regime in the context of this objective. 

 This study, and several others, have documented a reduction in growth 

rate associated with increased amplitude and variability of light fluctuations 

under light regimes with comparable light dose (chapter 4, Lavaud et al., 

2007; Nicklisch, 1998; Nicklisch and Fietz, 2001; Shatwell et al., 2012; Wagner 

et al., 2006). Several factors have been hypothesised to be responsible for 

this. Most often, including in chapter 4 of this study, a reduction in daily 
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photosynthetic rate as a result of an inability of cells to efficiently utilise light 

during peaks in irradiance (Litchman, 2000; Shatwell et al., 2012). However, 

alternative hypotheses have been presented, including increased 

photodamage (Alderkamp et al., 2010; Poll et al., 2007), greater metabolic 

costs associated with photoprotection (van Leeuwe et al., 2005), and changes 

in respiration and the molecular composition of cellular biomass (Su et al., 

2012). The data presented in this chapter provides an opportunity to examine 

these hypotheses using measurements taken throughout the photoperiod. 

 

6.2. Materials and methods 

 Measurements were carried out on T. pseudonana and P. tricornutum 

grown under high light sinusoidal (HLSI) and high light low fluctuation (HLLF) 

light regimes as described in chapter 2.  

 

 In order to accurately measure daily photosynthesis from electron 

transport across the photoperiod, photosystem II (PSII) fluorescence induction 

curves were measured continuously within the cultures themselves. To 

achieve this the culture vessel had to be mounted on top of the FRRF 

fluorometer (FastTracka II, Chelsea technologies group). Culture vessels used 

in previous experiments were enclosed by a water jacket on the bottom and 

sides to maintain constant temperature. However, the width of the water 
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jacket on the bottom of the vessel prevented FRRF measurements. In order to 

take FRRF measurements a different culture vessel was used that lacked the 

bottom water jacket. This vessel was somewhat thinner than the original 

vessels for which the light setup was designed. As a result, the distribution of 

irradiance within the culture was less variable both horizontally and vertically 

than that presented in Figure 2.5.2 (page 34). Despite the different culture 

vessel, the volume of cultures was the same as in previous experiments, 

approximately 500 ml. 

Taking FRRF measurements from below prevented mixing using a 

magnetic stirrer as in previous experiments. Instead cultures were stirred by a 

metal paddle inserted through a hole in the top of the culture vessel. In order 

to allow the stirrer to rotate, a gap had to be left in the top of the vessel. This 

inability to fully seal the vessel led to some instances of contamination with 

other phytoplankton species, and cultures were regularly examined 

microscopically to ensure contamination had not occurred. Cultures were 

inoculated using samples acclimated to the relevant light regime used in 

previous experiments and were acclimated for a further period of 1 week 

before measurements. Measurements were then repeated over a period of 3-

5 days. When necessary, acclimation and sampling was repeated to obtain a 

minimum of 3 replicates. As in other experiments, cultures were maintained 

in exponential growth by dilution with growth media. In order to measure 

cultures directly using the FRRF technique they had to be kept optically thin. 



144 
 

To this end cultures were diluted following the end of the photoperiod, and 

again prior to the onset of the photoperiod if necessary for FRRF 

measurements. To avoid impacting FRRF measurements, cultures were not 

diluted during the photoperiod. For brevity the onset of the photoperiod is 

often referred to as dawn, and the end of the photoperiod as dusk. 

 

 Samples (~10 ml) were taken at 45-minute intervals for analysis. A 

portion of the sample was concentrated and used to determine In vivo 

chlorophyll-a absorption coefficients as described in section 3.3. The 

remainder was dark acclimated for 20 minutes and used to measure ETR-

irradiance curves using the FRRF method as described in section 3.4. The light 

steps used in the measurement of the ETR-irradiance response were 

shortened to 3 minutes so that measurements could be made at 45-minute 

intervals. The NPQ-irradiance response, as quantified by NSV, was also 

calculated from FRRF measurements as described in section 3.6. 

Estimates of daily ETR were calculated from the ETR-irradiance 

response curves after applying a spectral correction to account for differences 

in emission spectra between LEDs used to measure ETR, and those used to 

illuminate cultures. The spectral correction method is described in section 3.6. 

Daily ETR was then calculated from a single ETR-irradiance response curve, or 
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by linearly interpolating the parameters of the ETR-irradiance response 

between measurements. 

 Single-turnover FRRF measurements of cultures were made at intervals 

of 60 seconds according to the method described in section 3.4, using a 

separate FRRF to that used to measure ETR-irradiance response curves, which 

was positioned below the culture vessel.  From these measurements, PSII 

electron transport rate was calculated using absorption coefficients, spectrally 

weighted to the spectra of the LEDs used to illuminate cultures and linearly 

interpolated between measurements made at 45-minute intervals.  

 To calculate NSV across the photoperiod it was necessary to estimate 

dark acclimated fluorescence measurements. To do this, dark acclimated 

measurements of 𝐹𝑜 and 𝐹𝑚 were first interpolated across the photoperiod 

from those measured during the initial dark step of ETR-irradiance response 

curves. Then, to account for optical differences between the two FRRFs these 

were transformed such that the dawn and dusk measurements were 

consistent with those made within the culture. NSV was then calculated based 

on these estimates of 𝐹𝑜 and 𝐹𝑚 as described in section 3.6. 

The two FRRFs used in this experiment differed in excitation 

wavelengths. The FRRF used for single turnover measurements had an 

excitation wavelength of 450nm, while the one used to measure ETR-

irradiance response curves had an excitation wavelength of 430nm. This had 
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no significant impact on the values of NSV and ETR since both rely on relative 

changes in fluorescence rather than absolute fluorescence values. 

 

6.3. Results 

 Both species exhibited intradiel variability in light absorption 

coefficients (Figure 6.3.1). Under the HLSI regime 𝑎𝑐ℎ𝑙 increased from dawn to 

midday and declined in the afternoon before increasing again slightly over the 

last 1-2 hours of the photoperiod. Under the HLLF regime intradiel variability 

in 𝑎𝑐ℎ𝑙 was lower than under the HLSI regime. This is most apparent in P. 

tricornutum, in which 𝑎𝑐ℎ𝑙 did not show a distinct trend across the 

photoperiod.  
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The parameters of the ETR-irradiance relationship showed a similar 

trend to 𝑎𝑐ℎ𝑙 across the photoperiod (Figures 6.3.2 and 6.3.3). Under the HLSI 

regime 𝐸𝑇𝑅𝑚𝑎𝑥, 𝐼𝑘, and to a lesser extent 𝛼, increased from the onset of the 

photoperiod to approximately midday, and then decreased towards the end 

of the photoperiod. 𝐸𝑇𝑅𝑚𝑎𝑥  and 𝐼𝑘 in T. pseudonana, were approximately a 

factor of 2 greater at midday than at dawn. 𝐸𝑇𝑅𝑚𝑎𝑥  was proportionally even 

Figure 6.3.1. Chlorophyll-a specific absorption coefficients in two 

diatoms measured over the course of the photoperiod in two variable 

light regimes. Light regimes are indicated by thin lines. Error bars are 

1 standard deviation. 

T. pseudonana 

P. tricornutum 
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more variable in P. tricornutum, being 3.7 times higher at midday than at 

dawn. The variability in 𝐸𝑇𝑅𝑚𝑎𝑥  for P. tricornutum under the HLSI regime was 

largely a result of changes in the light absorption coefficient, rather than 

changes in PSII operating efficiency. The maximum electron transport rate 

relative to light absorption (
𝐸𝑇𝑅𝑚𝑎𝑥

𝑎̅𝑎𝑐𝑡
𝑐ℎ𝑙 ) was less variable than 𝐸𝑇𝑅𝑚𝑎𝑥, 

increasing by only a factor of 1.6 from dawn to midday in this species (not 

shown). The same was not true for T. pseudonana, in which the maximum 

electron transport rate relative to light absorption showed variability of a 

similar magnitude to 𝐸𝑇𝑅𝑚𝑎𝑥 (increasing by approximately 1.8 times from 

dawn to midday versus the 2 times increase in 𝐸𝑇𝑅𝑚𝑎𝑥). This can be seen 

when comparing 𝑎𝑐ℎ𝑙 (Figure 6.3.1), which varies little in T. pseudonana 

compared with P. tricornutum, to 𝐸𝑇𝑅𝑚𝑎𝑥  (Figures 6.3.2 and 6.3.3).  
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In both species, intradiel variability in 𝐼𝑘 was less under the HLLF 

regime than the HLSI regime. Dawn values of 𝐼𝑘 in T. pseudonana and P. 

tricornutum differed little between light regimes but at midday 𝐼𝑘 was 

noticeably lower under the HLLF regime. Intradiel variability in 𝐸𝑇𝑅𝑚𝑎𝑥  in P. 

tricornutum was considerably reduced under the HLLF regime compared with 

the HLSI regime. This was not solely a result of changes in light absorption, 

but, rather reflected low variability in both light absorption and PSII operating 

efficiency. Intradiel variability in 𝐸𝑇𝑅𝑚𝑎𝑥 was apparently unaffected by light 

regime in T. pseudonana. In general, for T. pseudonana differences in the ETR-

irradiance response between HLSI and HLLF were only characterised by 

Figure 6.3.2. Parameters of the ETR-irradiance response for T. pseudonana measured over 

the course of the photoperiod in two variable light regimes. Light regimes are indicated by 

thin lines. Error bars are 1 standard deviation. 
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reduced intradiel variability in 𝐸𝑘, while P. tricornutum exhibited reduced 

variability in the ETR-irradiance response as a whole. 

 

The values of ETR calculated from interpolated parameters of the ETR-

irradiance relationships across the photoperiod (Figures 6.3.2 and 6.3.3) 

showed good agreement with measured ETR values at low light levels (Figure 

6.3.4). However, at high light levels measured ETR tended to be somewhat 

higher than the interpolated values, particularly in T. pseudonana under the 

HLLF regime. This may indicate that the irradiance used to calculate ETR from 

measurements of 𝐹𝑞
′ 𝐹𝑚

′⁄  was somewhat below the actual irradiance. Given 

the rapid kinetics with which 𝐹𝑞
′ 𝐹𝑚

′⁄  can change following changes in 

Figure 6.3.3. Parameters of the ETR-irradiance response for P. tricornutum measured over 

the course of the photoperiod in two variable light regimes. Light regimes are indicated by 

thin lines. Error bars are 1 standard deviation. 
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irradiance (Ihnken et al., 2010) this could be a result of variability in irradiance 

within the culture vessel itself, as opposed to a discrepancy between the 

supposed and actual mean irradiance. Nevertheless, integrated daily ETR 

based on measured and interpolated calculations of ETR across the 

photoperiod do not differ significantly in any of the cultures (Figure 6.3.5, 

ANOVA and post hoc Tukey HSD).  

 

In T. pseudonana measured daily ETR under the HLLF regime was 78% 

of that under the HLSI regime (Figure 6.3.5). This difference was highly 

significant (ANOVA, F1,5=68.12, p<0.001). P. tricornutum showed the opposite 

response. Measured daily ETR in this species increased slightly from HLSI to 

Figure 6.3.4 ETR measured (thick black) and interpolated from parameters fit to the ETR-

irradiance relationship measured periodically across the photoperiod (red) in two diatoms 

grown under two dynamic light regimes. Light regimes are indicated in grey. Measured ETR 

are means of 3-4 measurements. 

T. pseudonana 

P. tricornutum 



152 
 

HLLF (HLLF = 102% of HLSI), although this difference was not statistically 

significant (ANOVA, F1,5=0.17, p<0.696).  

Estimates of daily ETR from single fits to the ETR-irradiance response 

varied wildly in their accuracy depending on the time of day the culture was 

sampled (Figure 6.3.6). For all cultures the 

poorest estimates were calculated from 

the ETR-irradiance response measured in 

samples taken at dawn. In T. pseudonana 

estimates from samples taken from 4 hours 

before midday until up to 2 hours after 

were most accurate, and differed from 

measured values by <15%.  Within this 

period estimates were most accurate for 

cultures grown under the HLLF regime, 

while samples from the HLSI regime tended to overestimate daily ETR. 

Calculations from curve fits measured towards dawn and dusk increasingly 

underestimated daily ETR to a degree which was largely independent of light 

regime. As for T. pseudonana, estimated ETR for P. tricornutum was most 

accurate when calculated from samples taken around midday but tended to 

underestimate daily ETR when calculated from samples taken closer dawn 

and dusk. However, in P. tricornutum ETR estimates were notably more 

accurate across the photoperiod in cultures grown under the HLLF regime 

Figure 6.3.5. Integrated daily ETR 

measured or interpolated from fits to 

periodically measured ETR-irradiance 

response curves in two diatoms grown 

under two dynamic light regimes. Error 

bars are 1 standard deviation. Letters 

indicate significance groupings at the 

95% confidence level. 

a a 

b 
b 

c 
c 

c c 



153 
 

than in cultures grown under the HLSI regime.  With the exception of two data 

points, the estimated ETR differed from the measured value by <18% across 

the photoperiod for P. tricornutum under HLLF. Meanwhile, under HLSI 9 of 

the 15 estimates of daily ETR deviated from the measured value by >18%. The 

overall greater accuracy of estimated daily ETR in P. tricornutum HLLF cultures 

compared with all other cultures can be illustrated numerically by averaging 

the absolute values of the percentage deviation reported in Figure 6.3.6. The 

mean percentage deviation of estimated daily ETR from measured values was 

17.0 and 18.0% in T. pseudonana grown under HLSI and HLLF respectively, 

and 20.3 and 10.5% in P. tricornutum grown under HLSI and HLLF respectively. 

Therefore, it can be concluded that increased variability in irradiance had 

minimal effect on the accuracy of daily ETR estimates in T. pseudonana but 

increased the accuracy of estimates in P. tricornutum.  
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As with ETR, the parameters of the NSV-irradiance relationship also 

varied somewhat across the photoperiod in both species (Figures 6.3.7 and 

6.3.8). T. pseudonana showed a pronounced increase in 𝐼50 from the onset of 

the photoperiod to within 1-2 hours of midday, followed by a decrease to 

dusk. This was also found for P. tricornutum to a lesser degree. The minimum 

NPQ, and maximum capacity for NPQ (𝑁𝑆𝑉0 and 𝑁𝑆𝑉𝑚𝑎𝑥 respectively in 

Figures 6.3.7 and 6.3.8) were less variable in T. pseudonana, than in with P. 

tricornutum. In P. tricornutum both 𝑁𝑆𝑉0 and 𝑁𝑆𝑉𝑚𝑎𝑥  were substantially 

higher around midday than at dawn and dusk. Although the values of 𝐼50, 

𝑁𝑆𝑉0 and 𝑁𝑆𝑉𝑚𝑎𝑥  differed between light regimes the variability in these 

parameters appeared to be minimally affected by light regime in T. 

Figure 6.3.6. Estimates of daily ETR from ETR-irradiance curves measured 

periodically across the photoperiod relative to measured daily ETR. Data are from two 

diatoms grown under two different dynamic light regimes. Error bars are 1 standard 

deviation. 

T. pseudonana 

P. tricornutum 
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pseudonana. The same appears to be true for P. tricornutum with the 

exception of 𝑁𝑆𝑉𝑚𝑎𝑥, which increased to a greater degree, and was more 

variable, under the HLLF regime than the HLSI regime. 

 

As would be expected, variability in NPQ over the course of the 

photoperiod closely followed changes in irradiance (Figure 6.3.9). NPQ was 

markedly higher in P tricornutum than in T. pseudonana under both light 

regimes. Under the HLLF regime NPQ also appeared to be activated at much 

lower irradiances in P. tricornutum than in T. pseudonana as NPQ is clearly 

evident during the second irradiance peak in the former, but not in the latter.  

Figure 6.3.7. Parameters of the NSV-irradiance response for T. pseudonana measured over the 

course of the photoperiod in two variable light regimes. Light regimes are indicated by thin 

lines. Error bars are 1 standard deviation. 
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Overall, the variability in NPQ over the photoperiod was also slightly 

asymmetrical, being greater prior to midday than after it. In Figure 6.3.9 this is 

only clear for P. tricornutum because of the scale of the axes, but also 

occurred in T. pseudonana. 

 

 

 

 

 

Figure 6.3.8. Parameters of the NSV-irradiance response for P. tricornutum measured over the 

course of the photoperiod in two variable light regimes. Light regimes are indicated by thin 

lines. Error bars are 1 standard deviation. 
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6.4. Consistency with previously reported data 

 Chapters 4 and 5 reported data collected at approximately midday. 

Comparing these with data presented in this chapter shows good agreement 

with the trend of the data between light regimes and species. ETR-irradiance 

plots presented in chapter 4 showed a reduction in 𝐼𝑘 concurrent with a slight 

increase in 𝐸𝑇𝑅𝑚𝑎𝑥 and 𝛼 between HLSI and HLLF regimes, while all three 

parameters were lower in P. tricornutum than in T. pseudonana. Data from 

midday samples presented in Figures 6.3.2 and 6.3.3 are consistent with these 

trends. Parameters of the NPQ-irradiance relationship and measurements of 

𝑎𝑐ℎ𝑙 presented in this chapter also show trends consistent with data in 

Figure 6.3.9. NPQ across the photoperiod in two diatoms grown under two dynamic light 

regimes. Light regimes are indicated by thin lines. Values are means of 3-4 measurements. 

T. pseudonana 

P. tricornutum 
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chapters 4 and 5. That said, the absolute values of several of the parameters 

presented here differ from those reported in previous chapters. This is most 

apparent in values of 𝐼𝑘 and 𝐼50, which were lower in this chapter than 

previously reported. Several factors may contribute to this. As was stated in 

the methods section of this chapter the culture conditions were different to 

those used earlier in the study. Not only was irradiance variability within the 

culture vessel different, but these cultures were mixed by a paddle, rather 

than the magnetic stirrer bar used in previous experiments. In previous 

cultures, to prevent the magnetic stirrer from getting stuck a minimum mixing 

speed had to be maintained which was notably greater than the maximum 

stirring speed of the paddle used to mix cultures for this part of the study. 

Differences in the rate of physical mixing can significantly affect growth and 

photophysiology in diatoms (Leupold et al., 2013; Sobczuk et al., 2006; 

Thomas and Gibson, 1990) and this may have contributed to differences 

between values reported in this chapter and those from previous chapters. 

The liner relationship between 𝐼𝑘 and 𝐼50 that was presented in Figure 

5.4.1 in Chapter 5 (page 109) is conserved in the data presented in this 

chapter (Figure 6.4.1). The slope of the liner regression between the two 

variables is consistent, having a value of 2.26 for data presented in this 

chapter, compared with 2.2 in Chapter 5. This supports the notion that 𝐼𝑘 can 

be estimated from 𝐼50 or vice versa (Serôdio and Lavaud, 2011), as well as 
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illustrating consistency between data presented in this chapter, and those 

presented in chapters 4 and 5. 

 

Since the trends in measured parameters remain largely consistent 

with trends reported in previous chapters the effects of light regime on 

growth rate (reported in chapter 4) can be correctly interpreted in terms of 

data presented in this chapter, although the absolute values cannot. For 

instance, calculation of growth efficiency based on daily ETR reported in this 

chapter, and growth rates presented in chapter 4 would evidently be 

incorrect.  

 

Figure 6.4.1. Relationship between ETR saturation irradiance (𝐼𝑘) and NPQ 

saturation irradiance (𝐼50). Filled shapes denote P. tricornutum, open shapes T. 

pseudonana. Data presented in this chapter from cultures grown under HLSI 

and HLLF light regimes, as well as data from 8 light regimes as presented in 

Chapter 5. Trendline has slope 2.26 and R2 0.86. Values are means of 3-4 

measurements; error bars are omitted to avoid confusion. 
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6.5. Effects of light fluctuations on intradiel variability in the ETR-irradiance 

response, and consequences for estimating daily photosynthesis 

 Across the photoperiod changes in the ETR-irradiance relationship, and 

in 𝑎𝑐ℎ𝑙 under HLSI appeared to reflect photoacclimation to the instantaneous 

irradiance as described in chapter 4. As irradiance increased, an increase in 

𝑎𝑐ℎ𝑙 consistent with a reduction in cellular chlorophyll and subsequent 

decrease in pigment packaging was observed, as was an increase in 𝐸𝑇𝑅𝑚𝑎𝑥 

and 𝐼𝑘. This is expected from photoacclimation to the instantaneous 

irradiance (Behrenfeld et al., 2004; Brunet et al., 2011; Dubinsky and 

Stambler, 2009). This was not the case for cultures grown under HLLF, in 

which photoacclimation across the photoperiod was generally reduced in 

magnitude compared with that under HLSI. This was particularly evident in P. 

tricornutum, and less so for T. pseudonana. 

 There is some evidence that photoacclimation of a parameter 

characterising the physiological state of phytoplankton to a shift in irradiance 

can be described empirically as a first order differential equation (Baklouti et 

al., 2006; Cullen and Lewis, 1988; Raven and Geider, 2003). In this model the 

rate of change in the parameter is dependent on the rate constant for 

photoacclimation and the magnitude of the difference between initial and 

fully acclimated values of the parameter. This is described by Equation 6.5.1 in 

which Γ is a parameter indicative of photoacclimation to a given irradiance 

(such as one of the parameters of the P-I response curve). Γ(𝑡) denotes the 
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value of Γ prior to a shift in irradiance and Γ𝑎𝑐𝑐𝑙𝑖𝑚𝑎𝑡𝑒𝑑 is the value of Γ once it 

is fully acclimated to the new irradiance. The rate constant of 

photoacclimation is denoted by 𝜏. 

𝛿Γ

𝛿𝑡
= 𝜏(Γ𝑎𝑐𝑐𝑙𝑖𝑚𝑎𝑡𝑒𝑑 − Γ(𝑡))  6.5.1 

Evidently, if 𝜏 is constant, periodic variability sufficiently more rapid 

than the rate of photoacclimation would depress photoacclimation, compared 

with variability in irradiance on longer timescales (Lewis et al., 1984). This 

appears to be case in the present data. Measurements of photoacclimation at 

a range of times across the photoperiod in response to light variability are 

scarce in the literature. However, data from van Leeuwe et al. (2005) support 

the hypothesis that rapid intradiel light variability reduces variability in 

photoacclimation. They showed that the intradiel variability in the maximum 

yield of photosynthesis in a diatom and a flagellate was higher in a sinusoidal 

light regime than in fluctuating regime with a 3-hour period. A further 

increase in intradiel variability was observed when the period of light 

fluctuations was increased to 1-hour. Similarly, Harding et al. (1987) reported 

minimal intradiel variability in the parameters of the P-I response to light 

fluctuations on timescales of several minutes to an hour. Further support for 

this hypothesis comes from field data. Measurements of the parameters of 

the P-I response in highly stratified waters show significant variability across 

the photoperiod, consistent with those reported here under the HLSI regime 
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in both species (Brunet et al., 2008; Erga and Skjoldal, 1990; Mercado et al., 

2006). Meanwhile measurements in turbid estuaries, in which phytoplankton 

can be expected to experience much greater intradiel irradiance variability, 

are less variable over the photoperiod (Macintyre and Cullen, 1996).  

The hypothesis that the rapid light fluctuations in the HLLF regime 

depress intradiel variability in photoacclimation can explain differences in the 

ETR-irradiance response and 𝑎𝑐ℎ𝑙 between HLSI and HLLF light regimes but 

does not explain the interspecific differences in this effect. Namely, that 

intradiel variability in photoacclimation is more greatly reduced by light 

fluctuations in P. tricornutum than in T. pseudonana. In the empirical model of 

photoacclimation presented above the rate of photoacclimation is not only 

dependant on 𝜏, but also on the magnitude of the change in the parameter 

describing photoacclimation (i.e. the value of Γ𝑎𝑐𝑐𝑙𝑖𝑚𝑎𝑡𝑒𝑑 − Γ(𝑡) in Equation 

6.5.1). A lower capacity for photoacclimation in P. tricornutum could 

therefore also reduce the rate of photoacclimation to irradiance shifts and 

would be expected to enhance the negative effect of light fluctuations on 

intradiel photoacclimation variability. P. tricornutum has previously been 

reported to have a very low plasticity in photoacclimation of the carbon-

specific parameters of the P-I response to different light levels (Geider et al., 

1985). However, chlorophyll-specific parameters of the P-I relationship in P. 

tricornutum, as are reported in this study, are variable with light intensity 

because of light dependant changes in the carbon:chlorophyll ratio (Geider et 
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al., 1985). This is therefore unlikely to be the reason for the species-specific 

response to light fluctuations reported here in the ETR irradiance response.  

It is important to note that changes in photoacclimation state across 

the photoperiod are unlikely to be solely a result of differences in the 

irradiance. Even under square-wave light regimes parameters of 

photoacclimation exhibit diel variability as a result of endogenous rhythms 

and the cell cycle (Bruyant et al., 2005; Prezelin, 1992). The magnitude of 

these variations are known to be species specific (Harding et al., 1981a, 

1981b). A possible explanation for the species-specific response to light 

fluctuations is that T. pseudonana has more pronounced endogenous 

variability in photoacclimation than P. tricornutum. Therefore, variability in 

photoacclimation in T. pseudonana is less susceptible to the impact of light 

fluctuations. 

Regardless of the cause and mechanism, intradiel variability in 

photoacclimation clearly has considerable potential impact on calculating 

daily photosynthesis from measurements taken at a single point in time. This 

is not just the case for ETR, as reported here, but also for other 

measurements of photosynthesis and parameters describing 

photoacclimation which can impact estimates of primary productivity 

(Harding et al., 1982; Mercado et al., 2006). Consistent with observations of 

natural populations, estimating daily photosynthesis from measurements 

made at approximately midday results in the smallest error in measurements 
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(Harding et al., 1982; Macintyre and Cullen, 1996; Walsby et al., 2001; 

Yoshikawa and Furuya, 2006). Using measurements made towards the 

extremes of the photoperiod and even outside the photoperiod (Isada et al., 

2009) can considerably reduce the accuracy of estimates. However, 

differences between HLSI and HLLF regimes in P. tricornutum suggest that this 

error may be reduced in environments in which cells experience more rapid 

light variability. It is hypothesised that accounting for intradiel 

photoacclimation may be less important in estimating daily photosynthesis in 

more highly mixed environments, as rapid light variability can reduce intradiel 

photoacclimation, although the magnitude of this impact appears to be 

species specific. Some support for this hypothesis comes from comparisons 

between measurements made in a turbid estuary, in which estimated daily 

photosynthesis was relatively accurate regardless of the time of sampling 

(Macintyre and Cullen, 1996), with measurements made in stratified shelf 

seas, in which sampling time had the potential to induce substantial errors in 

the calculation of daily photosynthesis (Walsby et al., 2001; Yoshikawa and 

Furuya, 2006). Measurements of daily photosynthesis as primary productivity 

are typically extrapolated from a single measurement that is not necessarily 

made at a consistent time of day (Alderkamp et al., 2015; Brush et al., 2002; 

Carmack et al., 2004; Domingues et al., 2011). As discussed above, the 

estimates of daily photosynthesis or primary production extrapolated in this 

way would be less accurate in more stratified conditions. Depending on the 
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magnitude of inaccuracies that sampling at different times of day could 

introduce, this may skew interpretations of the impacts of changes in vertical 

mixing, for example as a result of seasonality, on primary productivity if 

unaccounted for (e.g. as in Bouman et al., 2010; Domingues et al., 2011).  

Evidently the light environment is not the only environmental factor 

that can drive changes in photophysiology across the photoperiod, but it 

clearly plays an important role (Jouenne et al., 2005; Litaker et al., 1993).  

 

6.6. Restrictions on growth rate in fluctuating light 

 In order to measure ETR across the photoperiod cultures were kept 

dilute and were often diluted twice per day, once after dusk and again before 

dawn. Growth rates could therefore not be directly measured. As discussed in 

section 6.4 data presented in this chapter is analysed with reference to 

growth rates presented in chapter 4, which were measured in separate 

cultures. 

 Growth rates of P. tricornutum were less negatively affected by 

increasing amplitude of light fluctuations than those of T. pseudonana. Some 

authors have put forward the hypothesis that the changes in gross 

photosynthesis caused by a reduction in the efficiency of photosynthetic light 

utilisation could control phytoplankton growth rate in dynamic light 

environments (Litchman, 2000; Shatwell et al., 2012). Data in this study 
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suggests this may be the case in some species, but not in others. While T. 

pseudonana incurs a 22% reduction in daily ETR between HLSI and HLLF no 

such reduction was found for P. tricornutum. The equivalent daily ETR 

between HLSI and HLLF in P. tricornutum could be taken to indicate that 

differences in daily gross photosynthesis do not drive differences in growth 

rate between these species. However before concluding this an alternate 

explanation must be addressed. ETR is not necessarily proportional to 

photosynthetic carbon accumulation, but the two are typically correlated to 

some extent (Kroom and Thoms, 2006; Suggett et al., 2009). In chapter 4 it 

was reported that alternative electron sinks can drive differences between 

photosynthetic O2 evolution and PSII electron transport rate. Light driven 

oxygen utilisation by the Mehler reaction, PTOX or photorespiration may have 

substantially reduced O2 evolution rates from the daily ETR reported here. 

Although O2 evolution and possibility for alternative election sinks was not 

measured for P. tricornutum  in this study it has been measured in previous 

studies. Wagner et al. (2006) reported that alternative electron sinks 

comprised a greater fraction of the electrons from PSII photochemistry under 

a sinusoidal light regime than under a more rapidly fluctuating light regime 

(akin to the fluctuation amplitude of the HL regimes described in chapter 2). 

Since measurements of ETR and O2 evolution increasingly deviate the more 

light saturated O2 evolution becomes, this can be linked to the distribution of 

light dose with respect to irradiance across the photoperiod and the 
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saturation irradiance for O2 evolution. Wagner et al. (2006) concluded that 

alternative electron sinks throughout the photoperiod were proportionally 

greater under a sinusoidal light regime than under a fluctuating light regime 

of the same maximum irradiance because a greater fraction of the light dose 

was delivered at irradiances saturating to O2 evolution in the sinusoidal 

regime. For T. pseudonana in the present data, because of the considerable 

difference in saturation irradiance for O2 evolution between the HLSI and 

HLLF regime the fraction of electrons from PSII photochemistry used in 

alternative electron sinks is thought to be greater under the HLSI regime. 

Based on the saturation irradiance for O2 evolution (Table 4.3.3, page 73) and 

the distribution of light dose at different irradiances (Figure 2.4.1b, page 31) 

93% of the light dose was delivered at irradiances saturating to O2 evolution 

under the HLSI regime, but only 70% under HLLF. Although this fails to 

account for intradiel variability in the saturation irradiance of O2 evolution, 

daily ETR can be hypothesised to be overestimating gross photosynthesis, as 

measured by O2 evolution, to a greater extent in the HLSI regime than the 

HLLF regime. Consequently, differences in daily gross photosynthesis alone 

between variable light regimes cannot explain changes in growth rate, at least 

in the two diatoms studied here.  

Differences in daily ETR may explain interspecific differences in the 

negative effect of fluctuating light on growth rate. The low intradiel variability 

in the ETR-irradiance response in P. tricornutum under the HLLF regime 
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enabled this species to exploit peaks in irradiance towards the beginning and 

the end of the photoperiod better than T. pseudonana. A greater reduction in 

𝐸𝑇𝑅𝑚𝑎𝑥  and 𝛼 in T. pseudonana before and after midday meant that ETR 

during morning and afternoon irradiance peaks was proportionally lower than 

midday ETR compared with P. tricornutum. For example, integrated ETR 

during the first irradiance peak (from 0.5 to 1.5 h after dawn) was 34% of ETR 

during the midday peak (from 5.5 to 6.5 h after dawn) in T. pseudonana, 

compared with 45% in P. tricornutum. Consequently, daily ETR in T. 

pseudonana was lower in HLLF cultures than in HLSI cultures but was 

unaffected by light fluctuations in P. tricornutum. Since photosynthesis places 

a fundamental restriction on growth rate, the observation that daily ETR in P. 

tricornutum is not reduced by increased amplitude of light variability, whereas 

it is for T. pseudonana, may in part explain why growth rate in P. tricornutum 

is less negatively affected by light fluctuations. P. tricornutum, being an 

estuarine species, occupies an ecological niche characterised by high 

irradiance variability whereas T. pseudonana is a coastal and oceanic species, 

occupying an ecological niche characterised by low irradiance variability 

(Lavaud et al., 2007). It is hypothesised that limited photoacclimation under 

fluctuating irradiance is an adaptation to high light variability that enables 

more efficient photosynthetic utilisation of light during short-term peaks in 

irradiance, whilst avoiding the metabolic cost of photoacclimation. This 

hypothesis is supported by a modelling study demonstrating that lower 
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phenotypic plasticity in light harvesting confers a competitive advantage in 

more rapidly fluctuating light regimes (Stomp et al., 2008). 

Control by photoinhibition is an alternative hypothesis that has been 

put forward to explain the reduction of growth rates under higher amplitude 

light fluctuations (Alderkamp et al., 2010; Poll et al., 2007). Calculating 𝑞𝑝 

from FRRF measurements presented in this chapter, it is possible to estimate 

the rate constants of photodamage and repair based on relationships shown 

in chapter 5. The rate of gross photodamage (𝑘𝑖) can be calculated from its 

linear relationship with 𝐸(1 − 𝑞𝑝), and the rate constant for repair (𝑘𝑟) can 

be estimated from linear interpolation of the relationship between 𝑘𝑖 and 𝑘𝑟 

(see Figures 5.5.2 and 5.3.3 pages 116 and 105 respectively). Assuming an 

equilibrium between these two processes the impact of photodamage on 

maximum photochemical efficiency can be found. At equilibrium the 

functional Kok model of photodamage and repair presented in chapter 5 is 

described by Equation 6.6.1. 

𝑘𝑖𝑅𝐶𝐼𝐼𝑓 = 𝑘𝑟𝑅𝐶𝐼𝐼𝑖       6.6.1 

 Since the fraction of inhibited RCIIs (𝑅𝐶𝐼𝐼𝑖) is equal to 1 minus the 

fraction of functional (𝑅𝐶𝐼𝐼𝑓) this can be rewritten as Equation 6.6.2. The 

fraction of functional RCIIs at equilibrium can then be calculated according to 

Equation 6.6.3. 

𝑘𝑖𝑅𝐶𝐼𝐼𝑓 = 𝑘𝑟(1 − 𝑅𝐶𝐼𝐼𝑓)   6.6.2 
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𝑅𝐶𝐼𝐼𝑓 =
𝑘𝑟

𝑘𝑖+𝑘𝑟
    6.6.3 

 The estimated fraction of functional RCIIs across the photoperiod for T. 

pseudonana and P. tricornutum is shown in Figure 6.6.1. Clearly the 

substantially greater capacity for NPQ, and therefore PSII repair, in P. 

tricornutum means this species is far less susceptible to photodamage during 

the irradiance peaks in the HLLF regime. However, there is little difference 

between the two species under the HLSI regime. While P. tricornutum has a 

competitive advantage over T. pseudonana when it comes to photodamage in 

highly variable light regimes this is not the case when the variability in 

irradiance is lower. Differences in photodamage between the two species may 

therefore also explain why growth of P. tricornutum is less negatively affected 

by increased amplitude of light fluctuations than T. pseudonana. Previous 

studies have linked differences in photoprotective capacity to the dominance 

of certain species in more dynamic natural environments (Blommaert et al., 

2017; Kropuenske et al., 2009; Lavaud et al., 2007; Lavaud and Lepetit, 2013; 

Mills et al., 2010). Present data reinforces this link, further suggesting a role in 

the capacity for photoprotection in defining phytoplankton ecological niches. 
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Growth rate is not solely dependent on photosynthesis, but 

photosynthesis does place a fundamental restriction on growth in 

photoautotrophic organisms (Alderkamp et al., 2015; Arrigo et al., 2010; Fu et 

al., 2007). Changes in respiration and resource allocation can however impact 

growth rates independently of gross photosynthesis (Wu et al., 2014). The 

growth rate of P. tricornutum is reduced from the HLSI regime to the HLLF 

regime without a corresponding reduction in daily ETR. In fact, as discussed 

above, a probable decrease in the fraction of electrons involved in alternative 

electron sinks between HLSI and HLLF suggests that daily photosynthesis rates 

measured by O2 evolution would be higher under the HLLF regime (Wagner et 

al., 2006). Lower growth rates under the HLLF regime indicate a substantial 

T. pseudonana 

P. tricornutum 

Figure 6.6.1. Estimated fraction of functional PSII reaction centres in two diatoms grown 

under two dynamic light regimes. Light regimes are indicated by thin lines. Values are means 

of 3-4 measurements. 
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reduction in the quantum efficiency of growth. Although this may in part be 

caused by greater photodamage in the HLLF regime other factors may 

contribute (Raven, 2011). Differences in metabolic costs and molecular 

composition between phytoplankton species have previously been identified 

as important factors in determining the quantum efficiency of growth in static 

and dynamic light regimes (Kunath et al., 2012; Su et al., 2012). With the 

exception of a single measurement point (the high standard deviation of 

which may indicate experimental error) NPQ capacity in P. tricornutum is far 

more variable across the photoperiod in the HLLF regime than in the HLSI 

regime, increasing to a far greater extent around midday (Figure 6.3.9). 

Several studies have found that acclimation to rapid changes in irradiance on 

the timescales used here in the HLLF regime can promote significant de novo 

synthesis of xanthophyll pigments, particularly in species with a high plasticity 

in NPQ capacity such as P. tricornutum (Alderkamp et al., 2011; Lavaud et al., 

2004; Olaizola et al., 1994; van de Poll and Buma, 2009). This leads to the 

hypothesis that in addition to increased photodamage, a greater energetic 

investment in synthesis of xanthophyll pigments resulted in lower quantum 

efficiency of growth in P. tricornutum grown under the HLLF regime than 

under the HLSI regime (Alderkamp et al., 2011; Dimier et al., 2009). 
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6.7. Summary and conclusions 

 Examining PSII electron transport, NPQ, and acclimation of T. 

pseudonana and P. tricornutum across the photoperiod in two variable light 

regimes has led to three main conclusions. 

 Firstly, estimates of daily photosynthesis based on individual samples 

are significantly impacted by the time of day at which the samples are taken. 

Samples taken at midday tend to incur less error than samples taken at dawn 

or dusk, particularly in environments characterised by longer timescales of 

irradiance variability (Harding et al., 1982; Walsby et al., 2001; Yoshikawa and 

Furuya, 2006). The impacts of intradiel light fluctuations across the 

photoperiod on photoacclimation appear to be species-specific, with intradiel 

photoacclimation being more affected by increased light fluctuations in some 

species than others. More rapid light fluctuations tend to depress inter-diel 

photoacclimation and therefore reduce errors in estimates of daily 

photosynthesis from single measurements. It may be particularly important to 

account for this when exploring changes in daily photosynthesis or primary 

production from periods of low to high stratification. 

  Secondly, a competitive advantage in dynamic light regimes does not 

only arise from a greater photoprotective capacity. The lower variability in 

photoacclimation in P. tricornutum compared with T. pseudonana is 

hypothesised to confer a competitive advantage in rapidly variable light 
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environments. In dynamic light environments photoacclimation is rarely at 

equilibrium with the incident irradiance (Esposito et al., 2009). Continual 

photoacclimation is not only energetically costly, but also results in little 

payoff in terms of maximising photosynthesis and minimising photodamage 

(Stomp et al., 2008). Photoprotection is therefore more important than 

photoacclimation in more variable light environments. Furthermore, 

differences in both the capacity for photoacclimation and photoprotection 

may be important in defining ecological niches (Esposito et al., 2009; van 

Leeuwe et al., 2005).  

Finally, reductions in growth rate within a species associated with 

increasing amplitude of light fluctuations are unlikely to result solely from 

differences in gross photosynthesis. Rather, greater photodamage and 

increased resource allocation to photoprotective mechanisms are more likely 

to be the cause (Alderkamp et al., 2011; Dimier et al., 2009; Raven, 2011). 

Increasing interest in microalgal biofuels has led to substantial research in 

maximising the rate of growth and biomass accumulation. Several studies 

have investigated the use of high amplitude variable light environments as a 

possible mechanism to accomplish this (Bechet et al., 2013; Tamburic et al., 

2014; Yarnold et al., 2015). Minimising the energetic cost of photodamage 

and photoacclimation on phytoplankton growth therefore should be an 

important target in biofuels research (Wilhelm and Jakob, 2011). 

 



175 
 

7. Conclusions, implications, and recommendations for future work 

 

7.1. Acclimation to fluctuating light regimes is dominated by 

photoprotection 

 Overall, this study found photoacclimation in fluctuating light regimes 

could not be well described by a single parameter descriptive of the light 

environment. Of the parameters examined, either the maximum irradiance, 

or the newly defined parameter, 𝐼𝑀𝑒𝑑
𝐷  (which was strongly related to the 

maximum irradiance) showed the strongest, or second strongest correlation 

with 5 of the 6 variables used to characterise photoacclimation (R2 0.56 to 

0.81). A summary of the principal findings of this study on the mode of 

acclimation to increasing light fluctuation amplitude is illustrated in Figure 

7.1.1, along with the key differences between the two study species. In 

general, acclimation to increasing amplitude of light fluctuations was 

characterised by an apparent reduction in cellular light absorption, an 

increase in the capacity for photochemical quenching and alternative electron 

sinks, and greater non-photochemical quenching (NPQ). Under static light 

regimes these are all characteristic mechanisms to limit photodamage by 

excess excitation of PSII (photosystem II) and are typical responses to an 

increase in irradiance (Derks et al., 2015; Dubinsky and Stambler, 2009). 

Several studies have previously reported a similar response in diatoms as a 
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result of increasing fluctuation amplitude under constant light dose (Boelen et 

al., 2011; Fietz and Nicklisch, 2002; Grouneva et al., 2016), or little change in 

light absorption, photosynthesis-irradiance (P-I) response, and 

photoprotection between fluctuating light regimes of similar maximum 

irradiance (Boelen et al., 2011; Lepetit et al., 2017; van de Poll et al., 2010; 

van Leeuwe et al., 2005; Wagner et al., 2006). The apparent importance of 

maximum irradiance in driving acclimation under fluctuating light regimes 

may indicate that the role of photoreceptors in acclimation is more important 

than redox signalling in diatoms (Costa et al., 2013b; Jaubert et al., 2017). This 

conclusion also provides an experimental counterpart to the finding that 

phytoplankton populations in vertically mixed environments are acclimated to 

light intensities above the mean irradiance (Moore et al., 2006; Schloss and 

Ferreyra, 2002). It also calls into question the use of the median irradiance in 

the mixed layer as an indicator of phytoplankton acclimation state in models 

(Behrenfeld et al., 2016).  

Despite the apparent importance of maximum irradiance in driving 

acclimation to fluctuating light the light dose appears to modulate this 

response. Data presented here and by others show that differences in growth 

rate, NPQ, PSII electron transport, and light harvesting between fluctuating 

light regimes were greater under a higher light dose (Shatwell et al., 2012).  

When fluctuating light regimes were compared to static regimes, 

acclimation of T. pseudonana and P. tricornutum was also found to be mostly 
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photoprotective with respect to the maximum irradiance. Capacity for 

photochemical quenching, NPQ, and alternative electron sinks increased 

between a square-wave regime and fluctuating regimes of the same light 

dose, and the effective PSII size decreased. As a result, PSII excitation 

pressure, which was shown to be proportional to photodamage, was much 

lower in cultures acclimated to fluctuating light regimes than those grown 

under static light. Very few studies have compared diatom growth and 

photophysiology under fluctuating light regime to that under static light. Two 

studies have reported higher chlorophyll specific maximum photosynthesis 

rates and saturation irradiances for photosynthesis under fluctuating light, as 

was found here (Fietz and Nicklisch, 2002; Shatwell et al., 2012). Additionally, 

some studies have examined changes in light harvesting between static and 

fluctuating light regimes and have reported either a minor increase in 

chlorophyll-a specific absorption coefficients under fluctuating light (Fietz and 

Nicklisch, 2002; Nicklisch, 1998), or little change in cellular pigment content 

(Hoppe et al., 2015). Here, differences in chlorophyll-a specific light 

absorption between fluctuating and constant light were found to be 

dependent on the amplitude of the fluctuations. Under high amplitude 

fluctuations chlorophyll-a specific light absorption was similar to that under a 

square-wave of the same dose, but was lower under the two lower amplitude 

fluctuating light regimes. Most studies comparing acclimation between 

fluctuating and square-wave light use relatively high fluctuation amplitudes. 
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This may be the reason why other authors have found little difference in light 

harvesting between cultures acclimated to square-wave and fluctuating light 

regimes (Fietz and Nicklisch, 2002; Hoppe et al., 2015; Nicklisch, 1998).  

Differences in acclimation between square-wave and fluctuating light 

regimes also appear to be modulated by the light dose. This was found here 

for the NPQ-irradiance response (particularly in P. tricornutum) and the 

saturation irradiance of PSII electron transport rate (ETR).  

 

Figure 7.1.1. Illustration of key findings of mode of acclimation to changing light 

fluctuation amplitude under constant light dose. Interspecific differences relating to 

ecological niche are also illustrated. Relative size of arrows indicates differences in 

the magnitude of processes (not to scale) 
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One implication of the different photophysiology and reduced growth 

rate under fluctuating light, compared with square-wave light regimes, is that 

the impacts of other environmental factors on phytoplankton may differ 

between dynamic and static light environments. This has already been 

demonstrated in a few studies. Acclimation to fluctuating light has been found 

to reduce the deleterious effect of ultraviolet light on photosynthesis and 

primary production compared with acclimation to square-wave light regime, 

(Guan and Gao, 2008; Xing et al., 2015). This is constant with the 

photoprotective response to light fluctuations reported in the present study. 

Additionally, compared with square-wave light regimes, fluctuating light has 

been found to enhance the impact of temperature changes on 

photophysiology (Xu et al., 2016), as well enhancing the negative impact of 

ocean acidification on light use efficiency (Hoppe et al., 2015). These studies 

illustrate that significant differences in photophysiology between light 

environments make the application of conclusions from laboratory research 

conducted under square-wave light regimes, to natural phytoplankton 

populations, very difficult. It is imperative that the impact of light variability 

on phytoplankton physiology be understood in order to correctly interpret 

research outcomes from static light environments in the context of the 

naturally dynamic marine light environment. 
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7.2. Growth rate under fluctuating light is reduced by greater photodamage 

and energy investment in photoprotection 

 Increasing the amplitude of light fluctuations that occur on timescales 

of several minutes to a few hours has a typically negative impact on 

phytoplankton growth rate when the light dose is unchanged (Lavaud et al., 

2007; Mitrovic et al., 2003; Nicklisch, 1998; Nicklisch and Fietz, 2001; Shatwell 

et al., 2012; Wagner et al., 2006). This was found to be the case for both T. 

pseudonana and P. tricornutum, although the growth rate of P. tricornutum 

was less negatively affected than the growth rate of T. pseudonana.  

 Similar values of daily ETR under a fluctuating and a sinusoidal light 

regime demonstrated that the lower growth rate of P. tricornutum under the 

fluctuating regime was unlikely to be caused by a reduction in the quantum 

efficiency of photosynthesis as some studies have hypothesised (Shatwell et 

al., 2012). Instead, greater photodamage, and greater energy investment in 

mitigating photodamage (e.g. by increasing the capacity for NPQ) are 

hypothesised to reduce growth rates in fluctuating light regimes (Su et al., 

2012; van de Poll et al., 2011).  

Substantial evidence for midday photodamage in natural populations 

in relatively static mixing environments support the importance of this 

process in controlling phytoplankton growth and distribution (Brunet et al., 

2008; Sagert et al., 1997; Wu et al., 2011; Yue et al., 2014; Zhang et al., 2008). 
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However, the role of photodamage in limiting growth in more dynamic 

irradiance environments, and as a possible factor in shaping phytoplankton 

distributions, remains relatively poorly researched (Alderkamp et al., 2010; 

van de Poll et al., 2011). 

 

7.3. Interspecific differences and ecological niche 

 T. pseudonana and P. tricornutum appear to represent two different 

ecotypes when it comes to adaptation of photophysiology to fluctuating light. 

Compared with P. tricornutum, T. pseudonana is characterised by a higher 

saturation irradiance, and higher maximum capacity, for chlorophyll-specific 

ETR, and also has a smaller effective PSII antenna. A higher chlorophyll-a 

specific absorption coefficient in T. pseudonana also suggests this species has 

a lower cellular chlorophyll-a content, which is corroborated by previous 

research (Poulin et al., 2018). In general, based on light harvesting and 

electron transport, T. pseudonana appears to be adapted to higher intensity 

light environments than P. tricornutum (Schwaderer et al., 2011). Conversely, 

when considering photoprotection, T. pseudonana appears to be adapted to 

lower light intensity environments than P. tricornutum. T. pseudonana was 

found to have a lower capacity and plasticity for NPQ, and consequently 

experiences greater net photodamage than P. tricornutum under high light 

levels (Lavaud et al., 2007). Both of these findings are consistent with 
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previous research, which has shown that the photosynthetic light utilisation 

of T. pseudonana is adapted to higher light levels than P. tricornutum (Burris, 

1977; Geider et al., 1986, 1985; Kolber et al., 1988; Sobrino et al., 2008), while 

P. tricornutum has a higher capacity for NPQ (Goss et al., 2006; Lavaud et al., 

2007; Zhu and Green, 2010). Consequently, under square-wave light T. 

pseudonana has been found to outcompete P. tricornutum at most light 

intensities, although the opposite occurs under very low light intensities 

(Nelson et al., 1979; Sharp et al., 1979). However, as demonstrated here, the 

photophysiology of P. tricornutum may confer a competitive advantage in 

dynamic light environments. 

This study also presented the apparently novel finding that intradiel 

variability in light absorption and the ETR-irradiance relationship were more 

greatly suppressed under higher amplitude light fluctuations in P. tricornutum 

than in T. pseudonana. This is thought to have reduced the energy investment 

in low payoff photoacclimation under fluctuating light (Stomp et al., 2008). It 

also enabled P. tricornutum to maintain a daily ETR under a fluctuating light 

regime comparable to the daily ETR under a sinusoidal regime. In contrast, 

daily ETR in T. pseudonana grown under a fluctuating light regime was only 

78% of that in cultures grown under a sinusoidal regime. 

Differences in photophysiology between these two species resulted in 

the growth rate of P. tricornutum being less negatively affected by light 

fluctuations than the growth rate of T. pseudonana. The combination of low 
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light adaptation in light absorption and electron transport, and high light 

adaptation in photoprotection in P. tricornutum, is hypothesised to be an 

adaptation to dynamic light environments in which cells may spend a large 

proportion of the photoperiod at low light levels, punctuated by occasional 

rapid increases to very high light levels. Meanwhile, T. pseudonana is 

hypothesised to be adapted to less variable light environments. 

This is consistent with the ecological niche of the two species. P. 

tricornutum is an estuarine species (Lavaud et al., 2007; Lavaud and Lepetit, 

2013). The high turbidity and turbulence of an estuarine environment means 

this species experiences a highly variable light environment. T. pseudonana is 

a coastal and oceanic species, and therefore experiences a less variable light 

environment (Lavaud et al., 2007). This data supports the hypothesis that light 

variability drives species dynamics in mixed environments (Huisman et al., 

2004; Key et al., 2010), as well as the hypothesis that differences in 

photoprotection may determine ecological niche (Lavaud et al., 2007). This 

study also puts forward the new hypothesis that lower intradiel acclimation of 

light harvesting and the photosynthesis-irradiance response confers a 

competitive advantage in dynamic light environments.  
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7.4. Experimental errors in measurements made in dynamic light 

environments 

 This study identified two possible sources of error in measurements of 

photosynthesis. Both were previously known, but the impact of light 

variability on them is poorly researched. 

 Firstly, the relationship between ETR and O2 evolution in T. 

pseudonana became non-linear as O2 saturated under fluctuating light 

regimes. Under a square-wave regime the relationship remained linear. This 

has also been reported for P. tricornutum and is hypothesised to be caused 

primarily by an increase in cyclic electron transport around PSII (Wagner et 

al., 2016, 2006). In recent years the use of variable fluorescence to measure 

PSII ETR and estimate photosynthesis and primary productivity in aquatic 

ecosystems has become increasingly popular. Compared with measurements 

of gas exchange, which require samples to be incubated for a period of time 

in a contained environment, fluorescence measurements can be made near-

instantaneously in situ, and can capture a greater spatial and temporal 

resolution (Suggett et al., 2010). Since the FRRF method exclusively measures 

PSII photochemistry, a series of exchange rates need to be used to convert 

this measurement into an estimate of O2 evolution or carbon assimilation 

(Suggett et al., 2009). These exchange rates are often parameterised from 

laboratory studies using square-wave light regimes (Melrose et al., 2006; 

Suggett et al., 2009), and as such may fail to capture the apparent decoupling 
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between PSII ETR and O2 evolution observed under dynamic light regimes 

(Wagner et al., 2006). This could result in a substantial overestimation of 

photosynthetic O2 evolution and should be considered when using variable 

fluorescence to estimate photosynthesis in dynamically illuminated 

phytoplankton populations.  

 Secondly, acclimation across the photoperiod is known to impact 

measured parameters of the photosynthesis-irradiance response throughout 

the day. This can lead to errors in estimating daily photosynthesis in natural 

systems from measurements taken at a single time of day (Harding et al., 

1982). In this study it was found that variability in the ETR-irradiance response 

was higher in cultures grown under a sinusoidal light regime, than in cultures 

grown under a more highly fluctuating regime. This difference was species-

specific, and greater in P. tricornutum than in T. pseudonana. As a result of 

these differences between light regimes, estimates of daily ETR from samples 

taken at a single time of day incurred on average 10% less error in cultures of 

P. tricornutum grown under a more highly fluctuating light regime. This may 

indicate daily photosynthesis or ETR estimated from single samples is more 

accurate in environments with greater vertical mixing, than in more stratified 

environments. Under both light regimes the error was minimised by using 

midday measurements 
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7.5. Recommendations for future work 

 It remains unclear what aspects of the light environment are important 

factors in driving acclimation and photosynthesis of phytoplankton. This is a 

particular point of interest in order to refine predictions of photoacclimation 

and photosynthesis to changing environments. Current models of 

photosynthesis and primary production may be based on the assumption that 

a single parameter of the light environment is sufficient to predict 

photoacclimation (Behrenfeld et al., 2016; Graff et al., 2016). The present 

study indicates this may not be correct. In recent decades global climate 

change has caused worldwide changes in ocean stratification and vertical 

mixing, and these changes are predicted to continue in the future (Behrenfeld 

et al., 2006; Saba et al., 2016). To understand and predict the responses of 

phytoplankton to such changes, an understanding of which aspects of the 

light environment are most important in driving acclimation is vital.  

To date, much of the laboratory research on acclimation of 

phytoplankton to dynamic light has involved predictable light environments 

such as those used in this study. However, these are highly unrealistic and fail 

to capture the true variability in light intensity experienced by phytoplankton 

in aquatic environments. Phytoplankton acclimation and photosynthesis 

needs to be studied under more stochastic light regimes in order to better 

relate laboratory experiments using predictable light regimes to responses of 

natural phytoplankton populations. 
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 This study aimed to examine how phytoplankton respond to changes in 

irradiance comparable with those caused by vertical mixing, but did not take 

into account depth-dependant variability in light spectra (Morel and 

Maritorena, 2001). Photosynthetic light absorption, photoreceptors that may 

be involved in photoacclimation, and the proposed mechanism of PSII 

photodamage are all wavelength dependant (Costa et al., 2013b; Havurinne 

and Tyystjärvi, 2017; Markager and Warwick, 2001). Variability in light quality 

in dynamic light environments can therefore be expected to impact 

photosynthesis, photoacclimation and photodamage in phytoplankton. Thus 

far, some research has investigated the impact of ultraviolet radiation on 

phytoplankton (Bertoni et al., 2011; Bouchard et al., 2005; Janknegt et al., 

2009), but the effects of spectral variability in the context of vertical mixing 

remain largely unknown. 

 Finally, a distinct species-specific response was observed between 

growth and acclimation of the two diatoms studied here in response to light 

fluctuations. Other authors have reported similar species-specific responses 

both among and between phytoplankton groups (Lavaud et al., 2007; 

Litchman, 2000; Su et al., 2012). To understand how light variability can drive 

species distributions and diversity the impact of light variability on a wider 

range of species needs to be assessed. This could also lead to a greater 

understanding of the processes and mechanisms responsible for determining 

phytoplankton distributions and diversity in the ocean.  
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