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Chapter 1. General introduction 

The primary source of energy for nearly all life is the Sun. The energy in sunlight is introduced into 

the biosphere by a process known as photosynthesis, which occurs in plants, algae and some types 

of bacteria. Photosynthesis can be defined as the physico-chemical process by which photosynthetic 

organisms use light energy to drive the synthesis of organic compounds. Photosynthesis of 

eukaryotic and prokaryotic (such as cyanobacteria) algae, generally takes place on and in the 

thylakoid membrane, which in eukaryotic cells is further bound within specialised organelles called 

chloroplasts (Fig. 1). The process of photosynthesis can, for convenience, be split into two parts, the 

light reactions and the dark reactions. Proteins and organelles involved in the light reactions are 

located within the thylakoid membrane (and thylakoid compartment) (Fig. 2), whilst dark reactions 

occur within the stroma (the substance surrounding the thylakoids). In the light reactions, protons 

are withdrawn from water and passed along a series of hydrogen carriers to nicotinamide-adenine-

dinucleotide-phosphate (NADP), so that NADPHB2B is formed and oxygen is liberated. Associated 

with this proton (or electron) transport there is a conversion of adenosine-di-phosphate (ADP) and 

inorganic phosphate to adenosine-tri-phosphate (ATP), probably two (or, on average some 

fractional number between one and two) ATP molecules being formed for every two electrons 

transferred or molecule of NADP reduced. The light reactions can be summarised by the equation: 
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In the dark reactions, the NADPHB2B produced in the light reactions is used to reduce CO B2B to the level 

of carbohydrate. This is associated with an increase in free energy, which is supplied by the 

concomitant breakdown of ATP produced in the light reactions. The dark reactions can be 

summarized by the equation: 
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Thus the overall photosynthetic process can be represented by: 
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Chapter 1. General Introduction 

 

Figure 1. A. An electron micrograph of a plant chloroplast (Micrograph by A.D. Greenwood, 

reprinted from Whitmarsh & Govindjee 1995). The chloroplast is about 6 Å long. Inside the 

chloroplast is the photosynthetic membrane, which is organized into stacked and unstacked 

regions. It is not known why the photosynthetic membrane has such a complicated 

architecture. The stacked regions are linked by unstacked membranes. B. A model of the 

chloroplast (Ort 1994) showing the photosynthetic membrane. 

 

Figure 2. Thylakoid membrane with the 4 membrane intrinsic polypeptide complexes: PS I, 

PS II, cytochrome b6f and the ATP synthase connected to the Calvin Cycle in the stroma. 

Abbreviations: P680: reaction centre Chl of PS II, Ph: phaeophytin acceptor of PS II, QA and 

QB: quinone acceptors of PS II, PQ and PQH2: plastoquinone and reduced plastoquinone, 

Cyt: cytochrome, PC: plastocyanin (note that PC does not mean phycocyanin in this figure) 

FeS: bound iron sulfur acceptor of PS I, P700: reaction centre Chl of PS I, A0: primary 

acceptor of PS I, Fd: soluble ferredoxin (Figure reprinted from Nield, J. (1997) Ph.D. Thesis, 

University of London, UK). 
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Chapter 1. General Introduction 

These chemical changes are associated with a considerable increase in free energy, which is made 

possible by the light energy absorbed by the antennae systems of photosystem one and two (PS I & 

PS II). Each photosystem consists of a peripheral antenna or light-harvesting complex, an inner 

antenna and the reaction centre (Fig. 2). 

Most light energy is absorbed by the peripheral antenna which can contain an extensive set of light-

harvesting pigments. Different pigment assemblages are characteristic of different taxonomic 

groups, although chlorophyll a (chl a) is present in all microalgae species. Prokaryotic 

cyanobacteria are characterised by containing phycocyanin and/or phycoerythrin. Eukaryotic 

species fall into two groups based on pigment composition: the chlorophyll a/c containing algae, 

such as diatoms, dinoflagellates and prymnesiophytes, and the chlorophyll a/b containing 

chlorophytes (‘green algae’). Other accessory pigments are present in the antennae which may also 

play protective roles against excess light absorption (β-carotene). When a pigment molecule in the 

antenna is hit by light photons (photon) (Fig. 3), the energy of the photon is transferred to the 

pigment molecule causing an electron to move to a higher energetic level (an excited state). 

Optimum positioning of the pigments within the antennae ensures that the excited state is 

transferred through the antennae to the reaction centre of a photosystem. Electron transfer through 

the electron transport chain (ETC) starts after absorption of a photon followed by excitation of the 

reaction centre of PS II (Figure 4).  

In the reaction centre, charge separation takes place and the electron acceptor is reduced. In four 

steps a manganese complex splits two water molecules from the lumen into one oxygen molecule, 

four protons and four electrons. Reduced phaeophytin is reoxidised by the transfer of electrons to 

the primary electron acceptor (QBAB). Ferredoxin is reduced via further electron acceptors (inter alia 

plastoquinone pool and PS I). The transport of four electrons via the thylakoid membrane causes the 

transport of protons on the membrane. This leads to formation of a pH gradient. The gradient 

provides the driving force for the ATPase to synthesise ATP from ADP and phosphate. In the case 

of the linear electron transport, ferredoxin gives its charge to the enzyme ferredoxin-NADP-

reductase. This facilitates the synthesis of NADPHB2B from NADP. The fundamental products of 

photosynthesis (ATP, NADPHB2B) are then available for a number of secondary pathways, including 

carbon reduction, nitrate reduction, sulphate reduction and ATP production (Falkowski & Raven 

1997, Behrenfeld et al. 2004).  
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Figure 3. Basic concept of photosynthetic antenna and reaction centre function. (Figure 

reprinted from of HThttp://photoscience.la.asu.edu/photosyn/education/antenna.html TH). 

In order to summarise the complex processes involved in autotrophic primary production to more 

ecologically relevant concepts, photosynthesis (P) can be considered as the conversion of light 

[electromagnetic radiation] into metabolic energy. Respiration (R) is the inverse process, where 

metabolic energy is converted into heat (Williams 1993). However, an operational definition of 

primary production must be defined in terms of a measurable flux of a material. Carbon and oxygen 

are generally the most common and interchangeable material fluxes measured and considered the 

most practical by ecologists. Therefore, a number of ecologically relevant operational definitions of 

primary production can be defined (Williams 1993, Sakshaug et al. 1997): 

• Gross primary production (P BgB): is the organic carbon produced by the reduction of carbon as 

a consequence of the photosynthetic process over some specified time period (gC h P

-1
P). It 

corresponds to the (gross) oxygen evolution rate or rate of electron equivalents that have 

been photo-chemically extracted from the oxidation of water, assuming the absence of 

respiratory losses.  

• Net primary production (PBnB): is P BgB minus the losses in carbon or oxygen due to autotrophic 

respiration over some specified time period. 

• Net community production (PBncB): is P BgB minus all losses in carbon or oxygen due to 

respiration (autotrophic and heterotrophic) over some specified period of time.  

Although photosynthesis occurs in cells or organelles that are typically only a few microns across, 

the process has had a profound impact on the earth's atmosphere. Anthropogenic carbon dioxide 

(COB2B) release by the burning of fossil fuels is estimated to be 7 x 10P

15
P grams of carbon/year.  
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Figure 4. The Z-scheme showing the electron transport pathway from water (HB2BO) to NADP+ 

(the Nicotinamide Adenine Dinucleotide Phosphate, oxidized form). Abbreviations used are 

(from left to the right of the diagram): Mn for a manganese complex containing 4 Mn atoms, 

bound to Photosystem II (PSII) reaction centre; Tyr for a particular tyrosine in PSII; OB2B for 

oxygen; H+ for protons; P680 for the reaction centre chlorophyll (Chl) in PSII: it is the 

primary electron donor of PSII; Excited (Chl) P680 for P680* that has the energy of the 

photon of light; Pheo for pheophytin molecule (the primary electron acceptor of PSII; it is like 

a chlorophyll a molecule where magnesium (in its centre) has been replaced by two "H"s); Q BAB 

for a plastoquinone molecule tightly bound to PSII; Q BBB for another plastoquinone molecule 

that is loosely bound to PSII; FeS for Rieske Iron Sulphur protein; Cyt. f for Cytochrome f; 

Cytb6 (L and H) for Cytochrome b6 (of Low and High Energy); PC for copper protein 

plastocyanin; P700 for the reaction centre chlorophyll (Chl; actually a dimer, i.e., two 

molecules together) of PSI; it is the primary electron donor of PSI; Excited (Chl) P700 for 

P700* that has the energy of the photon of light; Ao for a special chlorophyll a molecule 

(primary electron acceptor of PSI); A1 for a phylloquinone (Vitamin K) molecule; FX, FA, 

and FB are three separate Iron Sulphur Centres; FD for ferredoxin; and FNR for Ferredoxin 

NADP oxido Reductase (FNR). Three major protein complexes are involved in running the 

"Z" scheme: (1) Photosystem II; (2) Cytochrome bf complex (containing Cytb6; FeS; and 

Cytf ) and (3) Photosystem I. The diagram does not show where and how ATP is made. 

(Figure reprinted from HThttp://www.life.uiuc.edu/govindjee/photoweb/NewZScheme.jpgTH).  
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The potential changes in the radiative properties of the Earth’s atmosphere brought about by the 

combustion of fossil fuels and forest clearance represents the first major biologically induced 

alteration in the Earth’s climate since the Carboniferous epoch, some 360 million years ago 

(Falkowski & Raven 1997). Marine ecosystems play a vital role in mitigating this increase by acting 

as a sink for atmospheric COB2B. It is estimated that the oceans remove about 2 x 10P

15
P grams of carbon 

/year from the atmosphere, which is eventually stored on the ocean floor. A substantial fraction of 

marine carbon fixation occurs within coastal and estuarine habitats. Although these habitats cover 

relatively small areas on a global scale they are among the most productive ecotypes because of the 

availability of plentiful nutrients and irradiance (sun light). Biogeochemical cycles (e.g. carbon, 

nitrogen, ect.) are coupled and the relationships between cycles are multifaceted, nonlinear, and 

often involve complex feedbacks (Falkowski & Raven 1997). This can mean that certain 

ecosystems and the functions that they provide can have profound and disproportionate influences 

on biogeochemical cycles. An example of this phenomenon is Northern peatlands and wet tundra 

regions, which contain large amounts of stored organic carbon and have a very large potential for 

exchange of greenhouse gases (COB2B, CH B4B) with the atmosphere (Christensen et al. 2003).  

Estuaries and coastal ecosystems have been shown to provide a number of vital ecosystem services 

other than carbon fixation, such as coastal protection, fisheries, habitat diversity and nutrient 

removal. The dynamics of these systems have been shown to be sensitive to global change (De 

Jonge & De Jong 2002). At present almost 50 % of the world’s population lives within the coastal 

zone and as global population rise continues, the anthropogenic pressure exerted on these crucial 

areas is likely to increase (Goldberg 1994). Within estuarine and coastal areas the role of benthic 

photoautotrophs (such as microphytobenthos, macroalgae and macrophytes) in global and regional 

biogeochemical cycling has received increased interest (de Jonge 1992, Pinckney & Zingmark 

1993a, Sundback et al. 2000, Guarini et al. 2002, Dalsgaard 2003).  

The microphytobenthos (MPB) can be a significant component of estuarine and coastal ecosystems 

(MacIntyre et al. 1996). Microphytobenthos include pennate and centric diatoms, cyanobacteria, 

chlorophytes, and other microscopic algae living at the sediment/water interface in littoral and 

neritic ecosystems (Fig. 5). This group of highly productive phototrophic microorganisms is 

estimated globally to fix 5 x 10 P

8
P grams of carbon/year (Cahoon 1999). The importance of MPB in 

coastal and estuarine ecosystems is not limited to their influence on carbon cycling (de Jonge 1992, 

Barranguet et al. 1997, Guarini et al. 1998, Underwood & Kromkamp 1999, Blanchard et al. 2000, 

De Brouwer et al. 2003). MPB have been shown to actively modify sediment properties through the 
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exudation of extracellular polymeric substances (EPS) (Underwood et al. 1995, Smith & 

Underwood 1998, Stal 2003), increasing the sediment erosion threshold (De Brouwer et al. 2000, 

Widdows et al. 2000, Yallop et al. 2000). The high photosynthetic activity of MPB strongly 

influences O B2B and nutrient fluxes across the sediment-water interface (Webster et al. 2002, Bartoli et 

al. 2003, Dalsgaard 2003, Tyler et al. 2003). They are an important food source for both benthic and 

pelagic communities (Macintyre et al. 1996, Underwood and Kromkamp 1999, Herman et al. 2001) 

meaning that knowledge about MPB community dynamics and primary carbon production (PP

c
P) is 

important for understanding estuarine food-webs (Middelburg et al. 2000). 

 

Figure 5. Electron micrograph of the sediment surface covered by a MPB biofilm, 

predominantly made up of diatom species. Note the large difference in size between species. 

Figure was kindly donated by D.M. Paterson. 

Even though the appreciation of MPB as a regional and globally important component of littoral 

and neritic ecosystems has increased over the last 30 years, the coverage of studies is quite poor. 

The majority of studies on MPB ecosystem functions have been conducted in N. America and 

Europe with only a very limited number conducted in polar and tropical regions (Cahoon 1999). 

The variability in estimates of key MPB functions, such as primary production, is very large 

(Underwood & Kromkamp 1999). This is partly due to the difficulty of applying primary 

production methods to soft sediment habitats and the mismatch between the temporal and spatial 

scales of measurements compared to those of critical processes. When considering intertidal MPB, 

where environmental forcing is dominated by tidal emersion and immersion, the temporal scale of 

variability in primary production is likely to match that of immersion/emersion cycles. The 
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temporal constraints of tides also affect the spatial coverage of MPB studies, meaning that the time 

available to sample an area is limited by the immersion cycle (therefore limiting spatial coverage). 

The large variability in biomass and primary production observed at small spatial scales on tidal 

flats (Shaffer & Onuf 1985), means ‘up-scaling’ measurements to estimate ecosystem primary 

production are difficult (de Jonge 1992). The detailed characterisation of the temporal and spatial 

variability of MPB primary production thus requires the appropriate matching of the scales of 

measurement to the scales at which the process affecting microalgal photosynthesis actually takes 

place (Serôdio, 2003).  

The biomass and primary production of MPB often has a patchy spatial distribution at a variety of 

scales (Shaffer & Onuf 1985, Saburova et al. 1995, Sandulli & Pinckney 1999). This is a result of a 

spatially complex combination of environmental properties (sediment properties, tide and shore 

height) and removal processes (such as resuspension and grazing), which are all essentially related 

to wind and tidal induced hydrodynamic forcing (de Jonge 1992, Brotas et al. 1995, Blanchard et al. 

2001). Biotic interactions with the sediment, such as bioturbation or stabilisation, act to reinforce 

the patchy distributions (Herman et al. 1999, De Deckere et al. 2000, Van de Koppel et al. 2001). 

Temporal variation in biomass and primary production also occurs over a wide range of scales. 

Inter-annual variations appear to be related to climatic conditions (i.e. wind, temperature and 

precipitation influencing river runoff) (De Jonge & Colijn 1994, De Jonge 2000). Seasonal 

variations appear to be controlled by day length (light dose), temperature and grazing pressure (De 

Jong & De Jonge 1995, Guarini et al. 1997, Barranguet et al. 1998, Sagan & Thouzeau 1998, 

Goldfinch & Carman 2000). Although clear seasonal patterns are not always found (Brotas et al. 

1995), indicating the importance of short-scale and deterministic processes (such as storms and 

periods of high wind speed) on the dynamics and primary production of MPB. It should also be 

noted that relatively few studies apply statsically rigorous sampling designs to the investigation of 

temporal dynamics of MPB (Underwood 1997). At the medium term spring-neap tidal cycles are 

the main structuring forces although depending on the system, climatic influences still play a part 

(Guarini et al. 1997). Short term dynamics are controlled by a combination of solar and tidal cycles 

(Pinckney & Zingmark 1991, Serôdio et al. 2001, Friend et al. 2003) and in an interesting twist 

MPB actually migrate vertically in synchrony with solar and tidal cycle’s further reinforcing short-

scale dynamics (Round & Palmer 1966, Barranguet et al. 1998, Saburova & Polikarpov 2003). 

This behavioural strategy has a number of suggested purposes including burial, resuspension and 

grazer avoidance (Wulff et al. 1997, Saburova & Polikarpov 2003) and enabling microalgae to take 
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advantage of deep sediment nutrient availability (Saburova & Polikarpov 2003). In muddy 

sediments, where light attenuation is very severe (Kuhl & Jorgensen 1992), a movement of only 2 

cell lengths can drastically change the incident irradiance seen by a diatom cell. It has been shown 

that benthic diatom species are capable of extremely quick movements (Bertrand 1999), thus, 

migration may be an important behavioural mechanism by which MPB regulate their irradiance 

climate (Kromkamp et al. 1998, Perkins et al. 2001). 

The prevalence of these short-term variations in MPB biomass and primary production mean that 

the sedimentary light climate, migration and short-term changes in photosynthetic parameters 

should be taken into account when estimating MPB primary production (Pinckney & Zingmark 

1991, Pinckney & Zingmark 1993b, Guarini et al. 1999, Barranguet & Kromkamp 2000, Serôdio 

2003). However, the methods available for quantifying MPB biomass and primary production are 

not always sufficient to match the scales demanded for accurate primary production modelling. 

Biomass measurements of MPB communities are typically quantified as concentration (g m P

3
P) or 

content (g gP

-1
P) of chlorophyll a within surface sediments (de Jonge 1992, Flemming & Delafontaine 

2000). The development of the concept of ‘photosynthetically active biomass’ (Guarini et al. 2000) 

and the understanding of MPB vertical structure (Kelly et al. 2001) has led to the improvement of 

wet coring techniques, which in muddy sediments often lacked the required vertical spatial 

resolution. Contact coring, where surface sediment is frozen using liquid nitrogen to a depth of 2 

mm (Ford & Honeywill 2002), allows repeatable sampling of a relatively constant volume of 

sediment. However, disturbance of the sediment through contact does occur and the depth 

resolution is limited to 2 mm, which has led to the use of the cryolander technique (Wiltshire et al. 

1997). This method does not disturb the sediment structure and allows vertical pigment profiles at a 

high spatial resolution to be quantified (Kelly et al. 2001). Both these methods are very effective, 

but are destructive and time consuming, limiting their scope in spatio-temporal investigations of 

MPB dynamics. 

Methods for quantifying primary production are also usually time consuming and mismatched to 

the scales of short-term variations in MPB primary production. Traditional measurements of 

primary production tend to measure the influence of microalgal photosynthesis on the concentration 

of either oxygen or radio-labelled carbon in the surrounding aqueous medium over a specified time 

period (rate of OB2B evolution or P

14
PC assimilation). During emersion, MPB often have to be disturbed 

in order to enable measurements. This involves either separating the motile MPB assemblage from 

the sediment (Wolfstein & Hartig 1998) or using mixed sediment and MPB slurries (Barranguet et 
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al. 1998) i.e. treating MPB like phytoplankton. The radio-labelling of intact sediment cores (Perkins 

et al. 2001) preserves natural sediment physico-chemical microgradients however; the sensitivity of 

primary production estimates to the spatial and temporal distribution of P

14
PC within the pore and 

overlying water can complicate interpretations (Vadeboncoeur & Lodge 1998). Other in-situ tracers 

(stable isotopes) have been used with some success to quantify assimilation of carbon by the MPB 

community (Middelburg et al. 2000) however, similar to ‘bell-jar’ incubations (Cahoon & Cooke 

1992, Barranguet 1997, Schories & Mehlig 2000) (where sediment is enclosed and changes in either 

[OB2B] or [COB2B] are logged), these methods are influenced by the heterotrophic biota, making them 

best suited to quantifying in-situ community metabolism.  

Oxygen microelectrodes offer the possibility of rapid measurement of MPB photosynthetic rates 

with minimal sample disturbance at the relevant vertical spatial scale using the ‘light-dark shift’ 

technique (Revsbech & Jørgensen 1983). However, the limited horizontal spatial extent of 

measurements combined with the fragility and technical complexity of microelectrodes has led to 

in-situ applications of this method being rare (although see Brotas et al. 2003). The up-scaling of 

microelectrode measurements is also very difficult. Planar optodes (Glud et al. 1998) which allow 

2d images of sediment oxygen dynamics to be captured appear to be a promising development, 

which in part overcomes the limited spatial extent of microelectrode measurements, although the 

method is still intrusive and technologically complex limiting its in-situ use (although see Glud et 

al. 2001). 

In essence all of the ‘traditional’ measures of primary production and biomass of MPB all have their 

individual benefits and disadvantages (Underwood & Kromkamp 1999). When considering MPB 

research traditional measurements tend to be destructive, intrusive (influence the measuring 

environment), have temporal scales that do not match the processes, cover small spatial scales 

(requiring high replication for up-scaling) and are difficult to transport and apply to the difficult 

working conditions on tidal flats. This has led to the requirement of fast, in-situ, non-destructive, 

non-intrusive, robust measures of MPB biomass and primary production that can be used to extend 

the spatial (particularly large-scale) and temporal (particularly short-scale) scope of investigations 

into intertidal dynamics and primary production. 

Optical methods potentially offer the solution to the data-intensive needs of modern intertidal 

primary production modelling. These methods are based on optical (electromagnetic radiation) 

measurements of intact biofilm properties.  
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Up-welling reflectance has been shown to contain information on the absorption of the constituent 

pigments of biofilms (Paterson et al. 1998), which can allow the quantification of [chl a] (Meleder 

et al. 2003a), identification of different MPB assemblages (Stephens et al. 2003) and tracking of 

migration (Kromkamp et al. 1998). The influence of photo-physiological processes on reflectance 

has also received much interest in terrestrial research (Methy et al. 1999, Zarco-Tejada et al. 2000, 

Stylinski et al. 2002, Zarco-Tejada et al. 2003) and is slowly being applied to pelagic habitats 

(Bricaud et al. 1999). 

Pulse amplitude modulated (PAM) fluorometry is a powerful and non-intrusive technique for 

probing photosynthesis based on chl a fluorescence quenching analysis. The technique was 

originally introduced by Schreiber et al. (1986) for the study of terrestrial photosynthesis, but since 

its introduction has been applied to numerous aquatic autotrophs (Beer & Björk 2000, Schlensog & 

Schroeter 2001, Villareal & Morton 2002, Carr & Bjork 2003, Gevaert et al. 2003, Kromkamp & 

Forster 2003). 

Fluorescence emission from chl a is a competitive process. All together there are four different 

pathways for chl a to de-excite from the S1 state (excited state) to the ground state S0: 

• emission of a single light quantum (fluorescence) 

• thermal de-excitation via heat emission (thermal deactivation) 

• transfer of energy to a neighbour molecule or to the reaction centre of the PS 

• indirectly by phosphorescence via a triplet state 

The occurrence of phosphorescence is rare and hardly detectable under physiological conditions. At 

room temperature it can be assumed that all variable fluorescence originates from PS II (maximum 

emission at 683 nm), as virtually all excitation energy in PSI is removed by photo-chemistry and 

thermal de-excitation. The quotient of the number of photons emitted as fluorescence and the total 

number of absorbed photons (quantum yield of fluorescence) is typically less than 5 %, meaning 

that signal amplification is usually necessary.  

The mechanisms that compete with and reduce fluorescence are called quenching mechanisms (Fig. 

6). Two different quenching mechanisms can be distinguished: non-photochemical quenching and 

photochemical quenching. Photochemical quenching mechanisms lower the fluorescence by 

transferring excitons to the ETC (photochemistry). Non-photochemical quenching comprises all 

mechanisms that do not transfer energy to the ETC (i.e. thermal de-excitation). 
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The principles of fluorescence quenching analysis are illustrated in Figure 7. Fluorescence is 

induced using a weak measuring light, centred on 650 nm and measured at wavelengths above 695 

nm. Depending on the light conditions 4 different fluorescence states can be distinguished (e.g. FBm B, 

F BoB, F BmB’ and F). In dark (or far red light) conditions all reaction centres are in an oxidised state and 

considered to be open, measured fluorescence (FBoB) is proportional to the [chl a]. Upon illumination 

with a short flash of very high irradiance, all reaction centres are closed (reduced) effectively 

blocking photochemical quenching, and causing steady-state fluorescence rises to a maximum value 

(F Bm B). The difference between FBm B and FBoB is called variable fluorescence and is used to calculate the 

maximum energy conversion efficiency or quantum efficiency of PSII charge separation (FBvB/F Bm B), 

which gives a measure of the potential for electron transport. When fluorescence is measured under 

steady-state irradiance conditions (F, FBm B') non-photochemical quenching is induced. 

PS II

ETC

Excitons

Photochemical 

quenching

Fluorescence
Thermal 

de-excitation

KfKt

Kp

PS II

ETC

Excitons

Photochemical 

quenching

Fluorescence
Thermal 

de-excitation

KfKfKtKt

KpKp

 

Figure 6. Schematic diagram of quenching mechanisms in PSII. Exciton flow induced by 

absorbed light energy fills PS II like a pool. De-excitation can take place by three different 

mechanisms: thermal (kBt B), emission of fluorescence (kBf B) and photochemical quenching (K Bp B). 

The difference between F and FBm B' then represents the effective efficiency that an absorbed photon is 

transferred to a PSII reaction centre and transferred to the ETC. In a key paper by Genty (1989), it 

was demonstrated that the effective quantum efficiency of PSII (ΔF/F Bm B') is highly correlated to the 

quantum efficiency of C-fixation (ΦBCB mol C (mol photons) P

-1
P) and can be used to estimate the linear 

electron transport rate (ETR) per PSII unit (Hofstraat et al. 1994). Because of the technical 

difficulty in measuring the amount of irradiance absorbed by a PSII unit, absorbed irradiance is 

usually estimated from chlorophyll specific absorption properties and assumptions about the 

distribution of absorbed energy between PSI and PSII. Rates of photosynthesis estimated from 

PAM fluorometry and oxygen evolution or C-fixation have been compared in a number of 
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phytoplankton species (Flameling & Kromkamp 1998, Masojídek et al. 2001 and references 

therein), MPB (Hartig et al. 1998, Barranguet & Kromkamp, 2000, Perkins et al. 2001, 2002, 

Morris & Kromkamp 2003, Serôdio 2003) macroalgae (Beer et al. 2000, Franklin & Badger 2001) 

and seagrasses (Beer & Björk 2000). Dark adapted fluorescence FBoB has also been found to be a good 

proxy for surface sediment [chl a] (Honeywill et al. 2002), allowing the migration of MPB to be 

studied in detail (Serôdio et al. 1997). 
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Figure 7. Diagram showing fluorescence transients important in PAM fluorescence quenching 

methodology. 

The potential of virtually instantaneous measurements of photosynthesis, biomass and absorption 

properties of biofilms carried out in a truly non-invasive way at short temporal scales is particularly 

interesting for MPB studies. Furthermore, reflectance and to some extent fluorometry, are very 

applicable to remote sensing platforms, allowing the techniques to be applied to large spatial scales. 

Optical methods appear to be the solution to the data intensive needs of MPB primary production 

modelling, however, their application to MPB has been relatively limited. This thesis was partly 

supported by an EU project (BIOPTIS) which had the aim of maximising the information gained 

about the intertidal environment using remote sensing (at a range of scales). Therefore this thesis 

deals with the quantification of microphytobenthos primary production using optical methods. 

Insights into the controls of MPB biomass and primary production are also presented. The 

robustness, reliability and practicality of optical measures of MPB are considered over a range of 

scales in relation to the ecology and environment of intertidal MPB.  
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Chapter 1. General Introduction 

Outline of this thesis 

If PAM fluorometry is to be successfully used as a means of estimating photosynthetic carbon 

fixation in intertidal ecotypes, then the conversion factor(s) required to convert ETR to units of 

carbon fixation, should be well defined across a range of environmental conditions. This is 

particularly important in the dynamic estuarine environment where rapid changes in irradiance and 

temperature can occur. Therefore, chapter 2 describes and formulates the relationship between 

temperature and photosynthetic parameters of benthic microalgae grown in culture, using both 

PAM fluorescence and oxygen evolution. Quantitative investigations of the relationship between PP

B
P 

(µmol OB2B (mg chl a)P

-1
P h P

-1
P), and electron transport rate (ETR, µmol eP

-
P mg chl aP

-1
P sP

-1
P) were carried out 

over a range of temperatures. Maximum rates of photosynthesis (PP

B
PBmaxB and ETR BmaxB) were extremely 

temperature sensitive. Short-term changes in temperature (10 - 30 °C), as might be experienced 

during emersion on a European tidal flat, were found to not significantly affect the relationship 

between PP

B
P and ETR. However, care should be taken when using a single conversion factor 

between PP

B
P and ETR at the extremes of the temperature range.  

In chapter 3, the growth rate and maximum achievable biomass of a microphytobenthic (MPB) 

biofilm in a tidal mesocosm is followed by measuring hyper-spectral reflectance and chlorophyll 

fluorescence at high temporal resolution over a period of 3 weeks. The photosynthetic parameters of 

the developing biofilm were simultaneously estimated in-situ using fluorescence-based estimates of 

ETR, as well as by ETR and P

14
PC assimilation measurements in optically-thin suspensions. Both sets 

of photosynthetic parameters were used to estimate daily net primary carbon production (PP

c
PBnB) of the 

MPB biofilm throughout the cultivation period. Reflectance and fluorescence were both very 

effective at quantifying changes in [chl a] as the biofilm grew. Photosynthetic parameters estimated 

by each of the three different methods were not significantly different during the main growth 

phase. Nevertheless, deviations at very low biomass levels and when the MPB growth rate 

decreased caused a mismatch between the C-fixation estimates. Changes in the maximum quantum 

efficiency of PSII charge separation (FBvB/F Bm B) and in the ratio of photoprotective to photosynthetic 

carotenoids (PPC: PSC) correlated with the changing conversion factor (EE).  

In chapter 4, the influence of short-term changes in reflectance and fluorescence, caused by photo-

physiology and vertical migration by MPB, were examined in a series of laboratory and mesocosm 

manipulations. Both the normalized difference vegetation index (NDVI) and steady-state 

fluorescence (F) could be used to track changes in the [chl a] of surface sediments during induced 

migrations. However, F was highly sensitive to the photo-physiological state of the biofilm, 
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whereas NDVI was hardly affected. Furthermore, hyper-spectral reflectance of MPB biofilms was 

shown to contain photo-physiological information (chl a fluorescence and absorption changes 

probably caused by the DD/DT cycle), which could potentially allow photo-physiological 

information about biofilms to be assessed remotely. 

Understanding the variations in MPB biomass at medium to large scales is a crucial for modelling 

primary production of intertidal flats at the ecosystem level. Also if optical methods are to be used 

for remote sensing, sampling methods and designs need to be able to cover scales applicable to 

remote sensing images (m-km). Therefore, chapter 5 describes the dominant spatial structures of 

benthic microalgal biomass and water content of the surface sediment in a number of European 

North Sea intertidal flats. It is considered how spatial structures relate to sediment properties and 

topography. The contribution of the variance explained at different spatial scales was estimated, and 

suggestions for optimising sampling designs are given.  

Topographic features and sediment properties were very useful in explaining the spatial distribution 

of both water content and [chl a], although high micro-scale (≤ 2.5m) variability in [chl a] suggests 

that biotic interactions were also important. The relationship between sediment properties (grain 

size and sorting) and [chl a] followed an optimum relationship, rather than a simple linear 

relationship, i.e. maximum biomass was observed in areas with intermediate hydrodynamic forcing.  

The complicated spatial structure of benthic microalgal biomass and the difficult working 

conditions on tidal flats mean that determining microphytobenthos biomass on the scale of an entire 

mudflat or estuary is not practical with conventional sampling methods. Therefore, synoptic 

measurements of microphytobenthos biomass distribution will increasing rely on optical methods.  

In chapter 6 the relationship between reflectance and fluorescence estimates of biomass in a number 

of European estuaries is investigated. In muddy sediments, which tend to be dominated by MPB 

which are concentrated in the upper layers of the sediment surface (i.e. the concentration of biomass 

with the optical depth and sampling depth are similar), NDVI appears to be a robust proxy for 

sediment [chl a + phaeo] whereas FBoPB

15
P was more grid specific. This finding suggests that remote 

sensing of the biomass of MPB on predominantly muddy tidal flats has great potential for the 

future.  

Finally, chapter 7 discusses the prospects and limitations of the optical methods we applied to 

determine the biomass and primary production of intertidal MPB and makes suggestions for future 

improvements. 
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