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Abbreviations 

Abbreviations 

αP

B
P: photosynthetic efficiency (μmol O B2 B(mg chl a)P

-1
P hP

-1
P (µmol m P

-2
P sP

-1
P)P

-1
P or μmol C B B(mg chl a)P

-1
P h P

-1
P 

(µmol mP

-2
P sP

-1
P)P

-1
P) 

a*: spectrally averaged (400-700 nm) chlorophyll specific absorption cross section (mP

2
P (mg chl a)P

-1
P) 

a*BphB: a*in the absence of packaging effects (mP

2
P (mg chl a)P

-1
P) 

a*BPSII B: optical cross section of PSII (mP

2
P (mg chl a)P

-1
P) 

ADP: adenosine-di-phosphate 

AQBphB: total spectral absorbed irradiance (µmol photons (mg chl a)P

-1
P s P

-1
P) 

ATP: adenosine-tri-phosphate  

chl: chlorophyll 

DCMU: dichlorophenyldimethyl urea 

DMF: dimethyl formamide 

DOC: Dissolved organic carbon 

E: irradiance (µmol photons mP

-2
P s P

-1
P, µmol m P

-2
P sP

-1
P, µmol photons m P

-2
P sP

-1
P) 

ETC: electron transport chain 

ETR: electron transport rate (µmol eP

-
P (mg chl a)P

-1
P s P

-1
P) 

F: light adapted steady-state fluorescence 

FBm B: dark adapted maximum fluorescence 

FBm B’: light adapted maximum fluorescence 

FBoB: dark adapted minimum fluorescence  

FBoPB

15
P: dark adapted (15 min) minimum fluorescence 

FBvB/F Bm B: maximum quantum efficiency of PSII charge separation 

FBvB’/FBmB’: maximum quantum efficiency of PSII charge separation in the light adapted state 

∆F/F Bm B’: effective quantum efficiency of PSII charge separation  

HPLC: high performance liquid chromatography 
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Abbreviations 

LED: light-emitting diode 

LBuB: reflected upwelling radiance 

NADP: nicotinamide-adenine-dinucleotide-phosphate 

NDVI: normalised difference vegetation index 

PAM: pulse amplitude modulation 

PAR: photosynthetically active radiation 

PP

B
P: photosynthetic rate normalised to [chl a] (µmol C (mg chl a)P

-1
P hP

-1
P or µmolO B2B (mg chl a)P

-1
P hP

-1
P) 

PP

B
PBmaxB: maximum photosynthetic capacity (µmol C (mg chl a)P

-1
P hP

-1
P or µmol OB2B (mg chl a)P

-1
P hP

-1
P) 

PCA: principle component analysis 

P-E: photosynthesis-irradiance 

PBgB: gross primary production (g C h P

-1
P or g OB2B hP

-1
P)  

PBnB: net primary production (g C hP

-1
P or g OB2B hP

-1
P) 

PBncB: net community production (g C h P

-1
P or g OB2B hP

-1
P) 

PPC: photoprotective carotenoids 

PS: photosystem 

PSC: photosynthetic accessory carotenoids  

QA: primary electron acceptor 

qBNB: non-photochemical quenching (also termed NPQ) 

qBP B: photochemical quenching 

R BCB: respiration coefficient  

TIC: Total inorganic carbon 

σBPSII B: Functional absorption cross section of PSII 

ΦBm B: maximum quantum yield of photosynthesis (mol C (mol photons) P

-1
P)  

ΦBeB: electron yield (mol C (mol e P

-
P)P

-1
P) 
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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: 

22
2

1
4

2

222
NADPHO

ATPPiADP
NADPOH

vh

+⎯⎯⎯⎯⎯⎯⎯⎯⎯ →⎯

→+

+

∼

   (1) 

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: 

NADPOHOCH
PiADPATP

NADPHCO 2)(
333

2 2222 ++⎯⎯⎯⎯⎯⎯⎯⎯⎯ →⎯

+→

+

 (2) 

Thus the overall photosynthetic process can be represented by: 

222
8

22 )(2 OOHOCHOHCO
hv

++⎯⎯→⎯+
∼    (Kirk 1994) (3)  
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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).  

9 



Chapter 1. General Introduction 

 

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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Chapter 1. General Introduction 

 

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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Chapter 1. General Introduction 

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 

12 



Chapter 1. General Introduction 

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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Chapter 1. General Introduction 

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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Chapter 1. General Introduction 

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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Chapter 1. General Introduction 

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. 
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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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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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Influence of temperature on the relationship 

between oxygen and fluorescence based 

estimates of photosynthetic parameters in a 

marine benthic diatom (Cylindrotheca 

closterium) 

Edward P Morris and Jacco C. Kromkamp 

European Journal of Phycology 38: 133-142, 2003 

Abstract 

In this paper we investigate the temperature sensitivity of the photosynthetic process of the benthic 

diatom Cylindrotheca closterium grown in light-limited turbidostat cultures at two different growth 

rates. Photosynthesis was measured as the rate of oxygen evolution and as the PSII electron 

transport rate (ETR). The photosynthetic efficiency (α), as measured by both methods, was rather 

insensitive to temperature, and decreased significantly only at the extreme temperatures used (5 and 

35 P

o
PC). The maximum PSII quantum efficiency (FBvB/F Bm B) showed a small but significant trend of 

reduction with increasing temperature. However, the maximum rate of photosynthesis (PP

B
PBmaxB and 

ETRBmaxB) was extremely temperature sensitive. The effect of temperature on the relationship between 

P P

B
P and ETR was limited to the most extreme temperatures investigated; deviations from linearity 

were most extreme at 5 °C and different conversion factors were observed at 5 and 35 °C. A short-

term change in temperature (10 - 30 °C), as might be experienced during emersion on a European 

tidal flat, will 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. We have also shown that algal absorption measurements are important for 

correct calculation of ETR. The facts that different species seem to have different conversion 
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factors and that changing environmental conditions will affect the absorption capacity and growth 

rate of the microphytobenthos (MPB) community suggest that it is wise to perform further 

calibrations of the relationship in the field before use in primary production modelling. Variable 

fluorescence measurements are quick and non-invasive and, with knowledge of the absorption 

properties of the MPB community, allow the quantification of photosynthetic parameters across 

large areas. Hence they are potentially useful for improving our estimates of ecosystem scale 

primary production. 

Introduction 

Benthic microalgae or microphytobenthos (MPB) form highly productive natural ecosystems in 

intertidal areas (Cahoon, 1999). They are an important food source for both benthic and pelagic 

communities (MacIntyre et al. 1996, Underwood & Kromkamp 1999) and have also been linked to 

sediment stabilisation (Underwood et al. 1995). 

Three main factors appear to regulate the rate of photosynthesis in microphytobenthos; light 

availability (Barranguet et al. 1998, Perkins et al. 2001), mud surface temperature (Blanchard et al. 

1996, Guarini et al. 1997) and CO B2B availability (Underwood & Kromkamp 1999 and references 

therein). Nutrients are not generally thought to be limiting in intertidal habitats (Underwood & 

Kromkamp, 1999). Both light and temperature change on seasonal, daily and hourly time scales. 

The two factors also co-vary, making their individual effects hard to separate in field situations 

(Guarini et al. 1997). In order to model and predict rates of primary production on estuarine flats 

successfully, it is necessary to understand the relationship between temperature and photosynthesis 

at both short (hourly, daily) time scales and long term (seasonal) time scales. 

The temperature of the surface (upper 200 µm) in muddy (dominated by < 0.63 µm particles) 

sediments in temperate regions can easily change by 10 °C within an emersion period, with rates of 

temperature change as high as 4 °C h P

-1
P (Harrison, 1985). The magnitude of these changes is related 

to the timing of exposure to the atmosphere and the prevailing meteorological conditions, which 

jointly determine the nature of heat exchange between the sediment and the atmospheric boundary 

layer (Harrison & Phizacklea, 1987). 

Previous authors have investigated the effect of temperature on the rates of primary production of 

MPB (Cadee & Hegeman 1974, Colijn & Van Buurt 1975, Admiraal 1977, Admiraal & Peletier 

1980, Grant 1986). Blanchard et al. (1996) proposed a mathematical expression to relate maximum 

photosynthetic capacity (PP

B
PBmaxB [P

14
PC]) to temperature for MPB from a mudflat in the Marennes-
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Oléron Bay, France and Blanchard & Guarini (1998) discuss in detail the effect of temperature on 

MPB productivity at the estuarine basin scale. 

Various methods have been used to measure primary production by microphytobenthos, and all 

have their advantages and disadvantages (see Underwood & Kromkamp 1999 and references 

therein). Variable fluorescence could provide a fast and non-destructive way of measuring the in-

situ photosynthetic electron transport rate (ETR) and the biomass of MPB at the time and spatial 

scales required for estuarine studies. 

Rates of photosynthesis estimated from PAM (pulse amplitude modulated) fluorometry and oxygen 

evolution or C-fixation have been compared in a number of phytoplankton species (Flameling & 

Kromkamp 1998, Masojídek et al. 2001 & references therein), MPB (Hartig et al. 1998, Barranguet 

& Kromkamp 2000, Perkins et al. 2001, 2002) macroalgae (Beer et al. 2000, Franklin & Badger 

2001) and seagrasses (Beer & Björk 2000). Above the saturating irradiance for photosynthesis (EBkB), 

the relationship can be curvilinear, with an excess of electron transport compared to oxygen 

evolution. Non-linearity between oxygen evolution and ETR can also be observed at low 

irradiances, but this is probably due to light-enhanced rates of dark respiration (Flameling & 

Kromkamp 1998). There appears to be some interspecies variability in both the shape of the 

relationship and the value of the coefficient for the linear regression of PP

B
P (OB2B) on ETR (called the 

EE factor in Barranguet & Kromkamp 2000 or κ by Masojídek et al. 2001). If the PAM technique is 

to be successfully used as a means of estimating photosynthetic carbon fixation in intertidal 

ecotypes, then the conversion factor(s) 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. 

The aims of this study were to describe and formulate the relationship between temperature and 

photosynthetic parameters of benthic microalgae grown in culture, using both PAM fluorescence 

and oxygen evolution. We investigated the relationship between P P

B
P (µmol O B2B (mg Chl a)P

-1
P hP

-1
P), and 

electron transport rate (ETR, µmol eP

-
P mg Chl aP

-1
P s P

-1
P) over a range of temperatures, in cultures of the 

marine benthic diatom Cylindrotheca closterium growing at two different rates. 

Methods 

Cylindrotheca closterium, isolated from the Ems-Dollard Estuary, the Netherlands, was grown in 

continuous culture [turbidostat mode] in nutrient replete modified F/2 medium (Guillard & Ryther 

1962, modified according to De Brouwer et al. 2002) at an average incident irradiance of 300 µmol 
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m P

-2
P sP

-1 
Pin the ‘high’ growth rate culture and 200 µmol mP

-2
P s P

-1
P in the ‘low’ growth rate culture. The 

cultures were continuously bubbled with air and illuminated for 16 h per day. Average incident 

irradiance was estimated by measuring the irradiance at the back of the vessel when filled with only 

medium and when the [Chl a] of the culture was constant as described by Van Liere &Walsby 

(1982, see below for equation). The temperature in the culture was 20±1 °C, salinity was 30 psu and 

pH 8.7. The turbidostat was not axenic, but bacterial numbers were always less than 5 % of the 

algal numbers. It was assumed that the culture was in steady state after 5 doublings once a constant 

cell number was reached. The first culture had a growth rate of 0.25 dP

-1
P and the second 0.42 dP

-1
P and 

for convenience these were designated as ‘low’ and ‘high’ growth rate culture. The cultures were 

sampled at the end of the dark period on successive days in order to measure photosynthesis-

irradiance curves (P-E curves) using a Clark-type polarographic oxygen electrode (MI-730, 

Microelectrodes Inc, USA) and a pulse amplitude modulated (PAM) fluorometer (see below). 

Measurements of oxygen evolution and fluorescence parameters were made simultaneously on the 

same sample in a temperature controlled plastic cuvette over a range of temperatures (5–40 °C). A 

100 ml sample of the C. closterium culture was taken from the turbidostat each morning before the 

light period. The sample was placed into a darkened, temperature controlled water bath set at one of 

the 8 experimental temperatures (5, 10, 15, 20, 25, 30, 35, and 40 °C). After 45 minutes adjustment 

time (in the dark), a 4 ml sub-sample was transferred to the cuvette (path length of 1 cm), which 

was placed in a temperature controlled aluminium jacket (±0.02 °C). The oxygen electrode and lid 

were inserted in the cuvette to create a sealed volume. The algae were kept suspended with the aid 

of a small magnetic stirrer. Respiration was measured for 10 min before measurements in the light 

were started. A P-E curve was then measured using 11 irradiance steps (0 to 1350 µmol mP

-2
P sP

-1
P) P

 

Peach of 3 minutes duration. The light source was a standard slide projector fitted with neutral 

density filters (Balzers, Liechtenstein) and a heat filter. Light was measured at the back of the 

chamber with a PAR sensor. The average irradiance in the chamber was calculated by: 

)](E)-(E)/[-E(EE
dodo

lnln=
       (1) 

where EBoB and EBdB are the irradiance at back of the chamber when filled with water and with algae, 

respectively (Van Liere & Walsby, 1982, Dubinsky et al. 1987). To ensure that the optics within the 

cuvette were well defined, a low biomass (1-2 mg Chl a l P

-1
P) of C. closterium was used in the 

incubations. The low biomass allowed accurate irradiance measurements and, therefore, ETR 

determination, but meant that the oxygen electrode was operating at its detection limits.  
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Fluorescence was measured using a PAM101-103 fluorometer (H. Walz, Effeltrich, Germany). The 

algal solution was excited by a weak red measuring light (1 µmol m P

-2
P sP

-1
P, maximum emission at 650 

nm) and fluorescence was detected at wavelengths above 695 nm. The maximum energy conversion 

efficiency or quantum efficiency of PSII charge separation (FBvB/F Bm B) was calculated as: 

mommv
FFFFF /)(/ −=

        (2) 

where F BoB is the minimal fluorescence and F Bm Bis the maximum fluorescence (during a saturating light 

pulse, 0.6 s, 6000 µmol m P

-2
P sP

-1
P) of a sample dark-adapted for at least 15 minutes. The effective 

quantum efficiency of charge separation (i.e. the effective quantum efficiency of PSII) in actinic 

irradiance is: 

'/)('/
mmm

FFFFF −=Δ
        (3) 

where F is the steady-state fluorescence and F Bm B' the maximum fluorescence after a saturating pulse 

when measured in the light (Genty et al. 1989). Using ΔF/F Bm B', the linear rate of electron transport 

(ETR) can be calculated for a single PSII unit (Genty et al. 1989, Hofstraat et al. 1994): 

'/*
mPSII

FFEaETR Δ××=
        (4) 

where a*BPSII B is the optical cross section of PSII. The product of E and a*BPSII B is the amount of 

irradiance absorbed by a PSII unit. Because a*BPSII B is difficult to measure, the spectrally averaged 

(400-700 nm) chlorophyll specific absorption cross section was determined using the opal glass 

method according to Shibata et al. (1954) using a double beam scanning spectrophotometer 

(UVIKON 940). Values of a* were 0.0159 ± 0.0005 and 0.0108 ± 0.0004 m P

2 
Pmg Chl aP

-1
P (mean ± 

SE, n = 11) in the low and high growth rate cultures, respectively. For simplicity, it was assumed 

that absorbed irradiance was divided equally between PSI and PSII (Gilbert et al. 2000). Therefore, 

ETR was calculated as ΔF/F Bm B' x E/2 x a* (µmol e P

-
P (mg Chl a)P

-1
P sP

-1
P). 

At least 3 replicate P-E curves (3 curves each day) were carried out at each of the 8 experimental 

temperatures for both growth treatments, except at 40 °C, at which no photosynthesis could be 

measured, and at 15 °C for the ‘high’ growth rate culture, where equipment failure prevented 

measurements. On each day, an experimental temperature was chosen at random (i.e. temperatures 

were examined in a random order over the experimental period). The 3 replicate P-E curves were 

carried out over a 4-5 hour period for each temperature treatment, meaning in effect that the sample 

used for the last P-E curve had up to 4 hours to acclimatise to the experimental temperature. 
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Replicates from each day were examined but no pattern of acclimatisation in photosynthetic 

parameters could be found. The chlorophyll a (Chl a) concentration (mg lP

-1
P) of the culture was 

measured spectrophotometrically according to Jeffrey & Humphries (1975) after extraction of the 

pigments in 90 % acetone. Net oxygen production was normalised to the daily [Chl a] and gross 

production was estimated by adding the initial rate of respiration. P-E curves, which did not show a 

significant degree of photoinhibition, were fitted to the model proposed by Webb et al. (1974) and, 

from the fit, the maximum photosynthetic capacity (P P

B
PBmaxB and ETRBmaxB) and the photosynthetic 

efficiency (αP

B
P and αP

ETR
P) were derived. The relationship between temperature and maximal 

photosynthetic rate was fitted using the non-linear model described by Blanchard et al. (1996): 
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where P BmaxB (T) is the maximum photosynthetic capacity (µmol OB2B mg Chl aP

-1
P hP

-1 
Por µmol e P

-
P mg Chl 

a P

-1
P sP

-1
P) at temperature T (°C), PBMAXB is the maximum value of P BmaxB reached at the optimum 

temperature (TBopt B), TBmaxB (°C) is the lethal temperature at which no photosynthesis is detectable, and 

β is a dimensionless shape parameter. To simplify the curve fitting and error estimation process, the 

shape parameter β was set to 1.3 (an average of the values reported by Blanchard, 1996) for all of 

the temperature versus PBmaxB curves. Changing β between 0.5 and 2 resulted in only small changes in 

the other fitted parameters (< 5%). All curve fitting was carried out using ordinary least-squares 

criterion in Statistica 6 (StatSoft, Inc., Tulsa, USA, 2001). 

Linear regression (model 1) analysis was carried out on the relationship between PP

B
P and ETR (with 

ETR as the predictor) across the full range of experimental temperatures and for both of the 

experimental growth rates. Data were log transformed (ln (x)) to ensure statistical assumptions were 

fulfilled (normal distribution, homoscedasticity of variance).  

Three-way mixed model ANOVA was used to evaluate significant effects of growth rate (fixed 

factor), temperature (fixed factor) and experimental replication (random factor, nested within 

growth rate and temperature) on the slope coefficients of the relationship between PP

B
P and ETR 

(with P P

B
P and ETR as the dependent and continuous predictor variables, respectively). Homogeneity 

of slopes was tested to see if temperature affected the slope of the regression estimates (tested 

separately within each growth treatment). FBvB/F Bm B data were arcsine transformed [x’ = arcsin(√x)] 

before analysis. One-way or two-way (model I) ANOVA was used to test for significant variation 
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of the data. The post-hoc unequal means HSD test was used to determine the significant differences 

between group means within the one-way ANOVA setting. Bartlett’s test was used to check for 

heteroscedasticity of variances. All confidence intervals (CI) are at the 95 % level. All statistical 

analyses were performed in Statistica 6 (StatSoft, Inc., Tulsa, USA, 2001). 

Results 

Influence of temperature on the maximum rate of photosynthesis 

Photosynthetic capacity (PP

B
PBmaxB). The relationship between PP

B
PBmaxB and temperature for both low and 

high growth rate cultures of Cylindrotheca closterium was characterised by a steady rise in PP

B
PBmaxB 

with temperature from a value of about 200 µmol OB2B (mg Chl a)P

-1 
PhP

-1
P at 5°C, to a maximum value of 

between 1100 and 900 µmol O B2B (mg Chl a)P

-1 
PhP

-1
P between 20 and 30 °C (Fig 1). At temperatures 

above 30 °C, P P

B
PBmaxB began to decline rapidly, and photosynthesis was undetectable at 40 °C. 

Although the fitted curves give an optimum temperature of approximately 30 P

o
PC for both growth 

rates, the highest P P

B
PBmax B-value recorded for the higher growth rate was measured at the growth 

temperature of 20 °C. This may be a coincidence or indicate that acclimation to the growth 

temperature has occurred. There were no significant differences between parameter values 

estimated from the temperature-PP

B
PBmaxB equation for the high and low growth rate cultures (Table 1).  

Maximum ETR (ETRBmaxB). The shapes of the relationships between ETRBmaxB and temperature for the 

low and high growth rate cultures were similar to those for PP

B
PBmaxB (Fig. 2). The fitted temperature 

response curves for the 2 growth rates were also similar (Table 2). Both growth treatments began 

with an ETRBmaxB of approximately 0.38 µmol eP

-
P mg Chl a P

-1
P s P

-1
P at 5 ºC, and ETRBmaxB steadily rose to an 

optimum of between 1.7 and 2 µmol e P

-
P mg Chl aP

-1
P s P

-1
P at 30 - 35 ºC.  

Table 1. Parameter values and standard errors (SE) estimated from Equation 5 for maximum 

photosynthetic capacity at low (0.25 dP

-1
P) and high (0.42 d P

-1
P) growth rates in Cylindrotheca 

closterium grown at 20 °C 

Growth rate dP

-1
P

 PP

B
PBMAX BµmolO B2B (mg Chl a) P

-1 
PhP

-1
P

 SE TBmax B°C SE TBoptB °C SE rP

2
P

 

0.25 1070 116 41.5 3.2 30.0 1.3 0.61 

0.42 961 92 38.0 1.0 29.2 0.8 0.69 
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The estimates for TBoptB derived from oxygen evolution and ETR measurements were slightly 

different (1 °C) but, since the measurements were made at 5 °C temperature intervals, the 

significance of these differences cannot be evaluated. No photosynthesis was measurable at 40 ºC 

with either method. 

 

Figure 1. Influence of temperature on the maximum photosynthetic capacity (PP

B
PBmaxB, μmol O B2B 

mg Chl aP

-1
P hP

-1
P) of Cylindrotheca closterium grown at 20 °C. Filled circles, culture with a 

growth rate of 0.25 dP

-1
P; open circles, culture with a growth rate of 0.42 dP

-1
P. Error bars show 95 

% confidence intervals. 

Table 2. Parameter values and standard errors (SE) from Equation 5 for maximum electron 

transport rate at low (0.25 dP

-1
P) and high (0.42 dP

-1
P) growth rates in Cylindrotheca closterium 

grown at 20 °C. 

Growth rate dP

-1
P

 ETR BMAXB µmol e P

-
P mg Chl a P

-1
P sP

-1
P

 SE T Bmax BC SE T BoptB C SE rP

2
P

 

0.25 1.64 0.143 38.0 1.0 31.0 0.4 0.82 

0.42 1.81 0.108 40.9 1.1 31.5 0.8 0.86 
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Figure 2. Influence of temperature on the maximum electron transport rate (ETRBmaxB, µmol e P

-
P 

(mg Chl a)P

-1
P sP

-1
P) of Cylindrotheca closterium grown at 20 °C. Other details as in Fig. 1. 

Influence of temperature on photosynthetic efficiency  

Photosynthetic efficiency per unit chlorophyll a (α P

B
P). There was no clear trend in αP

B
P across the 

range of experimental temperatures (Fig. 3). In the low growth rate culture, α P

B
P was between 3.75 

and 5.9 μmol O B2 B(mg Chl a)P

-1
P hP

-1
P (µmol mP

-2
P sP

-1
P)P

-1
P in the 10 - 35 °C range. The lower value at 5 °C 

was not statistically significant. In the high growth rate culture, αP

B
P was about 2.5 μmol O B2 B(mg Chl 

a)P

-1
P hP

-1
P (µmol m P

-2
P sP

-1
P)P

-1
P across the 5 - 35 °C range. The mean value of αP

B
P across the range of 

experimental temperatures was lower for the high growth rate than for the low growth rate culture 

(two-way ANOVA, FB(1, 37) B= 21.14). 

αP

ETR
P. There was little influence of temperature on αP

ETR
P in either culture (Fig. 4). The high growth 

rate culture had a mean αP

ETR
P of 3 nmol e P

-
P (mg Chl a)P

-1
P (µmol photons) P

-1
P m P

2
P across the full range of 

experimental temperatures. The low growth rate culture had a mean αP

ETR
P of 5.7 nmol e P

-
P (mg Chl a)P

-

1
P (µmol photons)P

-1
P m P

2
P from 10 - 30 °C, but αP

ETR
P was reduced at both 5 and 35 °C when compared to 

the adjacent temperature class (post-hoc unequal means HSD test, p<0.05). Again, the mean αP

ETR
P 
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across the full range of experimental temperatures was lower for the high than for the low growth 

rate culture (two-way ANOVA, FB(1, 37) B= 382). 

The growth rate did not significantly affect the maximum PSII activity (FBvB/F Bm B; one-way ANOVA; 

Fig. 5). F BvB/F Bm B showed a slight but significant downward trend with increasing temperature (6% 

decrease per 10 °C; model I regression, FB(1,52)B = 14.52). At temperatures above 30 °C, the decrease 

in F BvB/F Bm B values was more marked and, at 40 °C, F BvB/F BmB was almost zero. The effective quantum 

efficiency of charge separation (ΔF/F Bm B’), taken from the PE curves at irradiances close to the 

growth irradiance, followed a similar pattern to that for ETRBmaxB with increasing temperature (Fig. 

5), as might be expected because the growth irradiance is close to the light saturation parameter E BkB. 

 

Figure 3. Influence of temperature on the photosynthetic efficiency per unit chlorophyll a (α P

B
P 

μmolO B2B (mg Chl a)P

-1
P hP

-1
P (µmol mP

-2
P sP

-1
P)P

-1
P) of Cylindrotheca closterium grown at 20 °C. Other 

details as in Fig. 1.  

Relationship between PB and ETR: influence of growth rate and temperature. 

A scatter plot of ln (PP

B
P) against ln (ETR) reveals that both growth rates appear to have large 

variances and to overlap one another (Fig. 6). Significant interaction was found between the effects 

of growth rate and temperature on the PP

B
P-ETR relationship for both growth treatments measured at 

all temperatures (three-way mixed model ANOVA, FB(5, 28) B= 7.34, p < 0.001), so that differences 
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between the slope coefficients (bBi B) and slope intercept coefficients (aBi B) from the two growth rates 

could not be statistically evaluated. 

 

Figure 4. Influence of temperature on the photosynthetic efficiency (α P

ETR
P μmol e P

- 
P(mg Chl a)P

-1
P 

(μmol photons)P

-1
P mP

2
P) of Cylindrotheca closterium grown at 20 °C. Other details as in Fig. 1. 

 

Figure 5. Influence of temperature on maximum PSII activity (FBvB/F BmB; circles) and effective 

quantum efficiency of charge separation (ΔF/F BmB') at irradiances close to the growth irradiance 
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(200 – 300 µmol mP

-2
P sP

-1
P; triangles) of Cylindrotheca closterium grown at 20 °C. Other details 

as in Fig. 1. 

To investigate the influence of temperature at each growth rate separately we used linear regression 

analysis of the PP

B
P-ETR relationship at each temperature treatment (replicates pooled together). 

Temperature was found to affect the slope of the PP

B
P-ETR relationship significantly in both the low 

growth rate culture (homogeneity of slopes, FB(6, 241)B = 3.87) and the high growth rate culture 

(homogeneity of slopes, FB(5, 188)B = 8.42). The lowest values for both the slope coefficient (bBi B) and the 

intercept (aBi B) were observed at 5 °C for both growth treatments (Figs 7, 8), but a reduced value for aBi B 

was also recorded at 35 °C in the high growth rate treatment (Fig. 8). Little variability in a Bi B was 

observed between 10 and 30 °C and the average value for both growth rates was 6.4 (Fig. 8). 

Discussion 

Kromkamp et al. (1998) have demonstrated that variable fluorescence techniques can be used to 

measure photosynthetic activity of benthic microalgae. Barranguet & Kromkamp (2000) found no 

significant change in the relationship between PP

B
P (P

14
PC) and relative electron transport rate (rETR = 

ΔF/Fm’ x E) as a function of the season (although changes during low tide were observed) and were 

able to use a single regression coefficient, which they termed EE (ETR efficiency for C-fixation) to 

convert ETR into units of C-fixation. This may signify that the relationship between P P

B
P and ETR is 

quite robust and not influenced by temperature. However, in their case, the algae were acclimated to 

the different temperatures existing in the different seasons. Short-term changes in temperature could 

still affect this relationship. If this occurred, EE would be affected, and could result in inaccurate 

estimates of primary production. Our results demonstrate that, in general, short-term changes in 

temperature can affect the relationship between PP

B
P and ETR, although this effect was mainly 

limited to the extremes of the temperature range examined (5 and 35 °C; Figs 7 and 8). 

Temperature acclimation of light harvesting pigment complexes involves changes in the ratio and 

quantity of several photosynthetic pigments (see Davison 1991, for a review). However, our 

cultures were grown at a constant temperature (20 P

o
PC) and it is unlikely that the light harvesting 

capacity changed in our short-term temperature experiments. Indeed, no significant change in 

photosynthetic efficiency was observed except at 35 and 5 ºC, indicating that, at low irradiance, 

only the most extreme temperatures affect photosynthesis. After conversion to units of carbon 

(using a PQ of 1.4 as suggested by Williams & Robertson 1991 for growth on nitrate), values of αP

B
P 
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ranged from 0.018 to 0.069 mg C (mg Chl a)P

-1
P (µmol m P

-2
P sP

-1
P) hP

-1
P. These values are comparable to αP

B
P 

values found in sediment slurries from the Westerschelde Estuary, the Netherlands (Barranguet et 

al. 1998, Barranguet & Kromkamp, 2000) and are within the range of those found for other natural 

MPB populations (Blanchard & Montagna, 1992, MacIntyre & Cullen, 1998). The relative stability 

of FBvB/F Bm B over a wide temperature range, as found in this study, is often observed in terrestrial plant 

research (Briantais et al. 1996, Pospisil et al. 1998, Pospisil & Tyystjarvi, 1999). Field 

measurements of MPB carried out on tidal flats in the Westerschelde, Netherlands over a seasonal 

cycle also showed rather stable FBvB/F Bm B values throughout the year Kromkamp et al. 1998). 

 

Figure 6. Scatter plot of natural logarithm of gross production normalised to Chl a against 

natural logarithm of electron transport rate of Cylindrotheca closterium grown at 20 °C. 

Fitted lines represent linear regressions of the high and low growth rate cultures. Inset is the 

regression fit and 95 % confidence intervals of the whole data set back transformed to its 

power function. Other details as in Fig. 1. 

The response of maximum photosynthetic capacity to short term changes in temperature in 

Cylindrotheca closterium is typical of most unicellular algae (Davison, 1991). Physical processes 

such as diffusion and cellular pH are also influenced by temperature and may contribute to the 

observed temperature effects. At higher temperatures, denaturation of chlorophyll-proteins 

(Briantais et al. 1996) and inactivation of the oxygen evolving mechanism occur (Samson et al. 
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1999). This explains the complete abolition of oxygen evolution and variable fluorescence at 40 °C 

found in this study. 

 

Figure 7. Influence of temperature on the slope coefficient (bBi B± confidence interval) of the 

linear regression of log-transformed gross production normalised to Chl a against log-

transformed electron transport rate (see Fig. 6) in cultures of Cylindrotheca closterium grown 

at 20 °C. Other details as in Fig. 1. 
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Figure 8. Influence of temperature on the intercept coefficient (aBi B± confidence interval) of the 

linear regression of log-transformed gross production normalised to Chl a against log-

transformed electron transport rate (see Fig. 6) in cultures of Cylindrotheca closterium grown 

at 20 °C. Other details as in Fig. 1. 

The response of photosynthesis at high temperatures may also be affected by photorespiration. The 

KBm Bof Rubisco/oxygenase for OB2B increases more slowly with increasing temperature than the KBmB of 

Rubisco/carboxylase for COB2B, so that the potential for photorespiration increases with increasing 

temperature. This is amplified by temperature dependent changes in the relative solubility of CO B2B 

and OB2B (Raven & Geider, 1988). The occurrence of a COB2B concentrating mechanism will reduce the 

incidence of photorespiration. The appearance of a sharp optimum (peak) indicates that the algae 

are not limited by carbon availability, unlike many macroalgae, which show a broad temperature 

optimum (Davison, 1991). Field samples of MPB measured by us at local sites also seem to show a 

peak rather than a broad optimum response of photosynthesis to temperature. 

The TBoptB values found in this study (30 ºC) are higher than those found by Blanchard et al. (1997) 

with field derived MPB (about 25 ºC). A possible explanation is that the algae in this study were 

acclimated to a stable growth temperature (20 ºC), unlike the natural populations of MPB studied by 

Blanchard et al. (1997), which grew in a highly fluctuating temperature regime. However, 

differences in the dominant species composition of the MPB community could also explain the 

differences in TBoptB. The lethal temperature (TBmaxB; about 40 ºC) was the same as that found by 

Blanchard et al. (1997). As TBmaxB seems to be controlled by the thermolabile properties of the PSII 

complex components, it is unlikely to vary much with acclimation and is probably comparable for 

most algae from similar climatic regions. 

We also fitted temperature response curves to the maximum relative ETR (rETR = ΔF/Fm’ x E), 

and observed a significant difference in the magnitude of rETRBmaxB values between the low growth 

rate (rETRBMAXB = 206) and the high growth rate (rETRBMAXB = 335). The fact that this difference in 

rETRBmaxB between cultures grown at different growth rates disappeared when absolute rates of ETR 

were calculated demonstrates the importance of knowledge of the absorption properties of the algae 

for calculation of fluorescence-based photosynthetic rates. 

Relationship between P P

B
P and ETR 

When the regression equation (ln (PP

B
P) = aBi B + bBi B.ln (ETR); Fig. 6) is back transformed, it takes the 

form of a power function: PP

B
P = eP

ai
P.ETRP

bi
P. A slope coefficient (bBi B) of 1 for the log transformed 
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regression equation indicates a linear relationship between PP

B
P and ETR. A bBi B below 1 indicates a 

curvilinear relationship with ETR higher than P P

B
P at high irradiances and PP

B
P higher than ETR at 

lower irradiances. The relationship between PP

B
P and ETR was non-linear at most temperatures 

because bBi B was below 1 (Fig. 7), although the deviation from linearity was small (inset Fig. 6). 

Differences in bBi B between growth rates could not be evaluated because of significant interaction 

between the effects of temperature and growth rate. With respect to temperature, the relationship 

between PP

B
P and ETR became increasingly curvilinear, as indicated by lower bBi B values, at 5 °C (Fig. 

7). The relationship between C-fixation or oxygen evolution and ETR is not always linear and this 

non-linearity is sometimes observed in microphytobenthos (Hartig et al. 1998, Barranguet & 

Kromkamp, 2000, Perkins et al. 2001) as well as in planktonic algae (Geel et al. 1997, Flameling & 

Kromkamp, 1998, Masojídek et al. 2001). This non-linearity is most pronounced at irradiances 

exceeding EBkB, and can be due to alternative electron sinks like the Mehler-ascorbate-peroxidase 

reaction and photorespiration, or to changes in the optical cross section. Recent comparisons of 

oxygen evolution and ETR measured using mass spectrometry have suggested that cyclic electron 

flow around PSII or nonphotochemical energy quenching within PSII centres are more likely causes 

of non-linearity than oxygen consuming processes (e.g. Mehler-ascorbate-peroxidase reaction; 

Ruuska et al. 2000, Badger et al. 2000, Franklin & Badger, 2001). At low irradiance, the most likely 

cause is variable, light stimulated rates of respiration (see Flameling & Kromkamp, 1998 for a 

discussion on possible reasons for non-linearity between oxygen evolution and ETR). 

As explained above, the exponential of the intercept a Bi B in Fig. 8 is equivalent to slope coefficients 

called EE by Barranguet & Kromkamp (2000) or κ by Masojídek et al. (2001). The intercept (aBi B) 

was significantly affected by temperature, but only at the extremes of the temperature range 

examined (5 and 35 °C; Fig. 8). In the 10 - 30 °C range, most values of aBi B were similar (range 6.2 - 

7.0). 

As the effect of growth rate could not be statistically evaluated and the influence of temperature was 

relatively small, model 1 linear regression of the full data set was carried out in order to evaluate the 

magnitude of the error incurred in the prediction of PP

B
P from ETR across the range of temperatures 

and at two growth rates. The resulting slope coefficient bBi B was 0.80 (95 % CI 0.76 - 0.85) and aBi B was 

6.37 (95 % CI 6.29 - 6.45; rP

2
P = 0.75; FB(1, 406)B = 1248). The predictive equation provides reliable 

estimates of P P

B
P at higher values of ETR (95% CI about 10 % of the predicted mean) but, at the 

lowest values of ETR, the 95% CI was about 50 % of the predicted mean (Fig. 6, inset; see below). 
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To allow comparisons with literature values for the regression between PP

B
P (µmol O B2B (mg Chl a)P

-1
P hP

-

1
P) and ETR (µmol e P

-
P (mg Chl a)P

-1
P sP

-1
P), the regression equation was back transformed to a power 

function (PP

B
P = eP

ai
P.ETR P

bi
P; Fig. 6, inset). Converting both variables to the same time units gives an EE 

value of 0.16 (95 % CI 0.15 - 0.18) mol OB2B (mol e P

-
P)P

-1
P. This value is close to the theoretical minimum 

value of 0.25 mol OB2B (mol e P

-
P)P

-1
P (e.g. 4 electrons required at PS II per OB2B molecule; Gilbert et al. 

2000). After conversion to comparable units (assuming a* = 0.02 and 50% of absorbed irradiance is 

transferred to PSII), EE values of between 0.019 and 0.39 molOB2B (mol e P

-
P)P

-1
P have been reported in 

the literature for a range of microalgal species (Masojidek et al. 2001, and references therein). If we 

take the coefficients calculated in this study, and convert these to mg C, assuming a PQ of 1.4, we 

find a value of 0.114 mol C (mol e P

-
P)P

-1
P. This value is a little higher than the average value of 0.0995 

mol C (mol e P

-
P)P

-1
P (estimated using the same assumptions as above) found by Barranguet & 

Kromkamp (2000) in a field-based comparison of MPB photosynthesis. 

When the EE factors are examined at the different temperatures, photosynthesis appears to be less 

efficient at 5 °C, which could be due to the Calvin cycle being more strongly affected by 

temperature than PSII charge separation. As a consequence, algae are more susceptible to 

photoinhibition at low temperatures (Tyystjarvi et al. 1994).  

Conclusions  

A short-term change in temperature (10 - 30 °C), such as might be experienced during emersion on 

a European tidal flat, will not significantly affect the relationship between P P

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. Algal absorption measurements are important for correct calculation of ETR. 

The facts that different species seem to have different conversion factors, and that changing 

environmental conditions will affect the absorption capacity and growth rate of the 

microphytobenthos community, suggest that it is wise to perform further calibrations of the 

relationship in the field before use in primary production modelling. Estimates of primary 

production at the estuarine basin scale may suffer from patchiness in the photosynthetic response of 

the MPB community. Variable fluorescence measurements are quick and non-invasive and, with 

knowledge of the absorption properties of the MPB community, allow the quantification of 

photosynthetic parameters across large areas. Hence they are potentially useful for improving our 

estimates of ecosystem scale primary production. 
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Abstract 

Reflected radiance and chlorophyll fluorescence were used to measure the growth rate and 

maximum biomass of an undisturbed microphytobenthic (MPB) biofilm in a tidal mesocosm. 

Growth of the biofilm followed a sigmoid, logistic curve with a maximum rate of population growth 

(R) being 0.47 ± 0.1 dP

-1
P and a maximum biomass of 240 ± 35 mg chl a mP

-2
P after three weeks. The 

photosynthetic parameters of the developing biofilm were estimated in-situ using fluorescence-

based measurements of electron transport rate (ETR), as well as by ETR and P

14
PC assimilation 

measurements in optically-thin suspensions of algal cells. Absorption cross-sections were quantified 

by spectral reconstruction from HPLC pigment analysis. All three sets of photosynthetic parameters 

were used to estimate daily net primary carbon production (PP

c
PBnB). The maximum photosynthetic 

capacity (PP

B
PBmaxB) estimated using suspensions decreased significantly with time, whereas P P

B
PBmaxB 

estimated on undisturbed sediments showed no significant trend. P P

B
PBmaxB always decreased towards 

the end of the daily emersion period. The maximum quantum yield of photosynthesis (Φ BmB) 

estimated using P

14
PC assimilation decreased with time, whereas ΦBmB estimated using ETR did not 

change. Deviations between the methods were largest at very low biomass levels and during 

stationary phase, and are discussed with respect to optical artefacts e.g. interference from 

background fluorescence and the contribution of “deep layer fluorescence” or to incorrect 

physiological assumptions used in the calculation of ETR. P P

c
PBnB estimated from P

14
PC assimilation was 
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closely coupled to observed changes in biomass, which suggested that both C:chl a ratios and 

respiration rates of the biofilm showed low variability over time. 

Introduction 

Benthic microalgae or microphytobenthos (MPB) form highly productive natural ecosystems in 

intertidal areas (Cahoon 1999). They are an important food source for both benthic and pelagic 

communities (Macintyre et al. 1996; Underwood and Kromkamp 1999) and have also been linked 

to sediment stabilisation (Underwood and Paterson 2003). Quantification of primary carbon 

production (P P

c
P) and growth rates of MPB is important for understanding intertidal community 

dynamics and estuarine food-webs (Middelburg et al. 2000). The biomass of MPB on intertidal flats 

is controlled by a combination of bottom up and top down processes. When removal processes such 

as grazing and resuspension are minimal, the microalgal biomass will increase and eventually reach 

a steady state value that is determined primarily by light, temperature and nutrient availability. 

However, Blanchard et al. (2001) showed that the equilibrium biomass realised on a tidal flat 

tended to oscillate around a value of approximately half the maximum biomass (or carrying 

capacity) attainable for the environmental conditions prevalent. It was proposed that the dynamic 

nature of tidal flats, with continuous removal of algal biomass, ensured that MPB communities were 

always in a state of high growth rate.  

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

2
P) or content (g gP

-1
P) of 

chlorophyll a (chl a) within surface sediments (Flemming and Delafontaine 2000). The recognition 

that primary production of intertidal sediments was strongly controlled by the interaction of light 

and algal biomass at the sediment surface (Pinckney & Zingmark 1993), has led to a recent concept 

of ‘photosynthetically active biomass’ (PAB) (Guarini et al. 2000). Here, the concentration of chl a 

within the narrow photic zone of the sediment must be modelled or determined directly. For this 

purpose, fine-scale slicing of frozen sediment cores can be used effectively (Wiltshire et al. 1997; 

Kelly et al. 2001). However, destructive sampling methods are time consuming, which limit their 

scope in spatio-temporal investigations of MPB dynamics. Optical methods may prove to be useful 

for rapid, non-intrusive quantification of MPB [chl a]. Furthermore, as the optical depth of the 

sediment and the photic depth are coupled, optical methods provide a fast estimation of PAB 

(Serôdio 2003), which is a key parameter of current primary production models. 

Two methods in particular have been used for this purpose: the measurement of the reflected light 

from the sediment surface, and the measurement of in-vivo chlorophyll fluorescence. Hyperspectral 
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reflectance spectra show the influence of light absorption by photosynthetic pigments in surface 

sediments (Paterson et al. 1998, Hakvoort et al 1998). This allows the accurate quantification of [chl 

a] (Meleder et al. 2003a) and identification of different MPB assemblages (Stephens et al. 2003). 

Time series analysis has shown that surface reflectance can change dramatically when motile 

diatom cells migrate upwards from deeper layers to the sediment surface (Kromkamp et al. 1998). 

Reflectance spectra at ground level can also be linked to aerial or satellite based remote sensing 

analysis of the intertidal environment (Hakvoort et al. 1998), thus enabling MPB biomass to be 

estimated over large spatial scales (Smith et al. 2004). 

As with reflectance, measurement of chlorophyll fluorescence is rapid and non-destructive. Data 

processing can be automated allowing data capture with a high time resolution. For example, 

Serôdio et al. (1997) used fluorescence to study in detail the changes in surface chl a caused by 

vertical migration of diatoms. However, the quantum yield of fluorescence from algal chl a is not 

constant. Both photochemical, and especially at high irradiance, protective non-photochemical 

quenching (NPQ) mechanisms, induce changes in the fluorescence yield (Consalvey et al. 2004). 

These processes introduce variability into the relationship between chl a and steady-state 

fluorescence levels. Application of a short dark acclimation period before measurement is usually 

sufficient to relax quenching mechanisms. In the absence of photosynthesis, all reaction centres are 

open, and fluorescence yield stabilises at a minimum level (F BoB). Variability in the fluorescence-chl a 

relationship is therefore reduced. Often a 15 min dark adaptation is used, and this FBoPB

15
P is taken as a 

proxy of the true FBoB. A study in the Tagus estuary showed that the F BoPB

15
P of diatom-dominated 

sediments did not vary significantly even after pre-treatment with a wide range of irradiances 

(Perkins et al 2001). Fluorescence measurements have shown in many studies close, linear 

correlations with the concentration of chl a in sediments or in biofilms. (Karsten et al. 1996; 

Serôdio et al. 1997; Honeywill et al. 2002). By using F BoB to measure changes in PAB caused by 

diurnal vertical migration of MPB, the correlation between fluorescence and oxygen 

microelectrode-based estimates of benthic production was greatly improved (Serôdio 2003). 

Various methods for quantifying the primary production of intertidal sediments have been 

developed (reviewed by Underwood and Kromkamp 1999). In-situ techniques such as the bell jar, 

measure the flux of oxygen or carbon dioxide from the sediment to the overlying atmosphere or 

water (Barranguet 1997; Schories and Mehlig 2000; Migne et al 2002), but may underestimate the 

total rate of photosynthesis because only the upwelling flux is measured (Berg et al. 2003). In-situ 

tracer incubations measure the fixation of P

13
PC or P

14
PC from bicarbonate solution applied to the 
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sediment surface (Middelburg et al. 2000), but calculations of fixation rates are difficult due to the 

unknown specific activity of the tracer in the sediment pore water (Vadeboncoeur and Lodge 1998). 

This problem may be serious in cohesive sediments (Jönsson, 1991), and or in dense biofilms where 

drawdown of the porewater DIC pool is extremely fast and atmospheric COB2B is the main inorganic 

carbon source. In contrast, photosynthetic measurements using suspensions of MPB cells in a 

medium, typically filtered seawater, can give useful information about photosynthetic 

characteristics under controlled temperature and irradiance conditions (Blanchard 1994; Macintyre 

and Cullen 1998; Wolfstein et al. 2000). In this case, the photosynthetic rates obtained represent an 

upper bound, because the physico-chemical gradients existing in the sediments are destroyed. 

Alternatively, analysis of variable chlorophyll fluorescence kinetics can be used to measure the 

effective quantum efficiency of PS II (∆F/FBm B’) and the rate of non-cyclic electron transport (ETR). 

The advantage of this technique is that it can be used in-situ, is non-destructive and is rather quick. 

ETR of algal suspensions has been linearly correlated to O B2B-production or C-fixation at limiting 

irradiances, but, can at high irradiances sometimes under- or overestimates the maximum rate of 

photosynthesis (Flameling and Kromkamp 1998; Hartig et al. 1998; Kromkamp et al. 1998; 

Masojídek et al. 2001). Quantification and conversion of ETR requires knowledge about the 

irradiance absorbed by PSII and the electron use efficiency (ΦBeB, mol C fixed per mol electrons 

produced by PSII; Gilbert et al. 2000). Comparisons of ETR and standard measures for the 

quantification of undisturbed MPB biofilm photosynthetic rates are rare and the published results 

are contradictory (Barranguet and Kromkamp 2000; Perkins et al. 2001; Perkins et al. 2002; Brotas 

et al. 2003; Serôdio 2003). In comparison to measurements on phytoplankton, a number of 

additional complications are introduced when trying to assess ETR of undisturbed MPB biofilms. 

Determination of the absorption properties of the biofilm is difficult. The severe attenuation of 

irradiance within sediments (Kuhl and Jorgensen 1992) combined with the highly structured 

distribution of chl a within the photic zone is thought to be responsible for ‘deep-layer 

fluorescence’, where the fluorescence signal from deep chl a layers contributes to fluorescence 

measurements made at the sediment surface (Serôdio 2004; Forster and Kromkamp 2004). Not 

correcting for ‘background fluorescence’ has also been shown to severely influence measurements 

of variable fluorescence yields in the water column (Cullen and Davis 2003), and the resultant 

artefacts apply also to sediment measurements. It has been argued that the combination of complex 

sediment optics and vertical migration of motile cells, either over tidal cycles or in response to 
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changing irradiance conditions (photo-taxis) can seriously complicate the measurement of ETR on 

undisturbed sediments (Oxborough et al. 2000; Perkins et al. 2001; Perkins et al. 2002). 

Our aims were therefore to assess the effectiveness of using in-situ optical techniques to measure 

the growth rate, biomass and primary production of a MPB biofilm in semi-natural conditions at a 

high temporal resolution. Additional photosynthetic parameters were estimated using ETR and P

14
PC 

assimilation measurements carried out on optically-thin suspensions of MPB in filtered seawater to 

simplify the comparison of methods. Fluorescence-based measurements were converted to rates of 

carbon fixation using previously published coefficients. All three sets of photosynthetic parameters 

were used to calculate the net daily primary carbon production (P P

c
PBnB), thus allowing the biomass of 

the MPB biofilm to be predicted throughout the cultivation period.  

Methods 

Tidal tank mesocosms 

Sediment was collected in February 2002 from an intertidal flat on the northern shores of the turbid, 

eutrophic Westerschelde estuary, SW Netherlands (Biezelingsche Ham, 51° 26’N, 3° 55’E). The 

sediment consisted of poorly sorted, fine sands (mean grain size 0.14 mm) with an organic matter 

content of 7.4 ± 2.7 % (Wolfstein, K., pers. comm.). The sediment was sieved (1 mm), to remove 

macrobenthos, and autoclaved, to kill the remaining meiobenthos and microbiota. Rectangular 

plastic trays (30 x 50 cm wide, 12 cm high) with drainage holes and a layer of fine mesh on the 

lower surface were filled with 7 cm of ‘silver’ sand. The sterilised intertidal sediment was placed on 

top of the sand, to form a 5 cm deep layer, so that the sediment surface was flush with the rim of the 

container. The containers were submerged in filtered seawater (0.2 µm) (obtained from the adjacent 

Oosterschelde estuary) and left for 7 d in the dark with alternate periods of tidal emersion and 

immersion. Four identical trays were placed in the tidal mesocosm. A computer controlled system 

was used to regulate the inflow and outflow of water to the 1000 litre seawater reservoir. The 

sediment containers were positioned so that the water level at ‘low’ tide was about 8 cm below the 

surface of the sediment, i.e. the base of the sediment container was always waterlogged. The 

emersion time of the sediment surface was 20 h per day (split into two 10 h low tides from 0900 to 

1900 h and 2100 to 0700 h). The emersion times were comparable with the high shore collection 

site at Biezelingsche Ham, and were set at the same time of day throughout the experiment (i.e. no 

tidal cycle lag). The photo-period and irradiance were constant throughout the experiment at 12 h 

and 200 µmol quanta m P

-2
P sP

-1
P, starting at 0800 h and ending at 2000 h, to give a daily photon dose of 
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8.6 mol quanta m P

-2
P equivalent to the February average incident irradiance (as measured at the 

logging station of the NIOO-CEME, 4 year time series using a LiCor LI192SA PAR sensor). A 

combination of cool white fluorescent tubes and halogen spot lamps were used to reach the required 

irradiance. Heterogeneity in the light field was approximately 10 %. Less well illuminated areas at 

the corners of the tank were excluded from measurements. The whole system was constructed in a 

temperature controlled room set to 15˚C. Salinity of the overlying seawater was 29. Initial nutrient 

concentrations of the sea water were: 54.9 µmol NOB3B l P

-1
P, 6.9 µmol NH B4B l P

-1
P, 1.2 µmol PO B4B l P

-1
P, 25.0 

µmol SiOB2B l P

-1
P, 31.0 mmol C l P

-1
P (TIC) and 119.6 µmol C lP

-1
P (DOC).  

MPB enriched sediment was collected by scraping the surface layer from the same intertidal site, 

from this a suspension of epipelic MPB was collected using the lens tissue method (Eaton and Moss 

1966). The dilute suspension of MPB cells, which qualitatively appeared to be dominated by an 

epipelic Navicula sp., was then sprayed over the trays using a simple household plant mister. 

Viability (motility and damage) of cells was checked under the microscope after spraying to ensure 

the spraying had no effect. The trays were inoculated on 8P

th
P February 2002, and growth of the MPB 

biofilm was monitored for 21 d. The tidal inflow/outflow was regulated by valves so that there was 

very little hydrodynamic disturbance to the sediment surface, thus preventing resuspension of the 

biofilm. 

TContinuous optical measurement of surface sediment chlorophyll a concentration 

The fibre-optic inputs of two spectroradiometers (S2000, Ocean Optics, Dunedin, USA, full 

acceptance angle 20P

o
P and SR-9910 Macam, Livingston, Scotland, full acceptance angle 8P

o
P) were 

positioned so that the viewing apertures were facing the sediment surface whilst ensuring that the 

viewing area contained no shadow. The viewing area was 100 cmP

2
P and fixed throughout the 

experimental period (i.e. the location of sediment viewed was constant). The integration time of 

radiance measurements was set at 100 ms, the optimum for the irradiance used. Regular dark scans 

were performed to check for instrument drift, which was minimal in both cases. Both instruments 

were set to automatically record the reflected upwelling radiance from the sediment (LuBsB) every 30 

min throughout the experimental period. The reflected upwelling radiance (LuBdB) of a white 

polystyrene panel was also measured at least two times per day. White polystyrene plates were 

chosen as a reflectance standard because they are cheap and can easily be replaced. Cross 

calibration between the polystyrene standards and a commercially-available 99% white reflectivity 

standard plate from Spectralon (Photo Research model SRS-3) indicated that the spectral difference 

between a polystyrene plate and the calibrated standard was less than 5%. The bidirectional 
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reflectance factor (Milton 1987), or spectral reflectance (RBλ B) was calculated as LuBsB/Lu BdB for 

wavelengths between 300 to 900 nm at 1 nm intervals. From the reflectance spectra the normalised 

difference vegetation index (NDVI) was calculated: 

675750

675750

RR

RR
NDVI

+

−

=          (1) 

where RB750B and RB675 Bare the average reflectance between 745-755 nm and 670-680 nm respectively. 

This index can be used as a proxy which is directly proportional to surface chl a concentration 

(Meleder et al 2003a; Carrère et al 2004).  

Fluorescence parameters of the biofilm were logged every 10 min at two fixed locations using pulse 

amplitude modulated (PAM) chlorophyll fluorometers, DIVINGPAM and PAM2000 (H. Walz, 

Effeltrich, Germany). The ends of each of the fluorometer fibre optic probes were clamped 4 mm 

above the sediment surface at a 45 ° angle (to minimise self shading). The viewing area under each 

probe was 3.5 cmP

2
P. Chlorophyll fluorescence from the developing biofilm was excited by a weak 

red measuring light (1 µmol mP

-2
P s P

-1
P, maximum emission at 650 nm) and fluorescence was detected 

at wavelengths above 695 nm. As fluorescence parameters were logged continuously throughout the 

dark periods, the mean minimum fluorescence (FBoB) value during the night time emersion, from 0200 

to 0600 h, was used as a proxy for the true FBoB.  

In addition to the continuous daily measurements of fluorescence and reflectance, further 

measurements of FBoPB

15 
P(FBoB after 15 min. dark adaptation) and NDVI were made at randomly selected 

locations across the mesocosm. During the midday emersion of selected days, a PAM fluorometer 

(MINIPAM, H. Walz, Effeltrich, Germany) and a diode array spectrometer (MMS-1, Carl Zeiss, 

Jena, Germany, full acceptance angle 22°) were used for this purpose. The viewing area of the 

spectrometer was 24 cmP

2
P. The height of the PAM-fluorometer fibre optic was fixed at 4 mm above 

the sediment surface using a special chamber designed for investigation of fluorescence parameters 

on the surface of sediments (Fig. 1). The chamber ensured that the sediment was darkened and, 

having a rotating lid allowed 5 measurements of FBoPB

15
P to be taken on the sediment surface at each 

location allowing a total area of approximately 17.5 cmP

2
P to be covered. Measurements were taken at 

10 positions across the biofilm selected using random number tables. Measurements were processed 

using the same procedure as the static fluorometers and spectrometers. 
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PAM optic fibre tip

Rotating chamber lid 

Base (4 mm)

Flanged connector

SEDIMENT
Stabilising screw 

PAM optic fibre tip

Rotating chamber lid 

Base (4 mm)

Flanged connector

SEDIMENT
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Figure 1. Schematic showing the dark adaptation chamber used to facilitate the measurement 

of in-situ P-E curves using the MINIPAM (H. Walz, Effeltrich, Germany). 

In summary, the developing biofilm was monitored with a high time resolution at four fixed 

locations throughout the experiment, with additional optical measurements being taken every 2-3 d 

at randomly chosen positions to ensure maximum spatial coverage. Mean FBoB (after 6 h of darkness), 

F BoPB

15
P (mean of 10 positions), NDVI (1000 to 1800 h) and NDVI (mean of 10 positions) from each 

day were transformed to chlorophyll a units using a two-point regression based on the optical 

measurements of the initial autoclaved bare sediment (assumed to contain a [chl a] of zero) and 

destructive measurements of the surface (2 mm) sediment pigment concentration at the end of the 

experiment (see below for details). Because of the machine specific nature of FBoB-[chl a] 

relationships each fluorometer was calibrated individually using sediment sampled from the field of 

view. NDVI values from spectrometers were converted into chlorophyll a equivalent units (mg m P

2
P) 

using the regression:  

[ ] 36.4729.699 −×= NDVIachl         (2) 
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Logistic growth curve  

Mean daily [chl a] was fitted to a logistic growth model using least squares criterion (Blanchard et 

al. 2001):  

[ ]
( ) (( ))dRBKB

KB
achl

×−×−+

×

=

exp
00

0       (3) 

where, BB0B is the initial [chl a], K is the final [chl a], R is the maximum rate of logistic growth and d 

is the day of growth. A 5 day lag period before logistic growth began was observed at the beginning 

of the experiment. 

Sediment sampling and pigment determinations 

Constant volume replicate samples of the sediment surface (2 mm depth, 24 cmP

2
P, n = 19) were 

collected at the end of the cultivation period using the contact core method (Ford and Honeywill 

2002). Samples were transported in liquid nitrogen and stored at -80 °C until analysis (within one 

week). After freeze-drying, photosynthetic pigments were extracted from the homogenised 

sediment in 5 ml of DMF in the dark at – 4 °C. Extracted pigment concentrations were quantified 

using HPLC (see below for details). Sub-samples of the MPB suspensions used in photosynthesis-

irradiance (P-E) experiments were collected on Whatman GF/F filters for pigment extraction in 

DMF. 

Reversed-phase HPLC analysis was performed with a C-18 column, and Waters 2690 separation 

module running a ternary gradient system consisting of 85% methanol: water, 90% acetonitrile: 

water, and ethyl acetate (Kraay et al. 1992). Pigments were detected using a Waters 996 photodiode 

array and a Waters 474 fluorescence detector and classified with Millennium software, according to 

a spectral library of known pigments. Quantifiable chlorophyll pigments included the chlorophylls 

a, b, cB1B/cB2B, chlorophyllide a, pheophorbide a and pheophytin a. Photosynthetic accessory 

carotenoids (PSC) and photoprotective carotenoids (PPC) were assigned according to Macintyre et 

al. (2002). PSC included fucoxanthin and diadinoxanthin, and PPC comprised of β carotene, 

diatoxanthin, and lutein / zeaxanthin (not separable). 

TPhoto-physiological fluorescence parameters of the microphytobenthic community 

The maximum energy conversion efficiency or quantum efficiency of PSII charge separation 

(FBvB/F BmB) was calculated as (Genty 1989): 
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mommv
FFFFF /)(/ −=          (4) 

where F BoB is the minimum fluorescence and F Bm Bis the maximum fluorescence (during a saturating 

light pulse, 0.6 s pulse duration, 6000 µmol m P

-2
P sP

-1
P) of a dark-adapted sample. As fluorescence 

parameters were logged continuously throughout the dark periods the mean FBvB/F Bm B from 0200 to 

0600 h was used as a proxy for true F BvB/F BmB. The effective quantum efficiency of non-cyclic electron 

transport (i.e. the effective quantum efficiency of PSII) during the illuminated emersion period was 

calculated as: 

'/)'('/
mmm

FFFFF −=Δ          (5) 

where F is the steady-state fluorescence and Fm' the maximum fluorescence after a saturating pulse 

when measured in the light. The mean ∆F/Fm’ from 1130 to 1230 was used as a proxy for daily 

mean ∆F/Fm’. 

TPhotosynthesis of the microphytobenthic community 

From day 6 to 15 after inoculation, measurements of the photosynthesis-irradiance (P-E) 

relationship were carried out around the midpoint of the daytime low tide. On day 7, 12 and 15, 

additional measurements of the P-E relationship were carried out throughout the whole of the 

daytime low tide in order to examine ‘within-day’ variations in photosynthetic parameters. 

Photosynthetic electron transport rates were measured both in-situ on undisturbed sediment and on 

suspensions of MPB cells. The rate of carbon fixation was also measured on suspensions of MPB 

cells using a radiocarbon assay (see below). Small areas (10 cmP

2
P) of lens tissue sample were taken 

throughout the day (the collection method was a mix of allowing migration into the lens tissue over 

approximately an hour, and by brushing the tissue lightly across the surface of the biofilm). It 

should be noted that the lens tissue method selects mainly motile species and therefore may 

influence the MPB assemblage of the suspensions. These samples were shaken in filtered seawater 

([TIC] 3.1 ± 0.1 mmol C l P

-1
P, n = 48, mean ± SD), mixed and refiltered through 1 mm gauze, to 

produce a dilute algal suspension for radiocarbon and PAM fluorescence measurements.  

PAM fluorescence methodology 

In-situ photosynthesis was measured at random positions using a portable PAM fluorometer 

(MINIPAM, H. Walz, Effeltrich, Germany) and the dark adaptation chamber (Fig 1). After 1 min of 

dark adaptation, a P-E curve was obtained with 8 sequential irradiance steps (96 to 600 µmol quanta 

m P

-2
P sP

-1
P) each of 1 min duration, using the internal light source of the fluorometer. 
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Measurements of algal suspension photosynthesis using fluorescence were carried out using a 

WATERPAM (H. Walz, Effeltrich, Germany). A 2 ml sample of the algal suspension was placed in 

the quartz cuvette of the WATERPAM, the stirring lid was replaced, ensuring the sample was 

stirred and a P-E curve was initiated using 8 sequential irradiance steps (52 to 835 µmol quanta mP

-2
P 

s P

-1
P, 15 ± 1 ºC) each of 1 min duration, using the red LED light source of the fluorometer.  

Using ΔF/F BmB', the linear electron transport rate (ETR, µmol eP

-
P (mg chl a)P

-1
P s P

-1
P) can be calculated per 

mg chl a (Hofstraat et al. 1994; Kromkamp and Forster 2003): 

         (6) 

where n BPSII B is the number of functional PSII centres per mg chl, a*BPSII B is the optical cross section of 

PSII (nmP

2
P) and E is the incident irradiance (µmol quanta mP

-2
P sP

-1
P). As a*BPSII B and nBPSII B are difficult to 

measure, ETR was calculated from the spectrally averaged (400-700 nm) chlorophyll specific 

absorption cross section in the absence of package effects (a*BphB) assuming that the ratio of PSI:PSII 

cross-sections (ρ) was 0.5 (Gilbert et al. 2000): 

'/*
mPSIIPSII

FFEanETR Δ×××=

 '/* mph FFaEETR Δ×××= ρ        (7) 

Because of the difficulty of measuring MPB absorption spectra without sediment contamination 

a*BphB was constructed from HPLC derived pigment concentrations. Hypsochromic shifts and weight-

specific spectral absorption coefficients (in HPLC solvent) were made according to Bidigare et al. 

(1990). The spectrally-resolved absorption coefficient (a’Bph B(λ)) was calculated from: 

          (8) ( ) ( )∑
=

=′

n

i

iiph aca

1

*
λλ

where cBi B is the concentration of pigment i (mg m P

-3
P) and a*BI B(λ) is the specific absorption coefficient 

of pigment i (mP

2
P mg P

-1
P) at wavelength λ. a*BphB was then calculated by normalising a’BphB by the 

concentration of chlorophyll in the suspension. For the sake of simplification it was assumed that 

packaging was minimal, based on the observation by Bidigare et al. (1990) for phytoplankton, and 

the observation that reconstructed a*BphB values were very close to those observed for the benthic 

diatom Cylindrotheca closterium (Morris and Kromkamp 2003). Also, the initial inoculation of 

diatoms consisted mainly of small Navicula sp., and the package effect is less important in small 

cells (Stramski and Morel 1990). a* BphB did not significantly change during the cultivation period 

(one-way ANOVA, FB1, 7B = 0.15, p = 0.99), therefore a mean value of 0.016 ± 3.63 x 10P

-4
P m P

2
P (mg chl 

a)P

-1 
P(mean ± SD) was used in subsequent calculations.  

50 



Chapter 3. Growth and photosynthesis of MPB 

Radiocarbon assay 

The algal suspension was also used to measure 3 replicate P-E curves per sampling event, in a 

photosynthetron (Lewis and Smith 1983). 2 ml of algal suspension was dispensed into 20 ml glass 

vials into which 400 µl of Na P

14
PHCOB3B (final activity of 3.7 x 10P

4
P Bq sampleP

-1
P) were added. Vials 

were kept in the dark for 5 min, prior to exposure for 30 min to 9 irradiances ranging from 0 to 1640 

μmol photon m P

-2
P s P

-1
P at the same experimental temperature as the fluorescence measurements (15 ± 1 

ºC). The incubation was terminated by adding glutaraldehyde (3 % final concentration) and non-

incorporated C was removed by adding 100 µl of concentrated HCl. Packard scintillation cocktail 

was added to each sample, and P

14
PC incorporation was measured with a Packard Tri-Carb 2300 TR 

scintillation counter, including quench correction. The dark incorporation rates were subtracted 

from the incorporation rates in the light. Dissolved inorganic C in the medium was determined by 

potentiometric titration of carbonate alkalinity (Parsons et al. 1984). It was assumed that due to the 

short incubation time, measured C-fixation rates represented gross photosynthesis. 

Photo-physiological characteristics of the MPB community 

To correct for the different spectral properties of each of the light sources used to derive 

photosynthetic parameters, the total spectral irradiance absorbed by the MPB community (AQBphB, 

µmol quanta (mg chl a)P

-1
P s P

-1
P) was calculated as the product of the reconstructed absorption spectrum 

a* BphB(λ) and spectrum of the light source Q(λ) for each light treatment (Kroon et al. 1993), where 

          (9) λλλ dQaAQ phph )()(
700

400

*
⋅= ∫

Rates of carbon incorporation (PBgPB

B
P, µmol C (mg chl a)P

-1
P hP

-1
P) were calculated from the product of 

ETR (µmol e P

-
P (mg chl a)P

-1
P sP

-1
P) and the electron yield (ΦBeB, mol C (mol e P

-
P)P

-1
P) where, 

           (10) e

B

g ETRP Φ⋅=

A constant ΦBeB of 0.199 mol C (mol eP

-
P)P

-1
P (i.e. 5 electrons required and produced by PSII per C 

molecule), calculated by Morris and Kromkamp (2003) from data derived by Barranguet and 

Kromkamp (2000) for natural populations of MPB from the Westerschelde estuary using P

14
PC 

incorporation, was used throughout the experimental period (i.e. Φ BeB was decided a priori). 

The relationship between PP

B
PBgB and AQBphB was fitted to the model proposed by Webb et al. (1974); 
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From the fit, the maximum photosynthetic capacity (P P

B
PBmaxB, µmol C (mg chl a)P

-1
P hP

-1
P) and maximum 

quantum yield of photosynthesis (Φ Bm B, mol C (mol quanta)P

-1
P) were derived (Sakshaug et al. 1997). 

Curve-fitting was done using simultaneous least-squares regression. A decrease in P P

B
PBgB at high 

irradiance was not observed in the P-E curves.  

Primary production of the biofilm 

The daily integral of primary production for the intact biofilm was calculated by incorporating the 

chlorophyll a (chl a) specific photosynthetic parameters of the undisturbed MPB community and 

the optically thin MPB suspensions into a vertically-resolved optical model of the sediment. The 

distribution of algal biomass with sediment depth was calculated using an exponential decay 

(0.0016 µmP

-1
P), as shown by recent experimental data (Perkins et al. 2003). Attenuation coefficients 

were calculated at each depth interval for biological and non-biological material, and the sum of 

both attenuation coefficients was used to determine the transmission of irradiance through each 

discrete sediment layer according to: 

 
( )])[(])[(

01
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−
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=        (13) 

where AQB0 Bis the absorbed quanta at the sediment surface:, [chl aBi B] is the chlorophyll concentration 

in depth interval i, Kd BalgaeB is the attenuation coefficient of the algae (assumed to equal a*BphB, m P

2
P (mg 

chl a)P

-1
P), KdBsedB is the attenuation coefficient of the sediment (0.003 m P

2
P (g sed)P

-1
P) (Forster and 

Kromkamp 2004) and [SedBi B] is the concentration of sediment in depth interval i. Mean absorbed 

quanta within each depth interval was calculated according to Van Liere and Walsby (1982): 
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where AQBi B is the absorbed quanta in depth interval i and i+1 respectively. Finally, gross primary 

carbon production (PBgPB

c
P) was calculated in each depth layer from knowledge of irradiance, biomass 

and photosynthetic parameters using the following equation: 
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where P P

B
PBmaxB is the maximum photosynthetic capacity, Φ Bm B is the maximum quantum yield of C-

fixation, AQBi-i+1B is the mean absorbed quanta in the depth interval i to i + 1, and [chl a Bi-i+1B] is the 

chlorophyll concentration in the depth interval i to i+1. The depth resolution of the model was 10 

μm, and primary production was integrated by summing over all depths from 0 to 2000 µm. Hourly 

rates of areal production (mg C mP

-2
P hP

-1
P) were converted into daily rates by multiplying by the 

photoperiod of the experiment. An assumed respiration rate (10% of PP

B
PBmaxB, Collos 1997) for each 

depth interval (RBi-i+1B) was calculated according to: 

         (16) ][
1max1 +−+−

=
iic

B

ii
chlaRPR

where P P

B
PBmaxB is the maximum photosynthetic capacity, R BCB is the respiration coefficient (0.1) and [chl 

aBi-i+1B] is the chlorophyll concentration in the depth interval i to i + 1. As for the primary production 

calculations, respiration was integrated by summing over all depths from 0 to 2000 µm. Hourly 

rates of areal respiration (mg C mP

-2
P hP

-1
P) were then converted into daily rates by multiplying by 24 h. 

Finally, daily areal net primary carbon production (PP

c
PBnB) was calculated as the difference after 

subtracting respiration from PP

c
PBgB. PP

c
PBnB estimated by each of the methods on each day of cultivation 

was used to predict the realised biomass of the MPB biofilm on the subsequent day. 

Statistical analyses 

Bartlett’s test was used to check for homogeneity of variances and the data were examined 

graphically for deviations from the normal distribution. Where statistical assumptions (homogeneity 

of variance and normal distribution) were valid, parametric statistical tests were used. One-way 

(model I) ANOVA was used to test for significant variation of the data. The post-hoc Tukey 

Unequal N HSD test was used to determine significant differences between group means within the 

one-way ANOVA setting. Pearson’s product moment correlation was used to derive significant 

correlations between variables. Model II regression was used to derive functional relationships 

between variables. Where statistical assumptions were not valid, non-parametric statistical tests 

were used. Kruskal-Wallis one way ANOVA by ranks was used to test for significant variation of 

the data. Kruskal-Wallis multiple comparisons test of mean ranks was used to determine significant 

differences between group means within the one-way ANOVA setting. Spearman’s rank correlation 

was used to derive significant correlations between variables. Curve fitting was carried out using 

minimum least squares criteria in SigmaPlot 8.0 (SPSS Inc., Chicago, USA, 2001). Confidence 

intervals were chosen as the expression of error for reported means within figures. All confidence 
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intervals (CI) are given at the 95% level. Statistical analyses were performed in Statistica 6 

(StatSoft Inc., Tulsa, USA, 2001). 

Results 

Changes in surface sediment [chl a] during the cultivation period were successfully recorded using 

both fluorescence and reflectance methods irrespective of whether the instruments were deployed in 

continuous logging mode (static), or used for random sampling on selected days (Fig. 2). The 

biofilm formation clearly followed a sigmoid logistic-type curve in all cases reaching a maximum 

biomass of 240 ± 35 mg chl a m P

-2
P (mean ± CI) after three weeks. Estimates of chl a from both 

reflectance and FBoPB

15
P taken at 10 random positions at the same time and position on selected days 

were not statistically different (Fig 2 , T-test, t B(1,118)B = -0.57, p = 0.57) and fell within the range of 

the estimates taken at the static locations. 

 

Figure 2. Chlorophyll a concentrations (mg chl a mP

-2
P) estimated using optical methods plotted 

as a function of cultivation time (days). PAM2000, DIVEPAM and MINIPAM (H. Walz, 

Effeltrich, Germany) are commercially available fluorometers, MACAM (SR-9910 Macam, 

Livingston, Scotland), OCOPTIC (S2000, Ocean Optics, Dunedin, USA) and MMS (Carl 

Zeiss, Jena, Germany) are commercially available reflectometers. [mean ± CI, n = 10 - 22]. A 

logistic curve (see methods for details) was fitted through all data points (dashed line). 
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Daily biomass-specific production was estimated from the measured change in mean daily [chl a]. 

The highest rate of 0.48 dP

-1
P was found at the beginning of the logarithmic phase (Days 6-8), 

followed by a decline throughout the growth period (Fig. 3). Growth rates could also be predicted 

by using the logistic model (r P

2
P = 0.74, n = 15, F = 40.3, p < 0.0001). The maximum rate of logistic 

growth (R) estimated using all the different optical measures ranged from 0.32 to 0.62 dP

-1
P [mean ± 

SD, 0.47 ± 0.1 dP

-1
P, n = 6] and there was no significant difference between the estimates based on 

fluorescence (mean ± SD, 0.52 ± 0.12 dP

-1
P, n = 3) or reflectance (mean ± SD, 0.42 ± 0.09 dP

-1
P, n = 3) 

(T-test, t B(1, 4) B= -1.2, p = 0.3). 

 

Figure 3. Predicted (from logistic equation) and measured biomass specific daily production 

(dayP

-1
P) plotted as a function of cultivation time (days). 

The maximum photosynthetic capacity per unit chlorophyll (P P

B
PBmaxB), measured at midday on each 

day, calculated from P

14
PC assimilation on a MPB suspension, significantly declined from a value of 

1190 to 305 µmol C (mg chl a)P

-1
P h P

-1
P from day 6 to day 15 respectively (Fig. 4, Spearman’s Rank r = 

-0.97, p < 0.0001). PP

B
PBmaxB (ETR suspension) was also significantly negatively correlated to 

increasing days from inoculation (Spearman’s Rank, r = -0.47, p < 0.001). However, no significant 

correlation between PP

B
PBmaxB (ETR in-situ) and days from inoculation was observed during the growth 

period (Spearman’s Rank, r = -0.02, p = 0.90). A significant positive correlation was observed 

between daily mean PP

B
PBmaxB (P

14
PC suspension) and P P

B
PBmaxB (ETR suspension) (Spearman’s Rank, r = 
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0.83, p < 0.05). No significant correlation was observed between daily mean PP

B
PBmaxB (P

14
PC suspension) 

and PP

B
PBmaxB (ETR in-situ) (Spearman’s Rank, r = 0.32, p = 0.48). When daily PP

B
PBmaxB estimates were 

examined for differences between methods on each day, daily mean PP

B
PBmaxB (P

14
PC suspension) values 

were significantly higher than PP

B
PBmaxB estimated using both ETR methods (which were not sig. 

different) on days 6 and 7, whilst on day 15, PP

B
PBmaxB derived by both suspension methods was not 

significantly different but significantly lower than PP

B
PBmaxB estimated in-situ (Kruskal-Wallis multiple 

comparisons test, p < 0.05). 

 

Figure 4. Biomass specific maximum rates of carbon assimilation (PP

B
PBmaxB, µmol C (mg chl a)P

-1
P 

h P

-1
P) plotted as a function of cultivation time (days). Rates were measured as the rate of P

14
PC-

bicarbonate uptake in an algal suspension (P

14
PC suspension), ETR in-situ converted to carbon 

assimilation (ETR in-situ) and ETR in an algal suspension converted to carbon assimilation 

(ETR suspension). For details of ETR conversions see methods. [mean ± CI, n = 3 - 6]. 

Marked days (*) indicate significant differences between photosynthetic parameters estimated 

by each of the methods (Kruskal-Wallis multiple comparisons test, p < 0.05). 

PP

B
PBmaxB estimated by the ETR methods were also examined at high temporal scale on three days 

selected to represent different growth stages of the biofilm (Fig. 5). On all of the days examined, the 

change in PP

B
PBmaxB (ETR in-situ and suspension) during the emersion period were negatively correlated 

to increasing emersion time (Pearson’s product moment, p < 0.05), except for ETR in-situ on day 
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15 which showed a strong pattern of induction, peaking at approximately 1500 h followed by a 

depression during the rest of the afternoon. No significant difference in mean PP

B
PBmaxB (P

14
PC 

suspension) measured at 1100, 1300 and 1500 h was observed during the emersion period on day 7 

(Fig. 5) (ANOVA, F B(2, 6)B = 2.58, p = 0.16). PP

B
PBmaxB (P

14
PC suspension) was constant between 1100 and 

1300 h on day 12, but showed a significant reduction in mean P P

B
PBmaxB (P

14
PC) at 1500 h (Post-hoc 

Unequal N HSD test, p < 0.05). P P

B
PBmaxB (P

14
PC suspension) significantly declined during the emersion 

period on day 15 (Pearson’s product moment, r = 0.79, p < 0.01). When all measurements were 

considered over the whole emersion period on day 7, mean PP

B
PBmaxB estimated by each of the 3 

methods was significantly different to each other (Kruskal-Wallis ANOVA, H B(2, 73)B = 32.9, p < 

0.0001). On day 12, mean PP

B
PBmaxB (P

14
PC suspension) and PP

B
PBmaxB (ETR in-situ) were not significantly 

different whereas PP

B
PBmaxB (ETR suspension) was significantly lower than both other methods 

(Kruskal-Wallis multiple comparisons test, p < 0.05). On the final intensive day of sampling (day 

15) PP

B
PBmaxB (ETR in-situ) had a significantly higher mean P P

B
PBmaxB value than estimated using ETR 

suspension or P

14
PC assimilation, both of which were not statistically different to each other (Kruskal-

Wallis multiple comparisons test, p < 0.05). 

The maximum quantum yield (Φ Bm B, mol C (mol quanta) P

-1
P) derived from both the ETR methods was 

constant and did not significantly change from a mean value of 0.068 mol C (mol quanta)P

-1
P 

throughout the cultivation period (Fig. 6) (Kruskal-Wallis ANOVA, H B(7, 60)B = 3.68, p = 0.82). The 

change in ΦBmB derived from P

14
PC assimilation over the cultivation period was significantly negatively 

correlated with increasing days from inoculation (Spearman’s rank, r = -0.84, p < 0.0001). No 

significant correlation between mean daily ΦBmB estimated using both ETR methods and P

14
PC was 

observed over the cultivation period. Daily mean ΦBmB (P

14
PC) values were significantly higher than Φ BmB 

estimated using both ETR methods on days 6 and 7, and significantly lower on day 15 (Kruskal-

Wallis multiple comparisons test, p < 0.05). 

Examination of the within-day variation in Φ Bm B on days 7, 12 and 15 revealed no significant daily 

rhythms in Φ Bm B estimated using both ETR methods (Fig. 7). No significant difference was observed 

between ΦBmB (P

14
PC suspension) values measured at 1100, 1300 and 1500 h on day 7 and 12. ΦBmB (P

14
PC 

suspension) was significantly negatively correlated with time of day on day 15 (Spearman’s rank, r 

= -0.58, p < 0.05). On day 7 when all measurements made that day were pooled, no significant 

difference was observed between ΦBm B estimated by each of the methods (Kruskal-Wallis multiple 

comparisons test, p < 0.05). On day 12 and 15, mean ΦBmB estimated using both ETR methods was 

significantly higher than mean Φ Bm B (P

14
PC) (Kruskal-Wallis multiple comparisons test, p < 0.05).  
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Figure 5. Biomass specific maximum rates of carbon assimilation (PP

B
PBmaxB, µmol C (mg chl a)P

-1
P 

h P

-1
P) plotted as a function of time of day for cultivation day 7, 12 and 15. Each point represents 

a single P-E curve. Other details as in Fig. 4. 
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Figure 6. Maximum quantum yield (ΦBmB, mol C (mol quanta) P

-1
P) plotted as a function of 

cultivation time [mean ± CI, n = 3 - 6]. Other details as in Fig. 4.  

The fluorescence signal from the developing biofilm was high enough from the sixth day of 

cultivation to allow measurement of the maximum quantum efficiency of PSII charge separation 

(FBvB/F BmB) by taking the mean of dark period values between 0200 and 0600 h (n = 16 - 35) measured 

by both fluorometers viewing static locations (Fig. 8). FBvB/F Bm B (static) increased from a minimum 

value of 0.56 to a maximum value of 0.67 on day 6 and 7 respectively. FBvB/F Bm B was constant at a 

value of 0.67 until day 12, after day 12 values began to steadily decrease, eventually reaching a 

minimum value of 0.58 on day 20 (Kruskal-Wallis multiple comparisons test, p < 0.05). 

The effective quantum efficiency of charge separation (ΔF/FBm B’) was estimated from the mean of all 

values logged by both fluorometers viewing static locations from 1130 to 1230 h each day (n = 12) 

(Fig. 8). ΔF/F Bm B' (static) steadily increased from a value of 0.44 on day 6 to a maximum value of 

0.55 on day 11. From day 11, ΔF/F Bm B' steadily declined reaching a minimum value of 0.4 on day 20 

(Kruskal-Wallis multiple comparisons test, p < 0.05). 
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Figure 7. Maximum quantum yield (Φ BmB, mol C (mol quanta)P

-1
P) plotted as a function of time of 

day for cultivation day 7, 12 and 15. Each point represents a single P-E curve. Other details as 

in Fig. 4. 
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Total pigments (p < 0.05), photosynthetic carotenoids (p < 0.05), chl-c (p < 0.001) and breakdown 

products of chlorophyll (p < 0.001) expressed per mg chl a, all decreased marginally but 

significantly with increasing days from inoculation (Spearman’s rank, n = 54). The ratio of PPC : 

chl a (Spearman’s rank, r = 0.86, n = 54, p < 0.001) and PPC:PSC (Spearman’s rank, r = 0.83, n = 

54, p < 0.001) were significantly positively correlated with increasing days from inoculation, 

indicating that photosynthetic protective functions increased during the experiment (Fig. 9). 

Net primary production of the mesocosm was calculated on an areal basis (PP

c
PBnB, g C m P

2
P dP

-1
P) using, 

the measured biomass, a hypothetical depth distribution (see methods), incident irradiance, an 

assumed respiration rate and the measured photosynthetic parameters. The average of 

photosynthetic parameters from adjacent days was used when photosynthetic parameters were 

missing for a particular day. The cumulative estimates of net produced carbon (i.e. predicted 

biomass, g C m P

2
P) from the three different photosynthetic methods were compared to the kinetics of 

daily mean biomass (g C m P

2
P), estimated from the daily [chl a] predicted by the logistic growth 

curve using a C/chl a -ratio of 50 (Fig. 10). Biomass estimated from daily mean [chl a] followed a 

sigmoid logistic-type curve, eventually reaching a value of 9.73 g C m P

2 
Pon day 16. Predicted 

biomass ( P

14
PC suspension) showed a curvilinear pattern, with biomass estimates generally matching 

those predicted from the growth curve from days 7 to 10. From day 11, biomass (P

14
PC suspension) 

began to reach a steady value and diverged from the biomass estimated from the growth curve, 

eventually reaching a value of 7.86 g C m P

2
P on day 16. Biomass predicted from the ETR suspension 

method linearly increased throughout the cultivation period, meaning that for much of the growth 

period, biomass (ETR suspension) estimates were very similar to those derived from the growth 

curve. However, biomass (ETR suspension) showed no signs of saturation resulting in substantially 

higher biomass estimates than those predicted by all the other measures on day 16 (13.92 g C mP

2
P). 

ETR in-situ biomass estimates also increased linearly, but with a shallower slope than the ETR 

suspension estimates, meaning that from day 9, ETR in-situ biomass estimates were slightly lower 

than those estimated from the growth curve. Biomass (ETR in-situ) was higher than the biomass 

estimated from C-assimilation on days 14 and 15, leading to a substantially higher predicted 

biomass of 9.62 g C m P

2
P on day 16. All of the biomass estimates by each of the primary production 

methods were significantly correlated to the biomass estimated from the growth curve (Pearson’s 

product moment, r = 0.98, p < 0.001). 

61 



Chapter 3. Growth and photosynthesis of MPB 

 

Figure 8. Daily mean maximum PSII quantum efficiency (FBvB/F BmB static) measured on 

undisturbed sediment at a fixed location (0200 to 0600 hrs) and mean effective quantum 

efficiency (ΔF/FBmB’ static) measured on undisturbed sediment at a fixed location (1130 to 1230 

hrs, 200 µmol quanta m P

-2
P s P

-1
P) [mean ± CI, n = 3 - 65]. 

Discusion 

Measuring chlorophyll concentration and growth of a biofilm 

The aim of this work was to investigate the suitability of optical methods for following the 

development of an intertidal phototrophic biofilm, to compare different methods to estimate 

photosynthesis, and to test the use of in-situ PAM fluorometry as a method for measuring 

microphytobenthic primary production. Relative changes in algal biomass could be satisfactorily 

followed using spectral reflectance or fluorescence, with both methods obtaining similar, not 

significantly different values for the maximum growth rate of the biofilm. Furthermore, chl a 

concentration estimated from the two different methods did not differ significantly when measures 

of reflectance and FBoPB

15
P fluorescence were made at the same time and position. Following careful 

calibration, optical methods can also be used for estimating absolute levels of MPB biomass, as 

shown here and in many previous studies (e.g. Honeywill et al. 2002; Meleder et al. 2003a; Carrère 

et al. 2004). However, there was considerable variation in the range of values recorded by the 
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different sampling methods at different locations across the biofilm. This may have been a result of 

patchiness between the different areas of the mesocosm, or incorrect calibration of the individual 

instruments.  

Small changes in the distance of the PAM fibre optic from the sediment surface have a 

disproportionately large effect on the measured FBoPB

15
P. Despite efforts to keep the distance to the 

surface as constant as possible, deviations in surface topography was probably one of the major 

sources of the high variability in F BoPB

15
P. The influence of non-photochemical quenching or phototactic 

migration within the dark adaptation period may have also contributed to the variability of F BoPB

15
P 

measures. Both surface topography and photobiological effects are likely to be of great importance 

for fluorescence measurements in the field, especially during periods of high irradiance. In contrast, 

the reflectance method is based on the in-situ measurement of an inherent optical property (pigment 

absorption) that is independent of the distance between sensor and target. Algorithms for the 

conversion of spectral reflectance to pigment concentration can be used for any spectroradiometer, 

including airborne and satellite based-instruments, whereas universal calibration of fluorometers is 

not possible due to machine-specific differences in response. The coefficient of variation (CV, 

SD/mean x 100) for the destructive sampling at the end of the experiment was higher than for the 

reflectance measurements [25 and 8 % respectively], perhaps due to the sampling process being 

more complicated in terms of analytical procedures. Errors may have been introduced during the 

sampling (variation in depths of cores), or during freeze-drying and weighing of samples, or during 

extraction and quantification of the pigments. 

The growth of the biofilm followed a logistic pattern which converged towards a maximum value, 

which is the biotic capacity of the local environment. Similar shapes of growth curves for ‘natural’ 

populations of MPB were previously found by Blanchard et al. (2001) and Orvain et al. (2003) in 

tidal mesocosms. The highest growth rate of 0.47 dP

-1
P during early development of the biofilm was 

lower than a rate of 0.76 dP

-1
P recorded by Middelburg et al. (2000) for a low biomass MPB biofilm 

growing at an intertidal site in summer. The lowest growth rates of <0.1 from day 12 onwards are 

consistent with growth rates of 0.09 to 0.10 measured by Middelburg et al.(2000) at sites with dense 

MPB biofilms in the Westerschelde estuary. The maximum value of biomass found in the present 

study was 240 ± 35 mg chl a mP

-2
P (mean ± CI) on day 19, which is at the upper end of the range 

reported for temperate estuarine MPB communities (Underwood and Kromkamp 1999). It was not 

the aim of this study to determine the limiting factor for the biotic capacity, however previous 

theoretical work has shown that inorganic carbon supply is most likely to become limiting (Ludden 
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et al. 1985). Our own modelling exercises have shown that the penetration of irradiance within the 

sediment, and the value assigned to respiratory losses are critical in determining whether net 

primary production and therefore biomass accumulation can occur (see later). The fact that the 

concentration of MPB on intertidal flats seldom reaches the biotic capacity (e.g. an annual mean 

[chl a] in the Westerschelde estuary of 81 mg mP

-2
P; Forster, R. M. pers. comm.) indicates that control 

factors such as grazing and resuspension are of great importance during most of the year in natural 

populations. 

 

Figure 9. Biofilm photoprotective carotenoids (PPC): chl a and PPC: photosynthetic accessory 

carotenoids (PSC) plotted as a function of cultivation time. See methods for explanation of 

pigment functional grouping [mean ± CI, n = 3]. 

Photosynthetic parameters 

It is important to note that rates of carbon fixation were calculated from PAM fluorescence 

measurements using measured absorption coefficients, and conversion factors determined a priori, 

and not via a post hoc empirical comparison. The maximum photosynthetic rates and maximum 

quantum yields thus determined were remarkably similar in absolute units to those determined with 

the radiocarbon method for the majority of the experiment. They are also in agreement with 

theoretical predictions of the minimum quantum requirement of carbon fixation (QR, 1/ΦBm B). 
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Mauzerall (1986) determined a QR of 10 quanta per OB2 Busing single turnover flashes, assuming a 

photosynthetic quotient (PQ) of 1.4, typical for growth on nitrate (Williams & Robertson 1991), the 

QR converted to carbon units would be 14. The mean QR calculated from ETR in this study was 

14.7 ± 0.8 quanta (C)P

-1
P (mean ± SD), very close to the theoretical minimum. Therefore, the use of 

variable fluorescence seems to offer considerable promise as an alternative method for rapid in-situ 

estimates of MPB photosynthesis, a conclusion previously reached by other authors (Barranguet & 

Kromkamp 2000; Kuhl et al 2001; Serôdio 2003). The fluorescence method was refined in this 

paper by using spectral reconstruction of in vivo absorption spectra in order to calculate the quantity 

of absorbed photons for use in the electron transport rate calculation. In principle this technique 

could also be used in combination with PAM measurements in the field. 

 

Figure 10. Biofilm daily mean biomass (g C m P

2
P) estimated from the logistic growth curve (Fig. 

2) using a C:chl a ratio of 50 and daily mean biomass (g C mP

2
P) predicted from net primary 

production estimates plotted as a function of cultivation time. Other details as in Fig. 4. 

Measurements on optically-thin suspensions showed a decrease in photosynthetic capacity with 

increasing age of the biofilm, although the decrease in PP

B
PBmaxB obtained from the C-fixation 

measurements was more pronounced than the decrease obtained from the ETR measurements. The 

marked decline in photosynthetic capacity and lesser declines in photosynthetic efficiency (ΦBm B, 

Fv/Fm) could be indicators of photosynthetic down-regulation as the concentration of cells in the 
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surface layer of the sediment increased, and growth rates slowed. In batch cultures of benthic 

microalgae, both P P

B
PBmaxB and RUBISCO activity decline markedly with increasing age (Tremblin & 

Robert 2001). Measurements on suspensions at high time resolution indicated a decrease in the 

photosynthetic capacity towards the end of the photoperiod. Several reasons might be responsible 

for the observed changes: an intrinsic rhythm of photosynthesis, which might be related to the cell 

cycle as shown for synchronized cultures of the diatom Thalassiosira pseudonana (Claquin et al. 

2002) or a diurnal pattern of RUBISCO expression (Paul et al. 2000). A change in the dominant 

species at the sediment surface may have occurred, although no migration during the emersion 

period was observed using reflectance. Alternatively, unfavourable conditions at the sediment 

surface may have developed during the latter part of the photoperiod, such as depletion of pore 

water DIC, build-up of supersaturating oxygen concentrations, or dehydration of the sediment. 

Our estimates of PP

B
PBmaxB and ΦBmB with three different techniques revealed some significant 

disagreement in trends and in absolute values at some time points. For example, the in-situ ETR 

measurements of P P

B
PBmaxB remained constant over the whole course of the experiment in contrast to the 

decreases observed in suspensions. Closer examination of individual days with increased replication 

of photosynthesis measurements also showed some conflicting results, particularly on day 15, 

where the in-situ ETR measurements again deviated markedly from those made on suspensions.  

There are a number of possible explanations for the divergence between PP

B
PBmaxB estimates by each of 

the methods on days 6 and 7. The sediment chl a on these days was still at a low concentration, and 

it is likely that the large errors bars associated with P P

B
PBmaxB (P

14
PC) measurements on day 6 and 7, when 

compared to other days, were a result of inaccuracies in the determination of the [chl a] within the 

dilute suspensions used. PAM fluorescence measurements in very dilute suspensions may also have 

been subject to error. The low sediment surface and suspension [chl a] may have amplified errors 

associated with the background correction of fluorescence measurements, a problem previously 

discussed by Cullen and Davis (2003) and eluded to by Perkins et al. (2002). In the presence of 

“background fluorescence”, i.e. fluorescence not originating from PSII, correct calculation of the 

quantum efficiency is done by subtracting the background fluorescence (FBbB) from the relevant PSII 

fluorescence parameters (F, FBoB, FBmB, FBm B'). Thus, incorrect determination of F BbB (or no correction as 

was the case in this study) will lead to an underestimation of the true FBvB/F BmB or, in actinic light, to an 

underestimation of the true ∆F/FBm B’ and thus ETR. Especially at low biomass, the error introduced 

by an incorrect estimation of the background fluorescence can be large, although its importance will 

decrease as the proportion of photosystem II-derived signal increases. This artefact may also 
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become important at high irradiance as quenching of fluorescence will increase the magnitude of F Bb B 

relative to F. Although manufacturer’s instructions were followed, and low fluorescence values 

were discarded, the increase in both F BvB/F Bm B and ∆F/FBm B’ observed in-situ and in suspensions at the 

beginning of the experiment does suggest an influence of FBbB on the calculated yields. Accurate 

determination of FBbB is a challenge to be tackled before PAM instruments can be used with 

confidence on sediments with different optical properties. 

Higher values for PP

B
PBmaxB ETR in-situ compared to suspensions at high sediment chl a concentrations 

could be due to another optical artefact, the presence of ‘deep-layer fluorescence’, i.e. fluorescence 

originating from algae below the surface (Oxborough et al. 2000). This effect occurs when 

measurements are made on optically-complex structures such as plant leaves, macroalgal thalli or 

benthic biofilms. In the presence of light, subsurface algae are exposed to lower irradiances than 

algae at the sediment surface, and will have a correspondingly higher ∆F/F Bm B’. A fraction of the 

fluorescence from this layer will be detectable at the surface, causing an overestimation of ∆F/FBm B’. 

The effect is more pronounced at irradiances exceeding EBkB, and with higher biomass (Serôdio 2004; 

Forster and Kromkamp 2004). If present, this effect may have masked a decrease in PP

B
PBmax Bwith time 

in the ETR in-situ measurements. 

The maximum quantum yield of photosynthesis (Φ Bm B, mol C (mol quanta) P

-1
P) estimated using carbon 

assimilation, significantly decreased with time, as did PP

B
PBmaxB. In contrast, ΦBmB derived from both 

types of ETR gave equal values which did not differ between or within days. Contamination by 

background fluorescence may have caused in-situ ∆F/FBm B’ values to be slightly underestimated on 

days 6 and 7, masking a decrease in ΦBm B at the start of the experiment. As deep layer fluorescence is 

unlikely to be an important factor at the low irradiances used for calculation of ΦBm B(Serôdio 2004; 

Forster and Kromkamp 2004), reasons for the deviations between methods at high biomass must be 

sought elsewhere. 

The QR calculated from P

14
PC assimilation ranged from a maximum of 29 quanta (C) P

-1 
Pon the final 

day of photosynthesis measurements to a minimum value of 8.3 quanta (C) P

-1 
Pon day 6. QRs 

calculated for days 6 and 7, were below the theoretical minimum of 14 (assuming PQ of 1.4, 

Williams & Robertson 1991, and minimum QR of 10 quanta (O B2B)P

-1
P, Mauzerall 1986), suggesting 

that the measured chlorophyll-normalised C-fixation rates on day 6 and 7 slightly overestimated the 

real rate of PP

B
P. Alternatively, AQ could have been underestimated. This is unlikely, as the pigment 

packaging, if present, would have acted to decrease a* and was therefore unlikely to be the cause of 

the high QRs observed on day 6 and 7. 
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The differences observed between ETR- and P

14
PC-derived ΦBmB values, which were particularly 

noticeable at the end of the experiment, may have been caused by a combination of changes in the 

maximum quantum efficiency of PSII (FBvB/F BmB) (measured), the ratio of PSI:PSII functional cross 

sections (ρ, set a priori at 0.5) and the electron yield (ФBeB, set a priori at 0.199 mol C (mol e P

-
P)P

-1
P). 

The maximum quantum efficiency of PSII (FBvB/F Bm B) reflects the functional state of the PSII reaction 

centre, and can be decreased by high irradiance or nutrient limitation, and by changes in the 

composition of pigments that are not associated with photosynthesis (Macintyre et al. 2002). A 

decrease in FBvB/F Bm B occurred after day 12, when biomass production of the biofilm began to decline, 

and the ratio of photoprotective carotenoids (PPC) to photosynthetic carotenoids (PSC) increased. 

This suggests that the observed trend of decreasing maximum quantum efficiency of photosynthesis 

(ΦBm B) measured using P

14
PC assimilation was due to an accumulation of pigments that did not 

contribute to excitation energy transfer to reaction centres (Babin et al. 1996). Substrate limitation, 

which can lead to a reduction in the transfer efficiency from the antenna to RCII (Kolber et al, 

1988; Greene et al. 1994) and/or an accumulation of damaged PSII reaction centres (Macintyre et 

al. 2002), may also be important. With the limited number of photosynthesis measurements carried 

out in the stationary growth phase (day 15 only) and no data on substrate availability, any 

conclusions about the cause of the changes in photo-physiological are currently speculative.  

Changes in the efficiency of photosynthesis are likely to affect the electron yield (ΦBeB) and ratio of 

the PSI:PSII cross section (ρ). In this study, the combination of ΦBeB and ρ is equal to the ratio of the 

operational quantum yields of carbon incorporation and charge separation (ΦBcB/ΔF/F Bm B’), which was 

previously termed EE by Barranguet and Kromkamp (2000). Days 6 and 7 had a mean EE of 0.17 

mol C (mol eP

-
P)P

-1
P, higher than the theoretical minimum of 0.125 mol C (mol eP

-
P)P

-1
P, which is probably a 

result of the inaccuracies in the data (both P

14
PC assimilation and PAM methodology) discussed 

earlier. For the majority of days (8 - 14), calculated EE values ranged from 0.087 to 0.099 mol C 

(mol e P

-
P)P

-1
P [0.091 ± 0.006 mol C (mol eP

-
P)P

-1
P, mean ± SD, n = 12], which was close to the mean EE 

calculated by Morris and Kromkamp (2003) for a benthic diatom culture [0.114 mol C (mol e P

-
P)P

-1
P] 

and the EE recalculated using the data of Barranguet and Kromkamp (2000) for natural MPB in 

field situations over a seasonal cycle [0.0995 mol C (mol e P

-
P)P

-1
P]. However, on day 15, mean EE 

appeared to be lower [0.053 ± 0.002 mol C (mol eP

-
P)P

-1
P]. In essence our results seem to indicate that 

the EE may be dependent on the growth stage of the MPB, however this result is based on uncertain 

values from days 6 and 7 and on day 15 only: further photosynthesis measurements during the 

stationary phase of growth would have been necessary to confirm this hypothesis, which we do not 
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have. Ratio’s of PSI:PSII cross section’s (ρ) can vary significantly between species, with growth 

irradiance and nutrient status (Babin et al. 1996; Kromkamp and Forster 2003) and it is likely that 

the ΦBeB is affected by growth rate (Flameling and Kromkamp 1998) making it difficult to separate 

between which of these two factors were responsible for the observed change in EE on day 15.  

Both F BvB/F Bm B (Spearman’s Rank, r = -0.82, p < 0.01) and PPC:PSC ratios (Spearman’s Rank, r = 0.79, 

p < 0.01) were significantly correlated to the change in photosynthetic efficiency and may be able to 

provide information on when EE changes, although further investigation is required with a range of 

MPB assemblages and environmental conditions in order to assess the this relationship. On the 

other hand, if, as proposed by Blanchard (2001) MPB community biomass dynamics are tightly 

coupled with removal processes, so that in natural situations, MPB communities are constantly in 

logarithmic growth, then a single mean EE value should be satisfactory. 

Areal net primary carbon production 

Cumulative net primary carbon production (i.e. the predicted biomass of the biofilm, g C m P

2
P) 

predicted by each of the methods basically followed the pattern of biofilm growth estimated from 

daily mean [chl a], although because of the overestimation of ΦBm B (ETR) discussed above, the ETR 

estimates substantially over estimated P P

c
PBnB (P

14
PC) and consequently over estimated the predicted 

biomass towards the end of the cultivation period (Fig. 10). P P

c
PBnB (P

14
PC) values began to diverge away 

from those estimated from the growth curve (estimated using a constant C:chl a ratio of 50) on day 

11, suggesting that the algal C:chl a ratio decreased. De Jonge and Colijn (1994) found C:chl a 

ratio’s of natural MPB communities varied between 40 and 61 in the Ems Dollard estuary. C:chl a 

ratios calculated in our study from the P

14
PC assimilation biomass predictions ranged from 62 to 38 on 

day 8 and 16 respectively, suggesting that ratios found in this study were very comparable to those 

found in natural communities of MPB. The correlation between biomass estimated from P

14
PC 

assimilation and the biomass estimated from [chl a] suggests that using net primary production as a 

proxy for biomass changes in undisturbed MPB biofilms is a promising approach. Although, 

improvements to the model used for the prediction of P P

c
PBnB are still required. In particular a constant 

proportion (10%) of PP

B
PBmaxB was chosen for the rate of respiration, which probably represents 

‘maintenance’ respiration (Collos 1997) and does not represent variable respiration related to 

growth. PP

c
PBnB became negative at an earlier stage of biofilm development when higher proportions of 

respiration (20%) were used in the model and considering the observed increase in biomass until 

day 15, this scenario is unlikely. However, it is likely that the proportion of respiration decreased as 
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the growth rate decreased (Collos 1997), indicating that PP

c
PBnB could be higher. Further work on MPB 

respiration rates are required to help improve modelled PP

c
PBnB estimations. 

Conclusions 

In this mesocosm experiment we demonstrated that optical methods, especially hyper-spectral 

reflectance, are useful tools to study MPB biofilm growth and development. The comparison of 

different methods to measure photosynthesis (in-situ versus in vitro and ETR vs. C-fixation) 

showed that the methods do not always give the same answers: in general in-situ ETR 

measurements provide slightly higher estimates of the rate of C-fixation than suspension 

measurements, which we attribute partly to optical artefacts, mainly the occurrence of deep layer 

fluorescence which causes an overestimate of the true ΔF/FBm B’, especially at high [chl a] and under 

high irradiance. At low biomass densities, background fluorescence can also cause the 

underestimation of both FBvB/F Bm B and ∆F/FBm B’. Spectral reconstruction of a*BphB using pigments 

determined with HPLC proved to be a very useful tool in estimating absolute rates of ETR, 

although uncertainties with respect to the magnitude of the package effect needs more study. As the 

biofilm reached a stationary phase, the production estimates obtained with suspensions using the 

different methods deviated, possibly indicating that either or both the electron yield (Φ BeB) and the 

ratio of PSI:PSII functional cross section’s (ρ) may have changed.Despite these uncertainties, the 

rates of photosynthesis obtained using the methods employed were rather similar during the main 

growth phase of the biofilm. Net primary production estimated from P

14
PC assimilation measurements 

appeared to be a satisfactory proxy for daily biomass production and suggested that C:chl a ratios of 

the MPB community declined during the cultivation period. Further work on MPB respiration rates 

will help to refine net primary production estimates. 
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Chapter 4. 

Migration and photo-physiology of 

microphytobenthos: influences on steady-state 

chlorophyll a fluorescence and upwelling 

hyper spectral reflectance detection. 

Edward P. Morris, Rodney M. Forster and Jacco C. Kromkamp. 

TAbstract 

Microphytobenthos (MPB), particularly epipelic diatoms, show rapid vertical migration within 

intertidal sediments affecting the amount of biomass present in the sediment photic layer. Optical 

methods (such as PAM fluorometry and hyper-spectral reflectance) can be used to study MPB 

migration at high temporal resolution. However, uncertainties about the influence of photo-

physiology and migration on optical measures of MPB biomass can lead to misinterpretations. A 

number of experimental manipulations were conducted, which favoured either migration or photo-

physiological responses of MPB biofilms. Chlorophyll fluorescence parameters and hyper-spectral 

reflectance were simultaneously recorded at high temporal resolution. It is demonstrated that both 

the normalized difference vegetation index (NDVI) and steady-state fluorescence (F) can be used to 

track changes in the [chl a] surface sediments during induced migrations. However, it is also 

demonstrated that F is highly sensitive to the photo-physiological state of the biofilm, whereas 

NDVI is hardly affected. Therefore, any inferences made about migration of MPB under actinic 

light using fluorescence parameters should be viewed with care. Further more, it is shown that the 

hyper-spectral reflectance of MPB biofilms is influenced by chl a fluorescence and absorption 

changes thought to be caused by the DD/DT cycle, raising the possibility of using passive 

reflectance as potential tool for probing photosynthesis of natural MPB biofilms. 
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Introduction 

Benthic microalgae or microphytobenthos (MPB) form highly productive natural ecosystems in 

intertidal areas (Cahoon 1999). They contribute to the stability of intertidal sediments by increasing 

the erosion threshold and are major players in coastal morphodynamics (Blanchard et al. 2000, Stal 

2003). Recent literature has highlighted the importance of MPB in regulating estuarine nutrient 

fluxes (Webster et al. 2002, Dalsgaard 2003, Sundback et al. 2003) and an understanding of MPB 

community dynamics and primary carbon production (PP

c
P) is crucial for understanding estuarine 

food-webs (MacIntyre et al. 1996, Underwood & Kromkamp 1999, Middelburg et al. 2000). 

Vertical migration is an important feature of intertidal MPB ecology (Round & Palmer 1966, 

Admiraal & Peletier 1980, Pinckney & Zingmark 1991). Benthic microalgae tend to migrate 

towards the sediment surface during daytime emersions and away from the surface at the onset of 

immersion (Perkins 1960, De Brouwer & Stal 2001, Friend et al. 2003). Different species within 

mixed MPB assemblages appear to have independent rhythms of migration, with clear species 

successions being observed over emersion periods (Oxborough et al. 2000, Brotas et al. 2003, 

Tolhurst et al. 2003). The environmental cues for diatom migration are poorly understood (although 

see Sauer et al. 2002). Results from Serôdio et al (1997) and our own results (unpublished) 

demonstrate that the migratory rhythm remains active for several days in darkness and in the 

absence of a tidal rhythm, suggesting an endogenous driven mechanism involving one or several 

biological clocks. For ecological modelling purposes, tide and sun angle are very good at predicting 

primary production (Pinckney & Zingmark 1991), which is thought to be strongly dependent upon 

migration rhythms (Guarini et al 1999). Benthic diatom species are capable of rapid movements 

(Bertrand 1999) and the range of vertical migrations can be in the order of cm’s (Riauxgobin et al. 

1993, Saburova & Polikarpov 2003), however, in muddy sediments migrations tend to be in the 

order of a few mm (Round & Palmer 1966).  

The importance of migration to the ecology and functioning of MPB communities means it must be 

taken into account within MPB primary production models (Pinckney & Zingmark 1991, Pinckney 

& Zingmark 1993b, Guarini et al. 1999). This requires a detailed understanding of migrational 

responses of MPB communities in a range of habitats and conditions. In particular, as migration can 

be very fast, high temporal resolution measurements of biomass are required. However, the methods 

for observing MPB dynamics are often destructive and are not always suitable for high temporal 

resolution studies. Semi-quantitative information can be gained using scanning electron 
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microscopy, particularly when the focus is on the changes in species composition (Paterson et al. 

1998, Janssen et al. 1999, Orvain et al. 2003). More often MPB cells or their pigments are extracted 

from the sediment using a range of techniques (Eaton & Moss 1966, Blanchard et al. 1988, 

Wiltshire 2000, De Brouwer & Stal 2001, Saburova & Polikarpov 2003).  

Migration of MPB on undisturbed sediments can be observed at a very high temporal resolution 

using chlorophyll fluorescence techniques, such as PAM fluorometry (Serôdio et al. 1997, 

Kromkamp et al. 1998, Brotas et al. 2003, Serôdio 2003). This method is non-destructive, online 

and introduces minimal disturbance to the MPB community. The assumptions behind this method 

are that chl a fluorescence of the sediment surface (measured as irradiance emitted over 695 nm), 

probed by induction using a weak measuring light (650 nm), is proportional to the concentration of 

chl a within the sediment surface (the measuring light is estimated to probe to a depth of about 200 

µm, Kromkamp et al. 1998, Serôdio et al. 1997). This assumption holds well for the minimal 

fluorescence yield (obtained using truly dark adapted cells [FBoB] in the absence of non-photochemical 

processes). In practice a dark adaptation time of 15 minutes is often used (F BoPB

15
P) in order to obtain an 

estimate of FBoB and FBoPB

15
P has been shown to be a good measure of surface sediment [chl a] (Honeywill 

et al. 2002). However, darkening the sediment in order to make reliable FBoB measurements may itself 

influence the pattern of migration, possibly causing artefacts. As such it has been suggested that the 

chlorophyll fluorescence of the biofilm under steady-state light conditions be used as a proxy for 

MPB migration (Serôdio, 2003). However, the yield of fluorescence under steady state irradiance 

conditions (F) is particularly sensitive to the photo-physiological state of the cell. As a biofilm 

becomes more stressed and its photosynthetic capacity is down-regulated the fluorescence yield will 

drop, which could be mistaken for migration. In fact, the difficulty of separating photo-

physiological and biomass-dependent changes in fluorescence parameters is a problem that has 

hampered the assessment of natural biofilm photo-physiological responses using PAM fluorometry 

(Serôdio & Catarino 2000, Perkins et al. 2002, Forster & Kromkamp 2004).  

An alternative optical technique is to measure the reflected upwelling radiance from the sediment 

surface (LuBsB). The absorption of the sediment and its constituent biofilm pigments results in a 

distinctive reflectance spectrum that can be used to quantify surface sediment pigment 

concentrations (Meleder et al. 2003a, Stephens et al. 2003, Kromkamp et al. Chapter 6) and to 

observe migration (Barranguet et al. 1998, Kromkamp et al. 1998, Paterson et al. 1998). This 

method has the advantage over the fluorescence technique of being applicable under in-situ 

irradiance conditions and can be readily deployed from remote sensing platforms, allowing synoptic 
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quantification of MPB biomass (Hakvoort et al. 1998, Roelfsema et al. 2002, Meleder et al. 2003b). 

As different algal pigments absorb at characteristic wavelengths it is possible to observe changes in 

algal functional groups using reflectance (Stephens et al. 2003). Reflectance has also been used in 

intertidal applications to derive certain sediment physical and chemical properties (Rainey et al. 

2003).  

In addition, reflectance spectra of higher plants have been shown to be influenced by photo-

physiology, and this has been used in indices such as the photosynthetic reflectance index (PRI) to 

obtain information about photo-physiology of plant spp. from reflectance spectra (Penuelas et al. 

1995, Penuelas et al. 1997, Methy et al. 1999). Zarco-Tejada et al. (2003) showed that steady state 

fluorescence of intact plant canopies could be detected from reflectance spectra, which could 

potentially allow the photosynthetic performance of photoautotrophs to be derived from remote 

sensing platforms. Vertical profiles of the in-situ quantum yield of chl a (φ Bf B) have been derived from 

spectral underwater radiometer measurements (Morrison 2003) and detection of chl a fluorescence 

in coastal waters using airborne remote sensing platforms has been previously demonstrated 

(Sathyendranath et al. 2004), however, to our knowledge, no studies have demonstrated the 

detection of steady state fluorescence within intact MPB biofilm reflectance spectra. 

The aim of this paper is to compare the influence of photo-physiology and migration of natural 

MPB biofilms on PAM-fluorescence and reflectance measurements. In order to do this we 

conducted a number of experimental manipulations of MPB assemblages to favour either a 

migrational or photo-physiological response. Chlorophyll fluorescence parameters and hyper-

spectral reflectance were simultaneously recorded at high temporal resolution. Furthermore, we 

demonstrate the potential of using hyper-spectral reflectance as a tool for observing photo-

physiological induced changes in steady state fluorescence and absorption in intact MPB biofilms 

and discuss the potential of using this information in terms of predicting photosynthetic parameters.  

Methods 

Two experimental manipulations of MPB biofilms were applied in order to promote a migrational 

response and a photo-physiological response of MPB biofilms. The first experiment involved 

thoroughly mixing natural MPB rich sediment and observing as the biofilm migrated towards the 

sediment surface. The second experiment involved the observation of non-migratory biofilms, 

either settled on GF/F filters or natural sediments. Photo-physiological changes in the fluorescence 
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parameters of the biofilm were then induced using dichlorophenyldimethyl urea (DCMU), high-

irradiance treatments or extended emersion. 

Induced migration in natural biofilms (experiment 1) 

Microphytobenthos rich sediment was collected in February 2002 from an intertidal flat on the 

northern shores of the turbid, eutrophic Westerschelde estuary, SW Netherlands (Biezelingsche 

Ham, 51° 26’N, 3° 55’E). The sediment consisted of poorly sorted, fine sands (mean grain size 0.14 

mm) with a percentage organic matter content of 7.4 ± 2.7 % (Wolfstein, K., pers. comm.). The 

sediment was thoroughly mixed and placed in an oblong plastic container (12 x 30 x 50 cm) under a 

combination of cool white fluorescent tubes and halogen spot lamps (mean irradiance 100 µmol 

photons m P

-2
P s P

-1
P). Simultaneous measurements of upwelling radiance (Lu BsB) and steady state 

fluorescence (F) (details below) were recorded at the same position on the sediment surface every 5 

min for 3 hours. 

Photo-physiological induced changes in non-migratory single species biofilms (experiment 2) 

A 50 ml sample of a stationary culture of the benthic diatom Amphora sp. VTCC58, was gently 

filtered onto a white GF/F filter and then placed in a Petri dish and saturated with medium filtrate. 

The Petri dish and filter were then placed under a halogen light (30 µmol photons m P

-2
P sP

-1
P) and 

simultaneous measurements of Lu BsB and F were recorded every 3 seconds at the same position. 

Measurements of a medium filtrate saturated white GF/F filter were taken to be used as white 

reference spectra. Once the fluorescence signal was stable, DCMU solution was pipetted into the 

petri dish and allowed to soak into the filter and biofilm. The resulting increase in F and associated 

changes in reflectance were logged until F was stable. In a second filter experiment, a new 50 ml 

sample was filtered and treated as above, however this time instead of adding DCMU the irradiance 

was increased from 30 to 200 µmol photons mP

-2
P sP

-1
P. The associated decrease in F and LuBsB changes 

were again logged at a 3 sec interval. Again white spectra, using medium filtrate saturated GF/F 

filters at 200 µmol photons m P

-2
P s P

-1
P, were taken before and after the treatment. 

Non-migratory natural biofilms (experiment 3) 

Sediment was collected in February 2002 from an intertidal flat on the northern shores of the turbid, 

eutrophic Westerschelde estuary, SW Netherlands (Biezelingsche Ham, 51° 26’N, 3° 55’E). The 

sediment was sieved (1 mm), to remove macrobenthos, and autoclaved, to kill the remaining 

meiobenthos and microbiota. Plastic trays (12 x 30 x 50 cm) with drainage holes and a layer of fine 
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mesh on the lower surface, were filled with about 7 cm of ‘silver’ sand. The autoclaved intertidal 

sediment was placed on top of the sand, to form a 5 cm deep layer, so that the sediment surface was 

flush with the rim of the container. The containers were submerged in filtered (0.2 µm), recirculated 

seawater (obtained from the adjacent Oosterschelde estuary) for 7 days before the sediment was 

inoculated with MPB. Four identical trays were placed in the tidal mesocosm. A computer 

controlled system was used to regulate the inflow and outflow of water to the 1000 l seawater 

reservoir. The sediment containers were positioned so that the water level at ‘low’ tide was about 8 

cm below the surface of the sediment, i.e. the base of the sediment container was always 

waterlogged. The emersion time of the sediment surface was 20 hours per day (split into two 10 hr 

low tides), a length of time comparable with the high shore collection site at Biezelingsche Ham. 

The photo-period and irradiance were set at 12 hours and 200 µmol photons mP

-2
P sP

-1
P, situated in the 

middle of the low tide period, to give a daily photon dose of 8.6 mol photons m P

-2
P equivalent to the 

February 4-year average incident irradiance (as measured at the logging station of the NIOO-

CEME). A combination of fluorescent tubes and halogen spot lamps were used to reach the required 

irradiance. Heterogeneity in the light field was approximately 10 %. Less well illuminated areas at 

the corners of the tank were excluded from measurements. The whole system was constructed in a 

temperature controlled room set to 15˚C. Salinity of the overlying seawater was 29. Initial nutrient 

concentrations of the sea water were: 54.9 µmol NOB3B l P

-1
P, 6.9 µmol NH B4B l P

-1
P, 1.2 µmol PO B4B l P

-1
P, 25.0 

µmol SiOB2B l P

-1
P,.31.0 µmol C l P

-1
P (DIC)and 119.6 µmol C l P

-1
P (DOC).  

MPB enriched sediment was collected by scraping the surface layer from the same intertidal site, 

from this a suspension of epipelic MPB was collected using the lens tissue method as described by 

(Eaton & Moss 1966). The dilute suspension of MPB cells, dominated by an epipelic Navicula sp., 

was then sprayed over the trays using a simple household plant mister. Viability (motility and 

damage) of cells was checked under the microscope after spraying to ensure the spraying had no 

effect. The trays were inoculated on 8P

th
P February 2002 and growth of the MPB biofilm was 

followed for 21 days. The tide and light settings were kept constant throughout the experiment. The 

tidal inflow/outflow was regulated by valves so that there was very little hydrodynamic disturbance 

to the sediment surface, thus preventing resuspension of the biofilm.  

Continuous optical measurement of microphytobenthic reflectance 

The fibre-optic input of a spectroradiometer (S2000, Ocean Optics, Dunedin, USA, full acceptance 

angle 20 P

o
P) was positioned so that the viewing aperture was facing the biofilm surface whilst 

ensuring that the viewing area contained no shadow. The viewing area was 100 cm P

2
P in the natural 
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sediment experiments and 10 cm P

2
P in the biofilm/filter experiments. The integration time of 

reflectance measurements was set between 50 and 100 ms, depending on the irradiance used. 

Regular dark scans were performed to check for instrument drift, which was minimal in all cases. 

The spectroradiometer was set to automatically record the reflected upwelling radiance from the 

sediment (Lu BsB) every 5 min during the induced migration experiment, 30 min throughout the tidal 

tank experimental period, and every 3 sec during the biofilm/filter experiments (average of 10 scans 

per measurement). The reflected upwelling radiance (LuBdB) of a white polystyrene panel (tidal tank 

and induced migration experiments) or filtered medium saturated GF/F filters (biofilm/filter 

experiment) was also measured at least two times per day. The bidirectional reflectance factor 

(Milton 1987), or spectral reflectance (RBλ B), was calculated as LuBsB/Lu BdB for wavelengths between 300 

to 900 nm at 1 nm intervals. Reflectance spectra were smoothed using a Savitzky-Golay second 

order polynomial least-square smoothing function of 25 nm band-width between 300 and 900 nm 

(Savitzky & Golay 1964). Second derivative analysis was used to highlight absorption features in 

the reflectance spectra. 

Difference spectra and optical indices sensitive to biomass and fluorescence changes 

Various optical indices are sensitive to changes in [chl a], the normalised difference vegetation 

index (NDVI) has been shown to be a good estimate of MPB chlorophyll concentration (Hagerthey, 

2003, Meleder et al. 2003a, Meleder et al. 2003b, Kromkamp et al. Chapter 6). From the reflectance 

spectra the normalised difference vegetation index (NDVI) was calculated: 

 
673750

673750

RR

RR
NDVI

+

−

=          (1) 

where RB750B and RB673 Bis the average reflectance between 745 and 755 nm and 667-678 nm 

respectively. In order to ‘extract’ the differences caused in reflectance spectra by migration and 

photo-physiology, times of maximum and minimum F were identified from the fluorescence traces 

(corresponding to migrational induced changes in experiment 1 and photo-physiological changes in 

experiment 2). The corresponding reflectance spectra from the minimum (RBFminB) and maximum 

(R BFmaxB) fluorescence yields were subtracted according to: RBFmaxB - RBFminB, in order to highlight 

changes in reflectance associated with changes in F. 

Difference spectra indicated that subtle changes in the reflectance spectrum were related to changes 

in chl a fluorescence. Therefore, we developed the normalised difference fluorescent index 

(analogous to the NDVI): 
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+

−
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where R BDiff PeakB is the reflectance at the wavelength corresponding to the maximum difference 

observed in the difference spectra (usually between 685 and 710 nm) and R B673 Bis the reflectance at 

673 nm. 

Fluorescence of the microphytobenthic biofilm 

Fluorescence parameters of the biofilm were logged at fixed locations using a pulse amplitude 

modulated (PAM) fluorometer, DIVINGPAM (H. Walz, Effeltrich, Germany). The optic fibre 

bundle tip of the PAM fluorometer was clamped in position 4 mm above the biofilm surface at a 45 

° angle (to minimise self shading). Chlorophyll fluorescence from the biofilm under actinic 

irradiance (F) was excited by a weak red measuring light (1 µmol mP

-2
P s P

-1
P, maximum emission at 650 

nm) and fluorescence was detected at wavelengths above 695 nm. The effective quantum efficiency 

of charge separation (i.e. the effective quantum efficiency of PSII) in actinic irradiance was 

calculated as: 

         (3) 

where F is the steady-state fluorescence and F Bm B' the maximum fluorescence after a saturating pulse 

when measured under actinic irradiance conditions (Genty et al. 1989).  

'/)('/
mmm

FFFFF −=Δ

Pearson’s correlation coefficient was used to test for significant correlations between variables. All 

statistical analyses were performed in Statistica 6 (StatSoft Inc., Tulsa, USA, 2001). 

Results 

Influence of induced migration of natural biofilms on optical measures  

After mixing sediment enriched with MPB, upward migration of the epipelic diatoms formed a 

clearly visible biofilm at the sediment surface. The hyper-spectral reflectance of the sediment 

surface showed large changes (up to 30 %) as the diatoms migrated (Fig. 1 A). Reflectance was 

reduced in wavelengths corresponding to the absorption peaks of the biofilm pigments, and 

increased at wavelengths above 700 nm, which was mainly caused by increased scattering by the 

MPB cells and possibly chl a fluorescence. Difference spectra (%) calculated between the start and 

end of migration clearly indicated a reflectance spectrum that was indicative of algal pigments (Fig. 

1B). A total of 6 absorption features were identified using second derivative analysis. Using 
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literature reports of absorbance maxima, the pigments responsible for each feature were identified 

(Fig. 1 B). The strongest and most reliably identified feature was the chl a 673 nm absorption 

maxima, and this feature was used in the normalised difference vegetation index (NDVI), which 

effectively summarises the normalised difference between the chl a 673 nm absorption maxima and 

the absence of absorption and scattering increase at 750 nm. When the NDVI was plotted against 

time from disturbance, a clear increase in NDVI from a value of 0.1 to 0.25 within 2 hours was 

observed (Fig. 2), indicating an increase in surface [chl a] of about 130 mg chl a m P

2
P (estimated 

using the conversion factors reported in Kromkamp et al. Chapter 6). Steady-state fluorescence (F) 

also increased as the biofilm migrated towards the sediment surface (Fig. 2) rising from a value of 

370 to 550 after 2 hours (Fig. 2). Both NDVI and F were highly correlated (Pearson’s r = 0.9, p < 

0.001) and were clearly able to follow the induced migration of the natural biofilm. 

Photo-physiological induced changes in optical measures of non-migratory, single species 

biofilms  

In order to remove the influence of migration and focus on photo-physiological induced changes in 

reflectance and fluorescence we conducted experiments on single species biofilms that had been 

immobilised on GF/F filters. The biofilms were experimentally manipulated to induce photo-

physiological changes, which were observed as changes in F. The addition of DCMU solution to the 

biofilm blocked PSII electron transport (i.e. photochemical quenching [qBP B] of fluorescence was 

removed), causing a large increase in F from 90 to 180 r.u. immediately after the addition of DCMU 

(Fig. 3 A). Reflectance spectra measured before and after the DCMU addition were also compared 

and the difference (%) calculated (Fig. 3 B). High reflectance in the NIR (> 700 nm) observed in the 

immobilised biofilm was due to the strongly reflecting white filter used. The difference in 

reflectance spectra was small (maximum of 10 %) however, the shape of the difference spectra was 

very distinctive, consisting of a large narrow peak at 686-690 nm which was, most likely, caused by 

an increase in PSII fluorescence and a smaller wider peak centred around 500 nm of which the 

origin is not clear to us. 
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Figure 1. A. Reflectance during induced migration of a natural MPB biofilm. Spectra every 20 

minutes from disturbance are shown. B. Difference spectra (%, RBt=160B – RBt=0B) and 2 P

nd
P 

derivative of the difference spectra. Pigments thought to be responsible for absorption 

features are highlighted. 
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Figure 2. F and NDVI during induced migration of a natural MPB biofilm. 

Assuming that the peak in the difference spectra resulted from chl a fluorescence induced changes 

in reflectance, we calculated the normalised difference fluorescence index (NDFI) from the 

reflectance spectra measured every 3 seconds during the DCMU addition. The NDFI (688-673 nm) 

appeared to track changes in F very well, rising from a value of 0.062 to 0.073 immediately after 

addition of DCMU (Fig.3 C) and both measures were highly correlated (Pearson’s r = 0.92, p < 

0.001).  

We also examined the response of F and hyper-spectral reflectance from an immobilised biofilm 

subjected to a sudden increase in irradiance from 30 to 200 µmol photons m P

-2
P sP

-1
P. The exposure of a 

low-light acclimatised, nutrient stressed MPB biofilm to a higher irradiance induced strong 

quenching (mainly non-photochemical quenching, q BNB) of F from 280 to 180 r.u. within 10 min (Fig. 

4 C). Slight changes in the reflectance spectrum were observed, particularly between 705 - 710 nm 

(Fig. 4 A). The difference spectra, calculated as (RBt B– R Bt = 16B), showed a clear decrease in the height 

and width of the peak between 705 -710 nm as F decreased (Fig. 4 B). The height of the difference 

peak was maximally 4 %, compared to the 10 % change seen in the DCMU experiment. Slight 

indications of a feature at 510 nm were also observed in the earliest difference spectra. Again the 

NDFI (708-673 nm) was highly correlated to F (Pearson’s r = 0.88, p <0.01) and tracked the 

quenching induced changes in F very well (Fig. 4 C), clearly demonstrating the changes in 

reflectance were due to changes in chl a fluorescence.  
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Figure 3. A. F trace during addition of DCMU to a single species biofilm immobilised on a 

GF/F filter, B. Reflectance and difference (%) between spectral reflectance before (RB0B) and 

after addition of DCMU (RBDCMUB), C. F and normalised difference fluorescence index, NDFI, 

(RB686B-RB673B)/ (RB686B+RB673B). 
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Photo-physiological induced changes on optical measures of non-migratory, natural, mixed 

assemblage biofilms  

Having established that a fluorescence signature was present in the biofilm reflectance spectra we 

investigated the influence of photo-physiological induced changes in reflectance and fluorescence 

in a mixed MPB assemblage grown over 21 days on natural sediments in a tidal mesocosm, details 

about the growth and photosynthesis of the biofilm are given in Morris et al (Chapter 3). Increasing 

[chl a] of the sediment surface was successfully logged over the growth period using NDVI and 

dark adapted minimal fluorescence (FBoB) (Morris et al Chapter 3). Initially it was hoped that the 

natural migrational behaviour of the biofilm would be preserved by mimicking tidal emersion and 

day-night cycles, however no obvious changes in surface biomass during emersion periods were 

observed. Closer observation of within-day changes in NDVI (Fig. 5) indicated no change or even a 

very slight increase in NDVI over emersion periods. However, large variations in F were observed 

through-out the daytime emersion periods (Fig. 5). Changes in F during the emersion periods were, 

on some days, of a similar magnitude (decreasing by a factor of 2), to those observed during 

Experiment 1, which could suggest a strong migration of cells away from the sediment surface. 

However, the changes in F were also of the same magnitude as those induced by high-irradiance 

stress in the immobilised biofilms (see Fig 4 C), although at a different time scale. Changes in 

spectral reflectance on two representative days (12 and 15 from inoculation) were examined in 

detail. Reflectance spectra observed during the emersion period in the tidal tank mesocosm were 

very similar (Fig. 6 A & B), and did not show changes in surface pigment concentrations. 

In order to highlight features related to fluorescence emission, the percentage difference between 

the spectral reflectance in the morning and late afternoon was calculated (Fig. 6 C & D). On both 

days, the change in reflectance was about 3-4 % and consisted of a general decrease in reflectance 

from 400 to 710 nm. On both days, a prominent peak was observed in the difference spectra centred 

at 686 nm. 

Relatively large decreases in F and FBm B’ were observed throughout the emersion periods indicating 

strong non-photochemical quenching occurring within the MPB assemblage, although quenching of 

both F and F Bm B’ appeared to follow very similar rate constants (i.e. decrease in almost parallel), 

meaning that ∆F/F BmB’ was only slightly reduced or stable on each day (Fig. 7 & 8).  
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Figure 4. A. Reflectance during high irradiance induced quenching of a single species biofilm 

immobilised on a GF/F filter, B. Difference (%) between reflectance spectra during 

quenching, (RBt B- RBt = 16B), C. F and normalised difference fluorescence index, NDFI, (RB708B-RB673B)/ 

(RB708B+RB673B). 
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Mean daily NDFI was highly significantly correlated to mean daily F during the cultivation period 

(Pearson’s r = 0.97, p < 0.001) (Fig. 9 A & B). NDFI was also significantly correlated (Pearson’s r 

ranged from 0.6 to 0.8) to within day changes in F (Fig. 10). The strength of the correlation and the 

slope of the functional relationship appeared to change during the cultivation period. This again 

indicated that even though the change in reflectance caused by quenching of chl a fluorescence was 

very small in the tidal mesocosms, changes in chl a fluorescence of the biofilm could still be 

tracked using reflectance. 

 

Figure 5. F and NDVI during day time emersions of the tidal tank mesocosms. Days 12 to 18 

after inoculation are shown. Light, dark and tidal periods are indicated. 
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Figure 6. A. Reflectance during daytime emersions of the tidal tank mesocosm on day 12 from 

inoculation, B. Reflectance spectra on day 15, C. Difference spectra (%, morning- afternoon) 

on day 12, D. and day 15. 

Discussion 

Vertical-migration within diatom biofilms is an important feature of intertidal MPB ecology. The 

influence of vertical migration on the apparent absorption properties of biofilms in natural 

sediments means that it must be considered in MPB primary production calculations. As such, there 

is a requirement for measurements that can match the temporal scales vertical migration occurs at. 

Optical methods are tools which potentially allow the in-depth investigation of vertical migration in 
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MPB biofilms at the relevant temporal scales. However, uncertainty about the influence of photo-

physiological processes on optical measures of biomass may lead to misinterpretations. This 

argument also affects optical measures of photosynthesis of natural biofilms, where migration may 

be misinterpreted as changes in photo-physiology. 

 

Figure 7. Fluorescence parameters (F and FBmB') during daytime emersions of the tidal tank 

mesocosms. Days 12 to 18 after inoculation are shown. Light, dark and tidal periods are 

indicated. 
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In experiment 1 we have shown that reflectance and fluorescence (in actinic irradiance) can be used 

to effectively track migration of natural MPB biofilms. Large changes in reflectance spectra, caused 

by the increased absorption of algal pigments as the diatoms migrated towards the sediment surface, 

were observed in this study and previous studies (Kromkamp et al. 1998, Paterson et al. 1998). 

Formation of a MPB surface layer caused by upward migration induced changes in the reflectance 

spectra, leading to a strong reduction in reflectance at 673 nm, caused by the chl a red absorption 

peak and an increase in reflectance at wavelengths above 700 nm, where increased scattering from 

the biofilm increased the reflectance in the red edge. These key changes in the spectra could be 

effectively summarised using the NDVI and, as such, it is not surprising that a good correlation 

between MPB biomass and NDVI has previously been found (Kromkamp et al. Chapter 6, Meleder 

et al. 2003a, Stephens et al. 2003). Photo-physiological associated changes in reflectance had only 

minor effects on NDVI, which, when considered in terms of the large changes caused by migration, 

can be considered insignificant. 

Under relatively low irradiances steady-state fluorescence was effective in tracking the induced 

migration of natural biofilms (Fig. 2), however, changes in MPB photo-physiology could induce 

large changes in F. This study demonstrated that changes in F due to quenching processes can be of 

the same order of magnitude as changes in F observed during migration. Using dark-adapted 

minimal fluorescence (FBoB) as a measure of biomass is preferable to F as the influence of non-

photochemical quenching will be minimal (although maybe not abolished), however, the act of 

dark-adapting the sediment may influence migration. Serôdio (2003) successfully used FBoB, F and 

F Bm B’ (although FBoB was most reliable) to track migration of MPB at the surface of natural sediments, 

allowing the amount of photosynthetically active biomass (PAB, the biomass within the photic 

zone) to be estimated during emersions. The proportion of PAB was then successfully used to 

improve PAM-fluorescence derived primary production estimates. Other authors have suggested 

that changes in F and FBm B’ are indications of migration during photosynthesis measurements using 

PAM-fluorescence (Perkins et al. 2002). Our findings suggest that care should be taken when 

attributing changes in steady-state fluorescence to either migration or photo-physiology, as both 

mechanisms influence the measured F signal in very similar ways, although it seems fair to say that 

changes in F under low irradiance conditions will most likely reflect changes in surface biomass 

caused by vertical migration. 
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Figure 8. The effective quantum efficiency (∆F/FBmB’) during daytime emersions of the tidal 

tank mesocosms. Days 12 to 18 after inoculation are shown. Light, dark and tidal periods are 

indicated. 

This study also demonstrates that photo-physiological information can be derived from hyper-

spectral reflectance of MPB biofilms. Clear changes in the hyper-spectral reflectance of 

immobilised single spp. biofilms were observed after addition of DCMU or transfer to high-

irradiance. A prominent peak could be observed after these treatments in the difference spectra at 

686 nm and 710 nm after DCMU addition and high irradiance stress respectively, indicating 

changes in PSII fluorescence. The red-shifting of the centre of the difference peak observed in the 
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high irradiance treatment, conducted in experiment 2, is thought to be caused by the different 

thickness of the biofilm used in each treatment; re-absorption of fluorescence within the biofilm 

may have caused the peak to be right-shifted. The different spectral characteristics of the light 

source used in the high light treatment may also have contributed to the apparent right-shift. After 

exposure to high irradiance, qBNB caused F to reduce and the height of the fluorescence peak observed 

in the difference spectra clearly reduced in step with changes in F. We further demonstrated that 

changes in F were highly correlated to the normalised fluorescence index (NDFI).  

 

Figure 9. A. Mean daily NDFI and F during daytime emersions of the tidal tank mesocosms 

plotted against days from cultivation. B. Mean daily NDFI plotted against F during the 

cultivation period. Line of best fit and Pearson’s correlation coefficient are shown. 
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Figure 10. NDFI plotted as a function of F for each day during daytime emersions of the tidal 

tank mesocosms. Days 9, 12, 15 and 18 after inoculation are shown. Line of best fit and 

Pearson’s correlation coefficient are shown for each day. 

The derivation of chl a fluorescence from hyper-spectral reflectance has been suggested as an 

improvement of [chl a] indices for biomass estimation in marine and coastal waters (Bricaud et al. 

1999, Sathyendranath et al. 2004). Our results suggest that although NDFI was able to track the 

increase in F caused by increased [chl a] of the sediments over the tidal tank growth period, NDVI 

was probably more reliable as it was hardly influenced by the photo-physiology. Within day 

correlations between in NDFI and F appeared to have a different functional relationship when 

compared to NDFI and F over the cultivation period. This suggests that NDFI responds differently 

to changes in F caused by increasing [chl a] when compared to changes caused by variation in the 

quantum yield of chl a fluorescence (φBf B). In terrestrial plant research hyper-spectral reflectance 

derived chl a fluorescence has been suggested as a possible tool for deriving photo-physiological 

information about vegetation canopies (Sampson et al. 2000, Zarco-Tejada et al. 2000, Zarco-

Tejada et al. 2003). The simultaneous derivation of F and absorption properties of MPB biofilms 

from reflectance may potentially allow the estimation of the φBf B, which is simply the ratio of the 

photons emitted as to those absorbed. Regulation, or quenching, of φBf B is related to two distinct 

regimes: (1) photochemical quenching (qBP B), where there is a direct trade off with the quantum 

efficiency of photosynthesis (∆F/FBmB’), and (2) non-photochemical quenching (qBNB), which is not 
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necessarily related to ∆F/FBmB’ (Casper-Lindley & Björkman 1998, Olaizola & Yamamoto 1994, 

Morrison 2003). In order to truly separate the influence of qBP B and qBNB on the measured F, derivation 

of the maximum fluorescence in actinic irradiance (FBm B') is required (i.e. F under conditions when qBP B 

is maximum), allowing calculation of the ∆F/F Bm B’, which then allows the quantification of 

photosynthetic rates (Morris et al. Chapter 3). Therefore, derivation of only F from reflectance 

spectra can yield information about the combined influence of qBP B and qBNB but may not be directly 

translatable into photosynthetic rates (as demonstrated by the large quenching of F during emersion 

periods, but small changes in ∆F/F Bm B’ shown in Fig. 7 and 8). If a technique for measuring 

reflectance spectra that are comparable to FBmB' measurements can be developed, then the calculation 

of a proxy for ∆F/FBm B’ from reflectance spectra may be possible. Another approach is to model the 

combined influence of qBP B and qBNB on the measured φBf B. This approach has received some attention in 

aquatic applications and may potentially allow estimation of photosynthetic rates (Kiefer & 

Reynolds 1992, Morrison 2003, Yoshikawa & Furuya 2004). 

DCMU difference spectra also contained a prominent feature centred at 500 nm, this feature was 

also present in the high-irradiance treatment difference spectra (although weakly). Olaizola & 

Yamamoto (1994) attributed changes in the in-vivo absorbance spectrum between 470 and 510 nm 

of a high-irradiance stressed marine diatom, to the conversion of diadinoxanthin (DD) to 

diatoxanthin (DT). The DD/DT-cycle consists of a de-epoxidation reaction that converts 

diadinoxanthin (DD) to diatoxanthin (DT) under high irradiance and an epoxidation reaction under 

low irradiance. DT is an effective dissipater of absorbed photons and the DD to DT conversion will 

thus cause a down regulation in photosynthesis caused by non-photochemical quenching (Young & 

Frank, 1996). Indices, such as the photosynthetic reflectance index (PRI), which take advantage of 

DD/DT-cycle induced changes in reflectance spectra, have been used to follow changes in 

photosynthetic parameters in terrestrial plants (Stylinski et al. 2002). Gamon et al. (1990) suggested 

that the green-shift in reflectance had relatively slow kinetics when compared to changes observed 

in the red and near-infra red, and changes in absorption in the green region of the spectrum have 

been shown to be highly correlated to qBNB and not necessarily ∆F/FBm B’ (Olaizola & Yamamoto, 1994). 

This raises the interesting possibility that absorption changes in the green region of the algal 

absorption spectrum may be related mainly to non-photochemical quenching, whilst changes in chl 

a fluorescence detected in the red, may include both the influence of q BP B and qBNB, which may allow 

discrimination between the influence of the 2 quenching processes. 
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Conclusions 

Hyper-spectral reflectance appears to have a number of advantages over PAM-fluorescence 

methodology when trying to follow biomass changes induced by migration of MPB in surface 

sediments (Table 1). Reflectance is passive and can be easily employed at in-situ irradiance 

conditions, whereas fluorescence works best in darkness. If F is used, steady-state irradiance 

conditions are required, and even this will not ensure the signal is not influenced by photo-

physiology. Migration induced changes in reflectance can be effectively tracked using the NDVI, 

which is hardly sensitive to changes in photo-physiology. The fluorescence signal measured using a 

PAM optic fibre decreases exponentially as the distance is increased from the fluorescence source, 

therefore, to compare changes over time the optic fibre of the PAM fluorometer must be kept at a 

constant height above the sediment surface. This can be a frustrating task when working on 

extremely muddy tidal flats or with uneven surfaces (small ripples). By carefully taking reflectance 

measurements and using a normalised index such as the NDVI, the influence of height on 

reflectance spectra can be minimised, allowing NDVI values to be comparable between different 

machines and labs. Because hyper-spectral reflectance provides information on the absorption 

properties of the pigments associated with the biofilm it has the potential for providing information 

on migrations of different species within mixed assemblages and may be able to give information 

on the spectrally averaged (400-700 nm) chlorophyll specific absorption cross section of MPB 

assemblages. Furthermore, the hyper-spectral reflectance of natural biofilms is sensitive to changes 

in absorption caused by photo-protective pigments and fluorescence, potentially allowing photo-

physiological characteristics of the biofilm to be passively observed. The potential for using 

reflectance from remote sensing platforms is well demonstrated (Hakvoort et al. 1998, Meleder et 

al. 2003b, Rainey et al. 2003), indicating that synoptic views of migration and photo-physiological 

characteristics of natural biofilms may eventually be possible. 

PAM-fluorescence methodology is a very useful tool for probing photosynthetic rates of MPB 

biofilms and it appears that careful use of fluorescence parameters as a measure of migration is 

effective (Serôdio 2003), however, use of F and FBm B’ as migration indicators should be done with 

care. Overall both methods are highly complimentary; measurements of photosynthesis using PAM-

fluorescence require a good knowledge of the absorption properties of the biofilm which can, 

potentially, be obtained optically using reflectance. The further development of the wealth of 

information contained within the hyper-spectral reflectance of surface sediments appears to be a 
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very promising future research area which may provide a useful tool for observing primary 

production of intertidal flats at synoptic scales.  

Table 1. Comparison of methodological advantages of PAM-fluorescence and reflectance 

methodologies. 

Criteria Reflectance Fluorescence 

Measurement 

method 

Passive (multi-spectral), natural irradiance. Active (probes at 650 nm), most reliable 

in darkness. 

Transferability No fixed height required, easily transferable 

between machines and labs. 

Requirement of fixed height and not 

comparable between machines. 

Sensitivity to 

photo-physiology 

NDVI hardly affected by photo-physiology. F very affected and F BoB slightly affected by 

photo-physiology, allows measurement of 

photosynthetic rates using multiple 

turnover flash protocol.  

Further 

applications 

Easily transferred to remote sensing 

platforms, hyper-spectral reflectance 

contains information about photo-

physiology and pigments (functional 

groups) of biofilms. 

Transferred to airborne remote sensing 

(LIDAR), but most suitable for ground 

based photosynthesis applications. 
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Abstract 

This study 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 is estimated, and suggestions for optimising sampling 

designs are given.  

Three study sites were selected. Within each site, grids up to 1 km in length were established with 

100 m grid nodes. At each grid node, 3 samples for chlorophyll a concentration and water content 

were collected, randomly, within 2.5 m from the grid node. A combination of semi-variogram and 

median polishing analysis was used to infer information about the scales of variation in these 

parameters. 

Mean biomass varied between 76 – 257 mg chl a m P

-2
P. Within each geographical area mean biomass 

was not significantly different despite differing sedimentological properties. Mean water content 

varied between 29 and 55 %. Significant differences between the individual grids were related to 

mean grain size. The types of spatial structures and their contribution to the total variance were 

similar in the sites investigated for water content, whereas the spatial distribution of MPB biomass 

was more inconsistent when compared between the different sites, indicating that more complex 

processes structure biomass distribution. The site specific nature of MPB [chl a] distribution and 

high micro-scale (≤ 2.5m) variability in [chl a] has important implications for the design of 
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sampling schemes on tidal flats. 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. 

Introduction 

Microphytobenthos (MPB) are an important component of intertidal ecosystems, regularly 

accounting for a significant fraction of estuarine primary production (Underwood & Kromkamp 

1999, Middelburg 2000). Accurate estimation of MPB primary production requires reliable 

estimates of the biomass of MPB situated on intertidal flats. However benthic microalgae often 

have patchy spatial distributions at a variety of scales (Shaffer & Onuf 1985, Saburova et al. 1995, 

Sandulli & Pinckney 1999) which can influence the interpretation of temporal and spatial ecological 

investigations and lead to over or underestimation of algal biomass and primary production (Levin 

1992). The patchy structure of MPB on intertidal flats is caused by a combination of physical and 

biological structuring processes (Van de Koppel et al. 2001), and by actively examining how the 

distribution of benthic microalgae changes in relation to spatial scale it may be possible to make 

inferences about the physical and biological processes affecting biomass distribution (Yoder et al. 

1987). 

Factors that affect the biomass distribution of MPB on tidal flats can be roughly split into two non-

exclusive groups; removal processes such as grazing and resuspension, and factors that affect the 

growth rate and/or health of the MPB such as light, temperature and nutrient availability. This 

combination of environmental properties and removal processes define the optimum conditions for 

biomass accumulation on tidal flats. As environmental parameters and removal processes are both 

influenced by seasonal cycles, the relative importance of each process in controlling the realised 

biomass on tidal flats is likely to change in time. However, the spatial distribution of MPB biomass 

at any single point in time is likely to be related to the spatial distribution of physical factors on 

tidal flats in the form of: (1) tidal currents, (2) wind-induced circulation, (3) wave action, (4) 

density-driven circulation and (5) drainage process (Le Hir et al. 2000). The spatial scale of these 

forcings ranges from µm to km. Hydrodynamic forcing interacts with the sediment to produce a 

range of bedforms of different types at a range of scales. The different types include (1) channels, 

creeks and gullies (scale and persistence varies with position on mudflat), (2) ridge-runnel systems 

(width in the order of 0.5 - 1 m and height several cm), (3) ripples and other micro-topography 

(typically 20 mm high and 0.3 m wavelength, includes biological activity), and (4) cliffs (0.1 to 1m 
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high) (Whitehouse et al. 2000). The combination of hydrodynamic forcing and bedform 

morphology influences resuspension and burial of the sediment, defines the environmental 

conditions [sediment properties, exposure time] and influences the distribution of grazers on tidal 

flats (Mannino & Montagna 1997, Armonies & Reise 2000, De Brouwer et al. 2000). Biotic 

interactions with the sediment and surface hydrodynamics, such as bioturbation or sediment 

stabilisation, affect the morphology of the sediment surface, further modifying sedimentary 

conditions (Van de Koppel et al. 2001, Wood & Widdows 2002, Katrak & Bird 2003).  

MPB have been shown to actively modify sediment properties through the exudation of 

extracellular polymeric substances (EPS) (Underwood et al. 1995, Smith & Underwood 1998, 

2000), increasing the sediment erosion threshold (De Brouwer et al. 2000, Widdows et al. 2000, 

Yallop et al. 2000) which influences intertidal morphodynamics (Stal 2003). Indeed, MPB biomass 

has been found to be significantly correlated to sediment grain size and water content at small and 

meso scales (Paterson et al. 2000) and large scales (De Jong & De Jonge 1995).  

Complex interactions between the physical, chemical and biological properties of the sediment 

air/water interface make generalisations about the scales of processes difficult. However, we 

propose that the contribution of physical forcing will be more apparent at large scales and at smaller 

scales biotic interactions will be relatively more important in the structuring of the MPB biomass.  

This study aims to describe the dominant spatial structures of water content (abs.) (% weight) and 

benthic microalgal biomass, estimated using chlorophyll concentration (chl a mP

-2
P), of the surface 

sediment in a number of European North Sea intertidal flats. Furthermore, it is considered how the 

spatial distribution of water content and chlorophyll concentration is related to sediment properties 

and topography (variations of sediment surface height in relation to low water). The contribution of 

the variance explained at different spatial scales is estimated, and recommendations for improving 

optimum sampling designs are suggested. 
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Methods 

Study sites 

Three European, North Sea, study sites were selected for study within the EU funded project 

BIOPTIS (Fig. 1). The Sylt-Rømø Basin, Germany (54° 59’N, 8° 22’E), was visited on 30P

th
P and 31P

st
P 

May 1999. It is a large study area (approx. 100 kmP

2
P) with a diverse array of biotopes. The sediment 

in the chosen grid consisted of moderately-sorted, low organic matter (organic matter 1.4 ± 0.7 %), 

medium sands (mean grain size 360 µm) with a low silt-clay content. Tidal range in the area is 2 m 

(micro tidal), exposure (the relationship between the orientation of the flat relative to the prevailing 

wind and to the maximum fetch) is high and the mean slope (mean tidal range/mean flat width) is 

low (Dyer et al. 2000). Two grids (grid SB and SA) were established, however because of a freezer 

breakdown only results from one grid are presented: Grid SB (approx.700 x 700 m), consisting of 

49 grid nodes.  

The Eden Estuary, Scotland (56° 22’N, 2° 50’W), was visited between 24P

th
P Aug. and 3P

rd
P Sept. 1999. 

It is a small estuary with an intertidal area of 8 km P

2
P. Tidal range is 2-6 m (meso/macro tidal), 

exposure is low and the mean slope is low (Dyer et al. 2000). Sediments are spatially complex, 

consisting of regions dominated by 63-250 µm and 250-500 µm sediment particles, covered with 

macroalgae (predominantly Enteromorpha sp. and Ulva sp.) and epipelic diatoms. Two grids were 

established in the Eden: Grid EA (approx. 900 x 500 m) consisted of 59 grid nodes, running from 

the top of the shore down to the channel of the river Eden Estuary; Grid EB (approx. 800 x 500 m), 

which was further upstream, consisted of 45 grid nodes, with the channel of the river Eden running 

through a portion of the grid. Sediment at grid EA consisted of moderately sorted, medium sand 

(mean grain size 0.3 mm) and grid EB consisted of poorly sorted, fine sands (mean grain size 0.2 

mm). The percentage of organic matter in the sediment at grid EA was 3.1 ± 2.6 % and at grid EB 

was 3.3 ± 1.2 %. Each grid took approximately 2-3 daytime low tides (days) to sample. 
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Figure1. Map showing the positions of the sampling locations in north-west Europe. 
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The Oosterschelde and Westerschelde estuaries are situated in the south west of the Netherlands. 

They were investigated on 19P

th
P and 20 P

th
P June 2000. Grid YA (approx. 500 x 600 m) consisted of 26 

grid nodes and was established at Biezelingsche Ham (51° 26’N, 3° 55’E), a muddy tidal flat on the 

northern shores of the turbid eutrophic Westerschelde estuary. Interstitial salinity at Biezelingsche 

Ham was 20 ± 2. The sediment on grid YA consists of poorly sorted, fine sands (mean grain size 

0.14 mm) with a relatively high percentage organic matter content of 7.4 ± 2.7 %. Tidal range at 

grid YA is 4 m (meso/macro tidal). Grid YB (approx. 400 x 700 m) consisted of 27 grid nodes and 

was established in the Zandkreek (51° 26’N, 3° 57’E) a sandy/muddy tidal flat on the southern 

shore of the mesotrophic Oosterschelde. Tidal range at Zandkreek is 3 m (meso/macro tidal) and the 

interstitial salinity was 32 ± 2. Sediment at the study site consists of moderately well sorted, fine 

sand (mean grain size 0.2 mm) with an organic matter content of 1.4 ± 0.5 %. Each grid took one 

day to sample.  

Each grid at each of the sites had grid nodes spaced 100 m apart. At each grid point, 3 samples were 

randomly (using random number tables) collected 2.5m from the grid node. The position of grids at 

each site was arbitrarily chosen so as to cover a ‘representative’ area of tidal flat extending from 

approximately mean low water to mean high water. The grid design was chosen to provide a wide 

spatial coverage with which remote sensing images could be ‘ground truthed’ (Hagerthey et al. 

2003). Grid node positioning was carried out using differential geographic positioning system. 

Chlorophyll concentration and water content determination 

Samples of the sediment surface (2 – 4 mm) were collected using the contact core method described 

by Ford & Honeywill (2002). The diameter of the contact cores was 56 mm. Samples were 

transported in liquid nitrogen and stored at - 80 °C till analysis. The water content (abs.) (weight %) 

of the contact cores was determined gravimetrically after drying at 110 °C. After freeze-drying, 

photosynthetic pigments were extracted from the homogenised sediment in 5 ml of Dimethyl 

formamide (DMF) in the dark at – 4 °C. Absorption of the extract was measured after centrifugation 

(4000 rpm, 10 min) with a Cecil 3000 scanning spectrophotometer. Chlorophyll a (chl a) and 

chlorophyll b (chl b) concentrations (mg chl mP

-2
P) were calculated using the equations from Porra et 

al. (1989). It should be noted that no correction was made for chlorophyll degradation products 

(such as phaeophytin), which can be present in substantial quantities within sediments (Ford & 

Honeywill, 2002). As chlorophyll degradation products have absorption maxima that overlap with 

chlorophyll, high performance liquid chromatography (HPLC) is required to ensure chlorophyll 
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degradation products are excluded from [chl a] estimates. As such chlorophyll concentration’s 

reported in this study should be considered as chlorophyll and degradation product concentrations. 

The concentration of Chl a was considered as a proxy of the biomass of the sediment surface MPB 

community, however it should be noted that carbon to chl a ratios can vary substantially (De Jonge 

& Colijn 1994). Chlorophyll concentration was natural log transformed (ln (x)) before analysis. A 

natural log transformation was applied to the [chl a] because pattern recognition is easier with 

normally distributed data (non-transformed [chl a] were log normally distributed). Before analysis 

the percentage water content of the surface sediment was arcsin transformed, a standard 

transformation for ratio data (Sokal & Rohlf 1995).  

Grain size properties 

At each grid node a sample of sediment was obtained for granulometric analysis by inserting a 7 cm 

diameter core to a depth of 10 cm. Granulometry was carried out by the dry sieving method and 

expressed as mean grain size (phi units) and sorting (standard deviation of the grain size distribution 

in phi units). Phi units can be converted to diameter according to; phi = -log B2B(d/dB0B), where d is the 

grain diameter and dB0B is the ‘standard’ grain diameter of 1 mm, thus large and small phi values 

represent small and large grain size diameters respectively.  

Topography  

The height profiles of the test sites were interpolated using the TOPOGRID function implemented 

in ESRI ArcInfo GIS software (ESRI, California, USA, 2002). TOPOGRID uses the iterative finite 

difference interpolation technique. Different input data, like height points, contour lines with 

information of the height and lines of streams or ridges describing the drainage systems can be used 

in order to derive a digital elevation model (DEM) that is hydrologically correct. In this study, the 

DEM was calculated from tidal height measured at the different grid points as well as from the 

system of waterways, digitized from remote sensing images. Elevation was normalised to the mean 

low water (MLW) at each grid and presented graphically as the height above MLW (m). 

Variogram calculation 

To help identify the spatial structure of the variables sampled a statistical technique known as the 

theory of regionalised variables, sometimes called mining geostatistics (Yoder et al. 1987) was 

employed. This technique uses variogram analysis in which the semivariance (γ(h)) is plotted 

against distance. Semivariance is defined as one-half the variance between two sample values, Z 
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(xB1B) – Z (xB2B) (Burrough 1997). When the samples are separated by distance h, the γ(h) can be 

estimated by the equation: 
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where Z (xBi B) is the sample value (e.g. mg chl a mP

-2
P), h is the distance between samples and n is the 

number of observations for each distance class. 

The semivariance for all pairs of samples within each distance class is calculated and plotted against 

the distance between samples to produce a semivariogram. In practice the γ(h) was only calculated 

for the distance classes up to 2/3’s of the longest separation distance between samples (as suggested 

by the GS+ manual, Robertson 2000), as the numbers of pairs are reduced at the largest distance 

classes. Generally, the variogram tends to level off at a sill (C B1B + C B0B) equal to the variance of the 

variable (Fig. 2). The distance at which this occurs (the distance where the γ(h) stops increasing) is 

referred to as the range (a) of the variable. The range is the distance, over which the sampling units 

are not spatially correlated any longer and gives a measure of the spatial influence of the structuring 

process (scale of patches, if the phenomenon is patchy) (Legendre & Fortin 1989). The 

discontinuity at the origin (non-zero intercept) is called the nugget effect (CB0B). It corresponds to the 

local variation occurring at scales finer than the minimum sampling interval and includes 

methodological errors (Bellehumeur & Legendre 1998). A number of common theoretical 

variogram models are available. When the theoretical model is fitted (using least squares criterion) 

to the experimental variogram, derivation of CB1B, C B0B and a is possible. Across and along shore 

variograms were constructed in all cases, except grid YB where only the across-shore variogram 

was constructed because of the limited along-shore distance classes available. All variogram 

calculations were carried out in the geostatistical software GS + (Robertson 2000). 

Median polishing 

Large-scale trends and features (e.g. linear gradients or large patches) tend to mask small-scale 

features, therefore, we used a median polishing technique to model large-scale features. The 

remaining residuals left after removal of the median polish model represent small-scale features and 

micro-scale variation. A thorough description of the median polish technique is given by Cressie 

(1993). Median polishing is effective at modelling ‘large-scale’ variation. In the following variance 

decomposition description, large-scale variation is defined as the variance modelled by the median 

polish technique. We further compartmentalise the variance remaining in the residuals by using the 
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modelled variogram properties, so that; ‘small-scale’ variation is defined as the variance in the 

residuals that is spatially auto correlated (i.e. structured) and ‘micro-scale’ variation is defined as 

the variance remaining in the residuals corresponding to local variation occurring at scales finer 

than the smallest sampling interval (< 3 m), including methodological errors.  

 

Figure 2. Theoretical spherical model variogram, where a is the range of structured spatial 

variation, CB0B is the discontinuity at the origin (non-zero intercept) also called the nugget effect 

and CB1B represents structured spatial variation. 

Variance decomposition 

It should be noted that the variance components are relative and are defined by the decomposition 

technique, therefore, the absolute scales of features may differ between estuaries. To help with the 

explanation of the decomposition technique an example is presented (Grid EA – across-shore). 

Initially a plot of the original data was examined (Fig. 3 B) and the variogram was calculated (Fig. 3 

A). The original data was then modelled using the median polish method, showing the large-scale 

trends in more detail, and the corresponding plot (Fig. 3 D) was calculated. Subtracting the median 

polish model from the original data left the residuals (Fig. 3 F). A variogram was calculated for 

both the median polish model data set (Fig. 3 C) and the residuals data set (Fig. 3 E). The residuals 

variogram was further modelled using a theoretical spherical variogram model and the parameters 

C B1B and C B0B were derived from the model. The γ(h) of each of the experimental variograms was 

summed over all calculated distances. The % proportion of variance explained by the median polish 

model was calculated by dividing the sum of the γ(h) from the median polish variogram by the sum 

of the γ(h) from the original data variogram and multiplying by 100. The same procedure was 
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applied to calculate the proportion of variance explained by the residuals, however, this proportion 

was further compartmentalised by using the fitted properties of the theoretical variogram. The 

proportion of variance within the residuals with spatial structure was estimated by: CB1B / (C B1 B+ C B0B) 

(Bellehumeur & Legendre 1998) (small-scale feature), where CB1B is the structured spatial variation 

and C B0B is the nugget variance. The remaining variance (CB0B, nugget variance) was assumed to 

represent experimental error and local spatial variation at scales smaller than 2.5 m (micro-scale 

feature). Finally the sum of the γ(h) from the residuals and median polish model was compared to 

the sum of the γ(h) from the original data to give an estimation of ‘fit error’. It was assumed that 

this ‘fit error’ mainly originated from the median polish method and therefore the fit error % 

(always less than 10 %) was subtracted from the proportion of variance explained by the median 

polish model. A schematic diagram representing the decomposition of variance components is 

shown in figure 4. 

Statistics 

The product-moment correlation coefficient was used to establish and estimate the association 

between variables. One-way (model I) ANOVA was used to test for significant variation of the 

data. The post-hoc Tukey Unequal N HSD test was used to determine significant differences 

between group means within the one-way ANOVA setting. Statistical analyses were performed in 

Statistica 6 (StatSoft Inc., Tulsa, USA, 2001), curve fitting was carried out in Sigmaplot 8 (SPSS 

Inc., Chicago, USA 2001). 

All maps were created in Surfer 7.0 (Golden software Inc., Colorado, USA, 2000) using nearest 

neighbour gridding criteria and grid line spacing of 100 m. Where replicate values for a variable 

were collected at each grid node the mean of the replicates was used for mapping purposes. This 

gridding method and grid line spacing ensured that maps represented only the mean data value at 

each grid node (i.e. no interpolation of data was attempted). 
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Figure 3. (A-F). Variograms and synoptic maps for grid EA [chl a] (mg chl a m P

-2
P) across-

shore. Variogram of original data (A), map of original data (B), variogram of median polished 

data (C), map of median polished data (D), variogram of residual data (E) and map of 

residual data (F). 
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Figure 4. Schematic diagram showing the decomposition of variance components. 

Results 

Frequency distributions and descriptive statistics 

Chlorophyll a showed a unimodal distribution skewed to the right at each of the grids examined 

(Fig. 5). The highest [chl a] were found on grid EA, although the extremely high values were rare, 

resulting in the frequency distribution being highly skewed. On grid EA values ranged between 18.5 

to 2091 mg chl a m P

-2
P with a mean of 257 mg chl a m P

-2
P (see Table 1 for sample statistics). On grid 

EB values ranged between 62 to 537.2 mg chl a m P

-2
P with a mean of 169 mg chl a m P

-2
P, however a 

post-hoc Tukey Unequal N HSD test of the ANOVA comparison between all grids revealed that EB 

and EA did not have statistically different mean [chl a] (p > 0.05). Grid SB had a significantly 

lower mean [chl a] than grids EA and EB, but was significantly higher than both YA and YB (one 

way ANOVA, FB(4, 639) B= 64.86, p < 0.01). Grids YA and YB had the lowest [chl a] found with mean 

values of 76 and 81 mg chl a m P

-2
P respectively, and a post-hoc Tukey Unequal N HSD test of the 

ANOVA comparison between all grids revealed that these values were not significantly different (p 

> 0.05). Thus, the mean [chl a] at each geographical area was similar even considering the different 

sedimentological conditions at each grid. In every case, the variance within sampling locations (i.e. 

the variance between replicates randomly spaced within 2.5 m of the grid node) caused by micro-

scale patchiness and methodological error was lower than the variance between grid nodes (Table 

1). However, within sample variance could be quite substantial ranging from a minimum of 40 % of 

the total variance in grid YA to a maximum of 74 % in grid EA. 
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The frequency distributions for water content were different for each grid examined (Fig. 5). Grid 

EA had a bimodal distribution, with 2 distinct peaks centred around 35 % and 90 %. Grids EB, SB 

and YB had a unimodal distribution slightly skewed to the right, whilst grid YA showed a unimodal 

normal distribution. The largest range in % water content was found on grid EA (Table 2), however 

the highest mean % water content was found on grid YA. The different grids had significantly 

different mean % water contents (one way ANOVA, F B(4, 640) B= 67.70, p < 0.01). Unequal N HSD 

post hoc test of the ANOVA comparison between all grids revealed grouping which seems to fit 

with the sediment characteristics of each grid. The muddiest grid (YA) had the highest mean % 

water content. YB and SB, the 2 sandiest grids, were not significantly different to each other and the 

2 heterogeneous sites (EB and EA) formed another statistically different group (p > 0.05). Within 

sample variance was always less than the total variance of % water content for all grids (Table 2). 

The minimal proportion of within sample variance was 19 % of the total variance in grid SB and the 

maximum proportion of 56 % was found in grid YB. In general the proportion of within sample 

variance was lower for % water content than for [chl a] indicating that there is less micro-scale 

patchiness and/or experimental error in the % water content data set. 

Table 3. Sample statistics for sediment [chl a] (mg chl a mP

-2
P) computed for all the grids.  

Site 
Mean 

(mg chl a m P

-2
P) 

Within-sample 

(between-replicate) 

variance 

Between-sample 

variance 

Range 

(mg chl a m P

-2
P) 

Number 

of samples 

EA 257 61059 81681 18.5 – 2091.4 177 

EB 169 3073 5095 62.0 – 537.2 135 

SB 110 3557 6230 29.8 – 576.7 145 

YB 81 2358 3345 1.3 – 325.5 81 

YA 76 831 2060 26.2 – 242.1 77 

Table 4. Sample statistics for sediment absolute water content (% weight) computed for all 

the grids.  

Site 
Mean 

(% weight) 

Within-sample 

(between-replicate) 

variance 

Between-sample 

variance 

Range 

(% weight) 

Number 

of samples 

EA 49 152 778 10.2 - 95 177 

EB 45 65 207 25.1 - 62 135 

SB 32 23 119 13.5 – 69.9 145 

YB 29 22 39 20.9 – 59.6 81 

YA 55 11 48 38.5 – 68.4 78 
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Figure 5. Sample frequency distributions of [chl a] (mg chl a mP

-2
P) and water content (abs.) (% 

weight) for all grids .Note only [chl a] up to 700 mg chl a mP

-2
P are shown for grid EA. 
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Spatial characteristics of [chl a] and water content distributions of individual grids 

Grid Eden A (EA) 

The large-scale distribution of both water content and [chl a] was dominated by a central band of 

high values in the across-shore direction, with a slight gradient in the along-shore direction (Fig 6 

A). The width of the band was about 240 m for chlorophyll and 400 m for water content (Table 3 & 

4). This large central band structure accounted for the largest proportion of variance in water 

content, but was not the most dominant variance component for [chl a] (Fig 11 A-D). Both 

distributions correlated very strongly with each other (r = 0.73, p < 0.05) and were not significantly 

correlated to mean grain size (Fig. 6 C), although large-scale [chl a] did weakly correlate with 

sediment sorting (r = 0.31, p < 0.05, Fig. 6 D). The large-scale distribution of both water content 

and [chl a] was dominated by the presence of macroalgae beds, easily identified by the presence of 

chl b in the surface sediment (Fig. 6 E). Both [chl a] and water content were significantly correlated 

with the ratio of chl b to chl a (water; r = 0.77 and [chl a]; r = 0.71, p < 0.05). The small-scale 

distribution of water content and [chl a] was autocorrelated with a patch scale of approx. 400 m by 

100 m and 100 by 100 m, respectively (Table 3 & 4). It should be noted that a small scale range of 

100 m (the grid size), indicates a feature with a range of between 2.5 and 100 m, because of the 

design of the grids (i.e. no samples between 2.5 and 100 m). The small-scale distribution accounted 

for a substantial proportion of the variance components for both parameters in both directions (Fig. 

11 A-D). The patchy small-scale distribution of water content was significantly correlated to the 

distribution of chl b (r = 0.28, p < 0.05) and also to sediment sorting (r = 0.34, p < 0.05). 

Grid Eden B (EB) 

The main topographic feature dominating grid EB was the river channel running through the 

northern part of the grid. The channel had steep sides, but the height profile after the steep slope 

was rather shallow. The mean grain size was generally small (fine sand) and relatively 

homogeneous (Fig. 7 C). Sediment sorting was poor, possibly indicating that much of grid EB was 

an area of low hydrodynamic energy (Leeder, 1982) (Fig. 7 D). The [chl a] on grid EB was 

generally high with a small range, suggesting a rather homogenous distribution of the MPB 

biomass. 
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Table 5. Summary of variogram shape and range for large-scale features (see methods for 

definition) and small-scale features in the along-shore and across-shore-directions for the 

variable [chl a].  

 Across-shore direction – [chl TaT] 

 Large-scale Small-scale 

Site Model Range (a) Model Range (a) 

EA Spherical 240 Spherical 100 

EB Exponential >700 Spherical 100 

SB Linear >800 Spherical 230 

YB Spherical 300 Spherical 100 

YA Linear to sill 310 Spherical 100 

 Along-shore direction – [chl a] 

 Large-scale Small-scale 

Site Model Range (a) Model Range (a) 

EA Exponential >800 Spherical 100 

EB Linear >600 Spherical 100 

SB Spherical 175 Spherical 100 

YB NA  NA  

YA Linear >800 Spherical 100 

Table 6. Summary of variogram shape and range for large-scale features and small-scale 

features in the along-shore and across-shore directions for the variable % water content.  

 Across-shore direction - % water content 

 Large-scale Small-scale 

Site Model Range (a) Model Range (a) 

EA Single Bump 400 Spherical 100 

EB Spherical 459 Spherical 280 

SB Linear to sill 437 Spherical 144 

YB Linear >600 Spherical 142 

YA Spherical 400 Spherical 100 

 Along-shore direction - % water content 

 Large-scale Small-scale 

Site Model Range (a) Model Range (a) 

EA Linear >600 Spherical 418 

EB Linear >600 Spherical 300 

SB Spherical 400 Spherical 100 

YB NA  NA  

YA Spherical 300 Spherical 100 
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Figure 6. (A-E). Synoptic maps for Grid EA of original [chl a] (mg chl a mP

-2
P) (A), water 

content (abs.) (% weight) (B), sediment mean grain size (phi) (C), sediment sorting (phi) (D) 

and ratio of chl b / chl a (E). Areas masked with cross-hatch mark the edge of the tidal flat. 

Areas masked with dots have no data available. Crosses represent grid nodes. 

The large-scale distribution of [chl a] was a combination of a gradient of increasing [chl a] from 

South to North and a linear gradient of increasing [chl a] from East to West (Table 3). The across-

shore gradient seemed to follow a pattern of higher values on the banks of the channel, whilst the 

along-shore gradient implies an increase in [chl a] as one goes further upstream (Fig. 7 A). The 

along-shore gradient accounted for a larger proportion of the variance than the across-shore 

distribution (Fig. 11 A & C). The small-scale distribution of [chl a] was a patchy autocorrelated 
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structure with a scale of ≤100m (Fig. 7 A). This structure was proportionally dominant in the 

across-shore direction (Fig. 11 A). 

Water content had large variations on grid EB, the highest water contents were found at edge of the 

channel, forming a band of approximately 450 m wide (Table 4, Fig. 7 B), further towards the south 

water content was relatively homogeneous. The banded structure was the dominant variance 

component, accounting for 45 % of the total across-shore variance (Fig. 11 B). There was also a 

slight linear gradient of increasing water content from E to W which accounted for 27 % of the total 

along-shore variance (Table 4, Fig. 11 D). The small-scale distribution of water content was a 

patchy autocorrelated structure with a scale of about 300 m in both shore directions and accounted 

for approx. 40 % of the total variance (Table 4, Fig. 11 B & D). 

 

Figure 7. (A-D). Synoptic maps for Grid EB of [chl a] (mg chl a mP

-2
P) (A), water content (abs.) 

(% weight) (B), mean sediment grain size (phi) (C) and sediment sorting (phi) (D). Others 

details as in Fig. 6. 
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Unfortunately many sediment samples were lost, however, with the limited data available, there did 

appear to be a significant correlation between mean grain size (Fig. 7 C) and the small-scale 

distribution of water (r = 0.44, p < 0.05). Sediment sorting (Fig. 7 D) was negatively correlated 

with the large-scale pattern of [chl a] (r = -0.36, p < 0.05), suggesting that high [chl a] were 

associated with stable sediments. There appeared to be a significant correlation between the large-

scale distribution of water content and [chl a] (r = 0.52, p < 0.05), however no correlation was 

observed at the small-scale. 

Grid Sylt B (SB) 

Grid Sylt B consisted of a shallow sloping sandy tidal flat. The distributions of both water content 

and [chl a] were characterised by higher values at both the high shore and low shore, with the mid 

shore consisting of relatively lower values. Along-shore variation was small for water content, 

whilst [chl a] was more patchy. The across-shore large-scale distribution of both water content and 

[chl a] is obvious from the plots (Fig. 8 A & B) and accounted for the largest proportion of variance 

(Fig. 11 A & B). As expected from viewing the plots, the relative proportion of along-shore 

variation in water content that was explained by the large-scale distribution was small (Fig. 11 D). 

The large-scale distribution of water content and [chl a] were strongly correlated with each other (r 

= 0.69, p <0.05), and to the distribution of mean grain size ([chl a]; r = 0.51, water content; r = 

0.49, p <0.05) and sediment sorting ([chl a]; r = 0.44, water content; r = 0.53, p <0.05, Fig. 8 C & 

8 D). The small-scale distribution of both water content and [chl a] was an autocorrelated structure 

consisting of patches with a scale of about 100-200 m. Although both water content and [chl a] 

seemed to have a similar structure they were not significantly correlated at the small-scale. 

However, water content was correlated to grain size (r = 0.3, p <0.05) and sorting (r = 0.35, p < 

0.05), at the small-scale. 
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Figure 8. (A-D). Synoptic maps for Grid SB of [chl a] (mg chl a m P

-2
P) (A), water content (abs.) 

(% weight) (B), mean sediment grain size (phi) (C) and sediment sorting (phi) (D). Others 

details as in Fig. 6. 

Grid Yerseke B (YB) 

The distribution of mean grain size and sorting was relatively homogeneous on Grid YB (Fig 9 C & 

D). The topography was characterised by a shallow slope which became steeper towards the 

northern end of the grid (Fig. 9 E). A small raised area, related to the presence of oyster banks, was 

observed in the far NW corner of the grid. Examination of the topography of the tidal flat would 

suggest that the direction of the incoming tide over the grid was from a NE direction. Indeed, sand 

waves/ripples, which generally run perpendicular to the direction of the mean tidal currents, ran 

from North to South and East to West, indicating a complicated hydrodynamic regime resulting 

from the incoming tide. 
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The large-scale distribution of [chl a] was a single band of high chlorophyll with a scale of about 

300 m (Table 3) in the across-shore direction (Fig. 9 A). Although the pattern appeared to be strong, 

the large-scale feature did not account for the largest proportion of variance (Fig. 11 A). The small-

scale distribution of [chl a] consisted of an autocorrelated structure with patch scales of around 100 

m or less (Table 3). 

 

Figure 9. (A-E). Synoptic maps for Grid YB of [chl a] (mg chl a mP

-2
P) (A), water content (abs.) 

(% weight) (B), mean sediment grain size (phi) (C), sediment sorting (phi) (D) and topography 

(E). Others details as in Fig. 6. 

Water content showed a gradient extending across-shore, and a central band along-shore (Fig 9 B, 

Table 4). The small-scale distribution of water content was autocorrelated with a patch scale of 

about 140 m (Table 4). Water content and [chl a] were significantly correlated at the small-scale (r 

= 0.46, p < 0.05). Water content was negatively correlated with mean grain size at the large-scale (r 
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= -0.53, p < 0.05) and the small-scale (r = -0.54, p < 0.05), but was positively correlated with 

sediment sorting only at the large-scale (r = 0.59, p < 0.05). 

Grid Yerseke A (YA) 

The main feature of this grid was the large depression running parallel to the shore through the 

centre of the grid, forming a ‘channel’ in the centre of the grid between the upper shore and a large 

shoal running parallel to the coast line, which had a steep slope adjacent to the main channel of the 

estuary (Fig 10 E). Mean grain size and sediment sorting appeared to be related to the topography of 

the site (i.e. the channel) (Fig 10 C & D). The sediments within the main reaches of the channel 

were characterised by poorly sorted, very fine sand and coarse silt, indicating a relatively unstable 

(low hydrodynamic energy) sedimentary environment, despite the large tidal range. Within the 

mouth of the channel mean grain size was larger, indicating a stronger current regime. Either side of 

the channel were two raised areas with well sorted relatively coarser sediment, indicating more 

stable sedimentary conditions.  

The large-scale distribution of [chl a] consisted of an along-shore gradient in chlorophyll, combined 

with a 300 m wide band of high values situated on the raised outer bank (Fig. 10 A, Table 3). The 

large-scale distribution accounted for the highest proportion of variance in the across-shore 

direction (Fig. 11 A). The small-scale distribution of [chl a] consisted of a few patches with a scale 

of about 100 m (Fig. 10 A, Table 3). The large-scale distribution of [chl a] was negatively 

correlated with grain size (r = -0.47, p< 0.05). 

The large-scale distribution of water content consisted of large patches of high water content with a 

scale of about 400 m by 300 m, situated within the central channel and on the outer bank (Fig. 10 B, 

Table 4). The large-scale variance component accounted for the highest proportion of variance in 

both of the shore directions (Fig. 11 B & D). The small-scale distribution of water content consisted 

of patches with a scale of about 100 m (Table 4). The large-scale distribution of water content was 

not significantly correlated with mean grain size, but was positively correlated with sediment 

sorting (r = 0.52, p < 0.05). High water content areas coincided with areas of both low and high 

[chl a], resulting in no significant correlation between the distribution of water content and [chl a] 

at both of the decomposed scales. 
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Figure 10. (A-E). Synoptic maps for Grid YA of [chl a] (mg chl a mP

-2
P) (A), water content (abs.) 

(% weight) (B), mean sediment grain size (phi) (C), sediment sorting (phi) (D) and topography 

(E). Other details as in Fig. 6. 

Spatial variance components 

Surface sediment chlorophyll a concentration  

In the across-shore direction, no clear general pattern in the proportion of variance explained by 

each of the spatial scales (large-scale, small-scale, micro-scale) for each grid can be seen (Fig. 11 

A). The % of variance explained by each component is different in each estuary, with no component 

being dominant. When the variance components are pooled and averaged for every grid examined, 

the 3 variance components explain approximately equal proportions of variance (about 30 %) in 

[chl a]. 
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In the along-shore direction, the micro-scale including experimental error variance component 

appears to be more important in explaining the proportion of total variance for [chl a] when 

compared to the across-shore (Fig. 11 C). When comparing between the different grids no clear 

pattern emerges and when all the grids are considered together, no component appears to be 

different than the others (i.e. variability in [chl a] at the micro-scale was as large as the variability at 

the large-scale).  

 

Figure 11. (A-D). Variance components across-shore direction for [chl a] (A), and for water 

content (B), along-shore direction for [chl a] (C), and water content (D). 

Surface sediment water content 

In contrast, a clear pattern in the proportion of variance explained by each of the spatial scales for 

each grid can be observed in water content in the across-shore direction (Fig. 11 B). In all grids, 

except grid YB, where the current regime appears to be particularly complicated, the large-scale 
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variance component is dominant, accounting for 35 to 55 % of the total variance. The small-scale 

component is generally the second most dominant component, accounting for 19 to 42 % of the 

total variance. The Micro-scale component is the smallest component in all grids (accounting for 7 

to 30 % of the total variance) except grid SB. In the along-shore direction, the highest proportion of 

the total variance explained by each of the variance components for water content appears to be the 

small-scale component, only in grid YA with the along-shore channel, is the large-scale component 

dominant (Fig. 11 D). 

Discussion 

We have examined synoptic data sets of surface sediment, [chl a] and water content of tidal flats 

from 3 different geographical areas using structure decomposition techniques, with the aim of 

characterising the dominant spatial structures and identifying the dominant scales at which these 

structures occur. When considering [chl a], it is apparent that at all the scales investigated spatial 

structures are present and all scales appear to have equal importance. Interestingly the spatial 

distribution of water content (at the scales we have investigated) seems to have relatively similar 

characteristics in a number of different estuaries. The main features are generally gradients 

combined with a patchy structure, consisting of patches with a scale of around 300 to 500 m and 

smaller patches with a scale of ≤ 100 m. The spatial distribution of [chl a], again, includes gradients 

and patches, with the most important scales of variation being around 200 to 300 m, ≤ 100 m and ≤ 

2.5 m. Variability in water content was more related to large-scale topographic features than the 

variability in [chl a]. Grid Eden A was a special case were the distribution of water and [chl a] was 

dominated by the presence of macroalgae beds. The distribution of sediment properties [grain size 

and sorting] tends to be a good explanatory variable for the spatial distribution of water content and 

[chl a]. Water content plotted as a function of mean grain size and sediment sorting was best 

described by a planar model (Table 5, Fig. 12, data from grid EA not included because of 

macroalgae beds), however the relationship between sediment properties and water content was not 

always clear (i.e. Grid YA). In part, this may be caused by methodological difficulties, such as 

sediment dewatering (Perkins et al. 2003) and uncertainties of sampling where there is overlying 

water situated on the sediment surface. This result also highlights the difficulty of summarising 

grain size distributions with sample characteristics: poorly sorted sediments may have a mid range 

mean (or median) grain size, but may have very high mud content. Water content has previously 

been show to be ‘conservatively’ related to the mud content of sediments (Flemming & 

Delafontaine 2000). 
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Table 7. Summary of the modelled relationships between mean sediment grain size, sediment 

sorting and water content (abs.) (% weight), and mean sediment grain size, sediment sorting 

and [chl a] (mg chl a mP

-2
P), for all grids (grid EA excluded). 

Variable Model Adj r P

2
P

 p value

Water content 7.78 + 6.13 [grain size] + 22.46 [sorting] + 0.18 [grain size] P

2
P - 5.80 [sorting] P

2
P

 0.51 <0.01 

[chl a] 4.94 exp (- 0.5 ((([grain size] - 2.09) / 2.11) P

2
P + (([sorting] - 1.33) / 1.64) P

2
P )) 0.27 <0.01 

 

This study covered a wide range of sediment mean grain sizes, which we have assumed to represent 

a range of hydrodynamic energy regimes (Leeder 1982). In the sandiest grid (SB), a simple positive 

relationship was observed between mean grain size and [chl a], whereas at the muddiest grid (YA) 

the inverse relationship was apparent. We have also shown that sediment sorting can be an 

important factor (Grid YA, YB). Areas with well sorted, coarse sediments generally indicate areas 

with high hydrodynamic energy, which is likely to lead to increased resuspension of MPB and 

therefore a lower realised biomass of MPB. In the opposite situation, an area with poorly sorted, 

fine grained sediments indicates an area of low hydrodynamic energy where deposition may be 

occurring, here the sediment will be very easily resuspended and/or is constantly being covered 

with new particles, again leading to a high loss rate, through burial or resuspension of the MPB 

community (Cahoon et al. 1999). Therefore, it is likely that the highest [chl a] would be found in 

areas where there is intermediate levels of hydrodynamic forcing. Chlorophyll a concentration (grid 

EA excluded) plotted as a function of grain size and sorting was best described by a Gaussian 

model (Table 5, Fig. 13), indicating a weak optimum type relationship. One factor that may have 

contributed towards the weakness of this relationship is the inaccuracy in determining [chl a] 

spectrophotometrically (rather than using HPLC): substantial errors in the estimation of [chl a] are 

possible when chlorophyll break down products are present within the sediments. Although, even 

when corrections for chlorophyll degradation products are made, grain size-chl a relationships are 

often weak (e.g. Cahoon et al. 1999). Ysebert & Herman (2002) and De Jong & De Jonge (1995) 

both found a significant positive correlation between sediment chl a content and mud content in the 

predominantly fine grained Westerschelde Estuary. Paterson et al. (2000) found no significant 

correlation between sediment properties and chl a content (g chl a g (sed) P

-1
P) in the Humber Estuary, 

UK. Cahoon et al. (1999) observed significant negative correlations between [chl a] and increasing 

% of fine or very fine sediments in a number of coastal and estuarine areas.  
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Figure 12. Relationship between mean sediment grain size, sediment sorting and water 

content (abs.) (% weight) for all grids (grid EA excluded). 

 

Figure 13. Relationship between mean sediment grain size, sediment sorting and [chl a] (mg 

chl a mP

-2
P) for all grids (grid EA excluded). 
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Large-scale features identified for [chl a] consistently occurred at a slightly smaller scale than found 

for water content. Assuming the direction of the incoming tide is mainly from the across shore 

direction, hydrodynamic influences are likely to be more influential in the across-shore direction 

than in the along-shore direction. In the across-shore direction, the large-scale variance component 

was dominant for water content (except YB where the tide was coming in from varying angles), 

suggesting that large scale hydrodynamic processes dominate the spatial distribution in this 

direction. In contrast, the proportion of the micro-scale variance component was high [20 - 50 %] 

and equally as important as the other components in the across-shore direction for [chl a]. This 

component represents variation occurring at scales finer than the smallest sampling interval (2.5 m) 

and includes the variance due to the survey method itself (contact core collection, chlorophyll a 

determination, etc.). We have tried to assess the amount of error inherent in the survey method. The 

depth of a contact core can be variable (2 – 4 mm) and is affected by factors such as sediment type, 

water content, experience of user and mud surface temperature. Under the assumption that the 

majority of MPB biomass is in the upper 2 mm of muddy sediments (De Brouwer & Stal 2001), 

which is not always true in sandier sediments (MacIntyre & Cullen 1995), our observations indicate 

that small differences in [chl a] occur when increasing depths of sediment are sampled. We estimate 

the error introduced in the analyses of [chl a] in sediment samples to be 2 – 12 %, mean is 5.3 % 

[CV, estimated from an intercalibration exercise]. Therefore variance caused by the survey method 

is estimated to be maximally 15 %, indicating that a substantial proportion of the variance observed 

at the micro-scale (defined here as < 2.5 m) is associated with fine scale patchiness in [chl a]. 

Possible mechanisms which cause micro-scale heterogeneity in [chl a] include differences in 

topography (ripples, crest trough, channels), grazing and uneven distribution of nutrients. Variation 

in microphytobenthos biomass at fine scales is a regular phenomena on intertidal flats (Shaffer & 

Onuf 1985, Pinckney & Zingmark 1991, MacIntyre et al. 1996, Guarini et al. 1998). Indeed, 

Seuront & Spilmont (2002) have demonstrated that the 2D patch structure of microphytobenthic 

biomass exhibits multifractal properties at a scale of 6.7 cm to 1m. Light & Beardall (1998) found 

important scales of spatial variation in benthic microalgal biomass occurred at distances in the order 

of >10 km, 50 m and <2 m, whereas, scales in the order of 1 km and 10 m were comparatively 

unimportant. 

Mean [chl a] at each geographical area was similar considering the different sedimentological 

conditions at each grid. The particularly high mean [chl a] at EA was caused by the dominance of 

macroalgae at the sediment surface across the central region of the grid. The biomass estimates 

122 



Chapter 5. Sediment water content and chlorophyll a concentration 

from the range of sites examined in this study compare well with the value of 128 ± 101 mg chl a 

m P

-2
P (mean ± SD, n = 16) calculated by Cahoon (1999) using available literature for temperate 

regions (0-5 m depth). 

Recommendations for sampling [chl a] and water content on European tidal flats are dependent on 

the aims of the study. When a mean value is desired, a sampling interval larger than the range of 

autocorrelation is required (all structures become ‘random-noise’). If the aim of the study is to 

investigate the spatial distribution and identify structures then a sampling interval smaller than the 

range of autocorrelation is required (allowing mapping of structures). If the study is correlative, 

such as ‘ground-truthing’ remote sensing, it is of vital importance to pair samples and ensure the 

sampling area for optical and sediment pigment measurements are the same size. 

However, as we have shown, spatial structures on tidal flats do not simply have one scale of 

autocorrelation, the orientation of sampling regimes is important and the amount of variation 

explained by each scale is different depending on which site is visited. This makes a priori 

predictions about the range of autocorrelation features difficult. An alternative approach is to 

consider the mechanisms that are thought to affect the spatial variation or the variable of interest 

and concentrate on the scale that the mechanism is likely to be most important at. This study has 

identified large topographic features and sediment properties as being related to the major 

structuring factors on intertidal flats (we do not state that these are the cause of the variability but 

are proxies for the many factors which control the realised biomass), concentrating sampling effort 

in areas with strong gradients in height and sediment properties will improve the efficiency of 

mapping variations in [chl a] and water content on tidal flats. Still, it is likely that many structuring 

processes occur over a number of scales in unison. Indeed, many natural habitats and patch 

structures have been shown to be statistically self similar across 2-3 orders of magnitude of scale 

(fractal like properties) (Burrough 1981, Mandelbrot 1983, Snover & Commito 1998, Ritchie & 

Olff 1999, Schmid 2000). If this is the case, identification of where the statistical self-similarity 

breaks down (scale breaks) may be of great use for indicating mechanisms behind spatial structures 

(Schmid 2000). However, large synoptic datasets covering many scales of observation are required 

for this task, usually unfeasible on tidal flats, although remote sensing may be able to meet this data 

intensive challenge (Paterson et al. 1998, Guichard & Bourget 2000, Hagerthey et al. 2003). We 

recommend, as others before us (Bellehumeur & Legendre 1998), that pilot studies which 

specifically examine the topography, sediment properties and spatial structure of the variable of 

interest should be carried out on intertidal flats before intensive sampling effort is conducted. 
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Conclusions 

In summer mean biomass varied by only a factor of 2 - 3 when compared between 4 European 

estuaries with different sediment properties and hydrodynamic conditions. Within each 

geographical area mean biomass was not significantly different, even when the different grids had 

different sedimentological properties. Mean water content varied by a factor of 2 between estuaries 

and was significantly different between the individual grids. Mean water content was related to the 

mean grain size of each grid. The types of spatial structures and their contribution to the total 

variance were similar in the sites investigated for water content. Whereas, the spatial distribution of 

MPB biomass was more inconsistent when compared between the different sites, indicating that 

more complex processes structure MPB biomass distribution. Topographic features and sediment 

properties (proxies for many other environmental factors) are very useful in explaining the spatial 

distribution of both water content and [chl a], although, high micro-scale variability in [chl a], does 

suggest biotic interactions maybe of great importance also. 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. In general, an increased number of samples for [chl a] at scales ≤ 2.5 m will 

increase the accuracy of biomass estimates, whereas, a high sample number at the micro-scale is 

less important when estimating the water content of sediments. Finally, because of the site specific 

nature of [chl a] distributions on tidal flats, pilot studies which address the topography, sediment 

properties and spatial characteristics of [chl a] will aid in the efficient allocation of sampling effort 

when mapping MPB biomass within a given area. 
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Abstract 

We investigated the hyper-spectral reflectance of intertidal sediments during the summer in a 

number of European estuaries with different sediment characteristics. At each site, grids or transects 

were established. At each grid node, a single sample for grain size and organic content analysis was 

collected as well as 3 paired replicate measurements of hyper-spectral reflectance, minimum 

fluorescence after 15 min dark adaptation (FBoPB

15
P), sediment water content (abs.) (% weight) and 

surface sediment (approx. 2mm) chlorophyll a + breakdown product concentrations ([chl a + 

phaeo] mg chl a m P

-2
P). 

The spectral signatures of tidal flats dominated by benthic microalgae, mainly diatoms, could be 

easily distinguished from sites dominated by macrophytes. The normalized difference vegetation 

index (NDVI) was found to be most strongly correlated to sediment [chl a + phaeo], although 

examination of correlations within each grid revealed that NDVI and sediment [chl a + phaeo] was 

not significantly correlated within the predominantly sandy Sylt grids. F BoPB

15
P was also significantly 
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correlated to sediment [chl a + phaeo] in all but one grid (grid Sylt A). Analysis of the functional 

relationships between NDVI or FBoPB

15
P and [chl a + phaeo] for each grid suggested that the slopes of 

the functional relationships were not significantly different in the muddier grids. Significant 

intercepts were also found in all the grids (although intercept predictions were more variable for 

FBoPB

15
P), suggesting mismatching of the optical depth ‘seen’ by the reflectometers or fluorometer and 

the depth sampled for pigment analysis. Definition of the optical depth in relation to the vertical 

structure of MPB should improve estimates of the photosynthetically active biomass in surface 

sediments. In muddy sediments, which tend to be dominated by MPB which are concentrated in the 

upper layers of the sediment surface (i.e. the amount of biomass within 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. 

Introduction 

The role of microphytobenthos (MPB) in intertidal habitats is diverse. They are important primary 

producers and can contribute significantly to the total primary production in estuaries (Heip et al. 

1995, Underwood & Kromkamp 1999), with a considerable fraction of the primary production 

ending up in different trophic levels within 24h (Middelburg et al. 2000). Microphytobenthos also 

play an important role in sediment stabilisation, by the excretion of extracellular polymeric 

substances (EPS) (Paterson 1989, Underwood et al. 1995, Smith & Underwood 1998), and thus play 

an important, yet not fully understood, role in coastal morphology. In order to further understand 

the role of microphytobenthos in estuarine ecosystems it is necessary to quantify their occurrence 

and primary productivity over a range of spatial scales. This turns out to be very difficult because of 

the very patchy nature of their occurrence. A further complication is caused by short term changes 

in MPB biomass occurring in the photic zone of the sediment due to vertical migration of mainly 

epipelic diatoms inhabiting the more cohesive sediments (Serôdio et al. 1997, Barranguet et al. 

1998).  

Determining microphytobenthos biomass on the scale of an entire mudflat or estuary is not practical 

with conventional sampling methods, which normally involve coring of the sediments, followed by 

analyses of the biomass (normally by pigment analyses) in the top surface layer. Analyses depth of 

cores varies between studies from 1 mm (Kromkamp et al. 1995), 2 mm (Pinckney & Zingmark 

1991), 5 mm (Blanchard & Montagna 1995) to 10 mm (Brotas et al. 1995). Detailed depth 

distributions can be obtained using the cryolander technique where a sediment core is frozen 
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without disturbing the sediment structure, and then sliced into different depth sections (Wiltshire et 

al. 1997, de Brouwer & Stal 2001, Kelly et al. 2001, Honeywill et al. 2002). This technique has 

demonstrated that MPB are not distributed homogenously in the upper sediment surface layer but 

tend to concentrate themselves in the upper layers during daytime emersion periods. The coring 

techniques are cumbersome and time consuming, and are therefore not the method of choice to 

determine the spatial distribution of microphytobenthos on larger scales. Synoptic measurements of 

microphytobenthos biomass distribution will increasing rely on optical methods, either based on 

chlorophyll fluorescence (Serôdio et al. 1997, Barranguet et al. 1998, Honeywill et al. 2002) or on 

spectral signatures of reflected light using spectrometers (Hakvoort & Doerffer 1997, Paterson 

1989, Kromkamp et al. 1998, Meleder et al. 2003a) or digital colour-infrared photography (Murphy 

et al 2004). Spectral reflectance of defined patches of the sediment can also serve as calibration 

spectra for optical remote sensing (Hakvoort & Doerffer 1997). In this paper we explore the 

possibility of using ground based hyper-spectral reflectance and chlorophyll fluorescence 

measurement as a means to obtain synoptic microphytobenthos biomass information. Furthermore, 

we investigate if the algorithms developed for prediction of sediment pigment concentrations are 

site specific or generally applicable to a range of sediment types.  

Methods 

Study sites 

Three European, North Sea, study sites were selected for study within the EU funded project 

BIOPTIS (Fig. 1). 

The Sylt-Rømø Basin, Germany (54° 59’N, 8° 22’E), was visited from 24P

th
P May to 11 P

th
P June 1999. 

It is a large study area (approx. 100 kmP

2
P) with a diverse array of biotopes. The sediment in the 

chosen grids consisted of moderately-sorted, low organic matter content (organic matter 1.4 ± 0.7 

%), medium sands (Mean grain size 0.36 mm) with a low silt-clay content. Tidal range in the area is 

2 m (microtidal), exposure (the relationship between the orientation of the flat relative to the 

prevailing wind and to the maximum fetch) is high and the mean slope (mean tidal range/mean flat 

width) is low (Dyer et al. 2000). Two grids (grid SA, sampled on 25 – 26 May and SB sampled on 

30-31 May) were established, consisting of 12 and 21 grid nodes respectively.  

The Eden Estuary, Scotland (56° 22’N, 2° 50’W), was visited between 24P

th
P Aug. and 3P

rd
P Sept. 1999. 

It is a small estuary with an intertidal area of 8 km P

2
P. Tidal range is 2-6 m (meso/macro tidal), 
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exposure is low and the mean slope is low (Dyer et al. 2000). Sediments are spatially complex, 

consisting of regions dominated by 63-250 µm and 250-500 µm sediment particles, covered with 

macroalgae (predominantly Enteromorpha sp. and Ulva sp.) and epipelic diatoms. Two grids were 

established in the Eden: Grid EA consisted of 24 grid nodes, running from the top of the shore 

down to the channel of the river Eden Estuary; Grid EB, which was further upstream, consisted of 

18 grid nodes, with the channel of the river Eden running through a portion of the grid. Sediment at 

grid EA consisted of moderately sorted, medium sand (mean grain size 0.3 mm) and grid EB 

consisted of poorly sorted, fine sands (mean grain size 0.2 mm). The percentage of organic matter 

in the sediment at grid EA was 3.1 ± 2.6 % and at grid EB was 3.3 ± 1.2 %. 

 

Figure 1. Map showing the positions of the sampling locations in North-West Europe. 
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The Oosterschelde and Westerschelde estuaries are situated in the south west of the Netherlands. 

They were investigated on 19P

th
P and 20P

th
P June 2000. Grid YA consisted of 26 grid nodes was 

established at Biezelingsche Ham (51° 26’N, 3° 55’E) a muddy tidal flat on the northern shores of 

the turbid eutrophic Westerschelde estuary. Interstitial salinity at Biezelingsche Ham was 20 ± 2. 

The sediment on grid YA consists of poorly sorted, fine sands (mean grain size 0.14 mm) with a 

percentage organic matter content of 7.4 ± 2.7 %. Tidal range at grid YA is 4 m (meso/macro tidal). 

A transect with 10 grid nodes (grid YC) was also established on the Molenplaat (22 June) situated 

directly offshore from the Biezelingsche Ham site. Grid YB consisted of 26 grid nodes was 

established in the Zandkreek (51° 26’N, 3° 57’E) a sandy/muddy tidal flat on the southern shore of 

the mesotrophic Oosterschelde. Tidal range at Zandkreek is 3 m (meso/macrotidal) and the 

interstitial salinity was 32 ± 2. Sediment at the study site consists of moderately well sorted, fine 

sand (mean grain size 0.2 mm) with an organic matter content of 1.4 ± 0.5 %.  

Each grid at each of the sites had grid nodes spaced 100 m apart. At each grid point, 3 samples were 

randomly collected 2.5m from the grid node. The position of grids at each site was arbitrarily 

chosen so as to cover a ‘representative’ area of tidal flat extending from approximately mean low 

water to mean high water. Grid node positioning was carried out using a differential geographic 

positioning system. 

Measurements and analyses 

At each sampling location the solar reflected upwelling radiance was measured from the sediment 

(LuBsB) and a white standard panel (LuBr B) with a MMS-1 monolithic diode array miniature-

spectrometer (Carl Zeiss Jena, GmbH, Germany). The spectral reflectance R equalled Lu Br B/Lu BdB. 

White polystyrene plates were chosen as white standards because the standards became muddy 

quite easily making it necessary to replace them frequently. The white standards were compared 

with a calibrated white Spectralon reflectance panel with, 99 % reflectance (Labsphere Inc, NH, 

USA) and were found to have very similar spectral characteristics (about 5 % difference). We did 

not further correct our reflectance values to the calibrated Spectralon standard and the reported R-

values are thus relative to raw Lu-values of our white reflectance panels. 

Although the spectral range of the MMS-1 ranged from 310 to 1100 nm and is specified between 

360 and 900 nm, only wavelengths between 400 and 800 nm were used. The spectral distance of a 

pixel is approximately 3.3 nm, the wavelength accuracy 0.3 nm and the resolution 10 nm. The full 

acceptance angle of the fiberoptic tip is 22P

0
P (NA = 0.2). R-spectra were taken perpendicular to the 
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sediment and the surface area measured was approximately 30 cmP

2
P. Reflectance spectra were 

checked for obvious errors but not smoothed before analysis. We used 5 different indices (2 

wavelength algorithms) for comparison with sediment parameters: 

• near Infrared Blue index:  IR-B  = (750-435)/(750+435)   (1) 

• Blue-Green index:  BG = (590-435)/(590+435)   (2) 

• Green-Red index:  GR = (590-675)/(590+675)   (3) 

• Difference Vegetation index NDVI  = (750-675)/(750+675)   (4) 

• Log R-IR index  R-IR = log(750)/log(673)    (5) 

The first four indices are all normalized, whereas the latter index is in principle sensitive to changes 

in incident irradiance between measurements of the upward radiance of the standard and of the 

sediment. The NDVI is well known from agricultural research. As some satellite sensors with 

relatively small pixel sizes, which in principle can be used for estuarine research, contain the bands 

necessary to compute the NDVI, special attention was paid to this index. The R-IR-index has been 

developed by Hakvoort et al. (1997) for measurement of benthic algae on intertidal mudflats. 

After the R-spectrum was measured, a dark adaptation chamber for measurement of the minimum 

fluorescence (FBoB) was inserted into the sediment at exactly the same spot. The chambers consisted 

of a pvc-tube (5-cm inner diameter), fitted with an outer ring for positioning on the sediment and a 

lid containing a port to accommodate the fiber optic probe of the fluorometers. The tip of the fiber 

optic probe was theoretically positioned 4 mm above the sediment surface, but the actual distance 

was of course dependent on the ‘smoothness’ of the sediment surface. After 15 min of dark 

adaptation, FBoB was measured. Because we changed the design of the lid of the dark adaptation 

chamber, one FBoB-value per replicate sampling point was taken in Sylt, 3 FBoB-values at the Eden sites 

and 5 F BoB-values at the Dutch sites. Replicate F BoB’s taken per sampling point were averaged, and this 

average value was compared to the paired [chl a + phaeo] or spectral reflectance. FBoB was measured 

with a FMS2 (Hansatech Instruments Ltd, U.K.), equipped with a 470 nm blue measuring light, a 

MINIPAM (Heinz Walz GmbH, Germany) or a PAM2000 (Heinz Walz GmbH), which both use 

red (650 nm) measuring light. The settings of the fluorometers were not changed during the 

campaigns, and at each grid the fluorometers were intercalibrated. Regression analyses (rP

2 
P> 0.89) of 

all the samples per grid point allowed conversion of PAM obtained F BoB signals to FMS2 obtained FBoB 

–values. 
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FBoB can be affected by non-photochemical quenching (NPQ). We assumed that 15 min dark 

adaptation was enough for NPQ to relax, although the existence of long lived quenchers cannot be 

excluded (Ruban & Horton 1995). Recovery experiments showed that in general after 15 minutes 

dark adaptation the fluorescence signals did not increase anymore, suggesting complete relaxation 

of NPQ. This is not to say that under all conditions 15 minutes dark adaptation was sufficient to 

obtain a true FBoB, but because epipelic benthic diatoms can rapidly migrate vertically, the 15 min 

dark adaptation time was a compromise between the time needed for complete relaxation of NPQ 

and the need to make rapid measurements in order to avoid changes caused by vertical migration 

between the different measurements. Therefore minimum fluorescence used in this study is defined 

as minimum fluorescence after 15 minutes of dark adaptation (FBoPB

15
P).  

After measuring FBoPB

15
P, the dark adaptation chamber was gently pulled out of the sediment and the 

upper 2 mm of the sediment surface, in exactly the same position, was sampled by freezing the 

sediment surface with liquid nitrogen, using the contact core method (Honeywill et al. 2002). An 

aluminium dish fitted with a rim that extends 2mm beyond the bottom of the disk is placed on the 

surface of the sediment. Liquid nitrogen is poured into the disk freezing the upper 2-5mm of the 

sediment in less than a minute. After the sediment is frozen, the core is removed and the excess 

sediment is removed by scraping until it is flush with the rim of the contact core. The disc of frozen 

sediment (24 cm P

2
P) is then taken out of the contact core, wrapped in Al-foil and stored in liquid 

nitrogen. In practice it turned out that the sediment sample thickness was between 3-4 mm in the 

sandy sediments of the Sylt-Rømø basin, approx. 3 mm at the Eden sites and approx. 2 mm at the 

Dutch sites. The cores were stored at -80 P

o
PC and lyophilised before analyses.  

The photosynthetic pigments were extracted in dimethyl formamide (DMF) in the dark at – 4 P

o
PC 

and the absorption of the extract was measured after centrifugation (4000 rpm, 10 min) with a Cecil 

3000 scanning spectrophotometer. Chlorophyll a (mg m P

-2
P) was calculated using the equations of 

Porra et al. (1989). Because the extracts also contained phaeopigments we refer to these sediment 

pigment concentrations as chl a + phaeo.  

The water content (abs.) (weight %) of the contact cores was determined gravimetrically after 

drying at 110 °C The organic content and sediment grain size was determined by sieving and 

weighing of dried samples (550 P

o
P C, 6 h) obtained using 7 cm diameter cores sampled to a depth of 

10 cm. The dried sediment was homogenised and treated with sodium hexametaphosphate, re-dried 

and sieved over a series of stacked sieves. At each grid node only one such core was taken. Wet 
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cores were also collected and samples examined briefly by light microscopy to see if the sediments 

were dominated by diatoms, green algae, euglenoids or cyanobacteria. 

Statistical analyses 

All statistical analyses were carried out in Statistica 6.1 (StatSoft, Inc. Tulsa, USA). Principle 

component analysis (PCA) was performed on the full BIOPTIS dataset, after removal of incomplete 

data and a few obvious outliers. The data were ln(x) transformed before PCA analysis. The 

measured variables were used for canonical analysis, and FBoPB

15
P and the reflectance indices were used 

as supplementary variables, and thus did not affect the analyses. Site names were grouping 

variables. Correlations between non-transformed [chl a + phaeo], reflectance indices, FBoPB

15
P and 

environmental parameters were also investigated using Pearson’s correlation coefficient. The 

distribution of each of the variables was examined graphically. All biomass variables were observed 

to be log-normally distributed. We chose to use a weighted loss function to improve the fitting 

procedure of the functional relationships rather than transforming the data. Log transformed 

functional relationships are prone to problems when a significant intercept in the functional 

relationship can be expected, which is likely to be the case with [chl a +phaeo]. We used model 1 

regression as this form is recommended for deriving predictive relationships between variables 

(Sokal & Rohlf 1995). Therefore, functional relationships between NDVI or FBoPB

15
P and [chl a +phaeo] 

were derived using model 1 regression with a weighted loss function [(observed-predicted) x (1/ 

(NDVI or FBoPB

15
P)P

2
P)]. To test if slopes and intercepts obtained from regression analyses were 

significantly different, the “shortest minimum distance” (SMD) was calculated as:  

SMD = √(0.5*υ)*s.e.         (6) 

where υ = a statistical value obtained from the studentized augmented range distribution and 

depends upon the degrees of freedom of all values used in calculating the different slopes and s.e. is 

the standard error of the regression coefficient. The 95 % confidence interval was then computed as 

slope ± SMD. Regression coefficients were considered not significantly different if the 95 % 

confidence intervals did overlap (Sokal & Rohlf 1995). 
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Results 

Spectral shapes 

Reflectance spectra could be distinguished in to 3 - 4 classes of typical spectral shapes (Fig. 2). 

Sediment not containing obvious signs of microphytobenthos showed hardly any spectral features, 

although in all spectra investigated by us there was always a small decrease in reflectance visible at 

675 nm, indicating some absorption by chlorophyll or phaeopigments. Diatom dominated sediments 

showed a decrease in reflectance below 710 nm compared to the bare sediment R-spectra. The 

reflectance decrease at 675 nm was also more pronounced, and a broad peak was visible between 

570 and 610 nm, causing a steeper rise in reflectance between 450 and 600 nm compared to that of 

sediments with a low MPB content. Reflectance above 700 nm was hardly affected. Macrophyte 

dominated sediments had very different spectral shapes. Reflectance in the blue to orange region 

was low, and a broad peak was visible near the absorption minimum at approximately 550 nm. 

Above 675 nm, reflectance increased sharply and reached higher values than in sediments with 

MPB. The spectral signature of the green macro alga Ulva or Enteromorpha (see Fig. 2) was very 

similar to that of the seagrass Zostera noltii. The peak near 550 nm was less pronounced in the 

spectral shape of the red macroalgae Porphyra sp. (Fig 2) or the brown macroalga Fucus sp (not 

shown) dominated sediments; basically these algae absorb all visible (and photosynthetically active) 

radiation, and what is left is probably just light reflected directly at the surface. Diatoms nearly 

always dominated the microphytobenthos in our surveys, although Eden grid A contained, at the 

time of sampling, a broad band of Enteromorpha sp. Zostera sp. was observed in the high shore 

station in the Eden estuary, at the Zandkreek intertidal flat in the Oosterschelde estuary and at some 

high shore points of the Eden grid B . We did not encounter sediments dominated by cyanobacteria 

at the surface, so we cannot show a reflectance spectrum from sediments dominated by 

cyanobacteria. 

The physiological state of the macrophytes also influenced the spectral signature. R-spectra of a 

light green, a medium green and a dark green Enteromorpha sp. were examined (Fig. 3). 

Surprisingly, in the visible range hardly any difference in spectral shape is noticeable, but in the 

near infrared the reflectance of the light green thallus was much higher than the dark green thallus. 

This is due to internal structure differences in the thallus causing a higher reflectance above 700 

nm. 
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Relationship between sediment parameters 

The reflectance signal carries spectral signatures not only from benthic algae but, most likely, also 

from sediment parameters like water content, grain size or organic content. The two latter variables 

were analysed from large cores only, of which only one was taken at every grid node, whereas we 

took 3 spectral measurements (with concomitant analyses of pigments and water content of the 

contact core sample) at every grid node. In order to compare these data sets mean values of each 

variable per grid node were used.  

 

Figure 2. Reflectance spectra showing characteristic spectra for sediment covered with 

different types of organisms. 

134 



Chapter 6. Optical measures of intertidal sediments 

 

Figure 3. R-spectra of light, intermediate or dark green Enteromorpha mats. Notice that the 

difference in the visible spectrum is not detected by the spectroradiometer, but that large 

differences are visible in the near infrared, where the light green coloured thallus showed the 

strongest reflectance. 

PCA analysis of the data pooled for all the grids revealed that 3 PCA factors significantly explained 

78 % of the variation in the sedimentary parameters (Table 1.). Factor 1 was highly negatively 

correlated to the sediment mud (0.063 mm and <0.063 mm), organic and water content, as well as 

[chl a + phaeo] (Table 2.). Factor 2 was highly negatively correlated to the larger grain size 

fractions (≥ 0.25 mm). Factor 3 was negatively correlated to <0.063, 0.25 and 0.5 mm grain size 

fractions as well as water and organic content, but positively correlated with 0.063, 1 and 2 mm 

grain size fractions. When the sediment variables and optical measures were projected onto PCA 

factor 1 and 2, it was observed that variables associated with muddier sediments were closely 

correlated with factor 1, whilst variables associated with coarser sediments were correlated with 

factor 2 (Fig. 4). 
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Table 1. Eigen values and % of variance explained for each PCA factor. PCA analysis of all 

sediment parameters pooled for all grids. Data were ln (x) transformed before analysis. 

Factor Eigen value % Total variance Cumulative % 

1 3.7 41 41 

2 2.1 24 65 

3 1.1 13 78 

4 0.81 9.0 87 

5 0.38 4.2 91 

6 0.30 3.3 94 

7 0.24 2.7 96.8 

8 0.17 1.9 98.7 

9 0.12 1.3 100 

 

Inspection of the sampling sites projected onto PCA factor 1 & 2 showed that the Sylt samples 

formed a separate cluster (Fig. 5) positively correlated with factor 1 & negatively correlated to 

factor 2. Yerseke samples were generally positively correlated with PCA-factor 1 and 2 and within 

the Yerseke samples, no distinction could be made between grids YA, YB and YC. Samples from 

the Eden Estuary were negatively correlated to factor 1. Differences between the 2 Eden Estuary 

grids seemed to be mainly related to factor 2, with a number of samples from grid EA which 

contained high mud content, [chl a + phaeo] and grain size fractions larger than 1mm which seemed 

negatively correlated to axis 2.  

The concentration of chl a + phaeo was negatively correlated to factor 1 (r = -0.63) and factor 2 (r 

= -0.25) indicating that generally higher [chl a + phaeo]’s were found in muddy sediments, but 

larger grain size fractions were also correlated to high [chl a + phaeo]’s. Significant correlations 

were observed between non-transformed [chl a + phaeo] values and all sediment parameters except 

the <0.063 mm grain size fraction (Table 3.). Water content, mud content (0.063 mm) and 2 mm 

grain size fraction were the sedimentary variables most strongly correlated with [chl a +phaeo].  

All of the optical measures investigated were correlated to factor 1 (Table 2.). R-index, NDVI, IR-

B-index and BG-index were also correlated to factor 2, whereas FBoB P

15
P and GR-index were hardly 

correlated to factor 2. Significant correlations between the non-transformed optical measures and 

[chl a + phaeo] were observed for all indices (Table 3). The strongest correlations were with NDVI 
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(Pearson’s r = 0.85) and the inverse of NDVI, R-index (Pearson’s r = -0.74) and FBoPB

15
P (Pearson’s r = 

0.85).  

Table 2. PCA factor variable correlations (r). Reflectance indices and FBoB were supplementary 

to the PCA analysis (i.e. not considered in the analysis). Other details as in Table 1. 

Variable Factor 1 Factor 2 Factor 3 

Organic content -0.81 0.2 -0.30 

Water content -0.81 -0.03 -0.36 

[chl a + phaeo] -0.63 -0.25 0.01 

2 mm -0.42 -0.65 0.48 

1 mm -0.40 -0.77 0.34 

0.5 mm 0.51 -0.74 -0.33 

0.25 mm 0.44 -0.67 -0.49 

0.063 mm -0.85 0.01 0.15 

Grain size fraction 

<0.063 mm -0.69 -0.13 -0.46 

    

Supplementary variables    
 

FBO PB

15
P -0.55 0.11 0.17 

R-INDEX 0.47 0.48 0.1 

NDVI -0.56 -0.52 -0.16 

GR-INDEX -0.37 0.04 0.34 

BG-INDEX 0.44 -0.22 -0.35 

Reflectance indices 

 

IR-B-INDEX -0.32 -0.51 -0.4 

Quantifying benthic algal biomass: spectral reflectance vs. chlorophyll concentration  

Looking at the normalised R-spectra shown in Fig. 2 it can be concluded that an increase in algal 

biomass causes a decrease in reflectance around 675 nm, mainly due to absorption by chlorophyll a, 

although chl b, if present, will also contribute to the increased absorbance. The normalised 

difference vegetation index (NDVI) is particularly sensitive to changes in the shape of the R-

spectrum associated with increases in [chl a]. The near infrared (750nm) reflectance of the sediment 

was not influenced by the presence of diatoms, but complex cellular structures present in the 

macroalgae caused in increase in light scattering in the NIR, and thus in an increase in L Bu-750nmB. 

Because of the strong sensitivity to chl absorbance, the NDVI had the strongest correlation with [chl 

a + phaeo] when examined for all grids, therefore, the NDVI was used to investigate the 

relationship between the R-spectrum and the chlorophyll concentration (mg m P

-2
P) of the sediment 

within each grid using the full paired data set (i.e. 3 paired replicates per grid node). 

Significant correlations were observed between NDVI and [chl a + phaeo] within all grids except 

those from Sylt (Table 4, Fig. 6). The strongest correlation (Pearson’s r = 0.84) was observed in 

grid EA and the weakest significant correlation (Pearson’s r = 0.71) in grid EB.  
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Figure 4. Projection of the variables (black) and supplementary variables (grey) onto PCA 

Factor 1 and 2 from all estuaries investigated. Data were ln (x) transformed before PCA-

analysis. 

Linear regression (with a weighted loss function) was used to derive the functional relationships 

between NDVI and [chl a + phaeo] for all grids excluding Sylt. Confidence intervals (CI) were 

calculated for slope (a) and intercept (b) estimates using the minimum significant difference. Slope 

coefficients were not significantly different in all grids examined (Table 5). Estimated b coefficients 

were only significantly different between grids EB and YA (Table 5). Therefore, only the intercepts 

in two of the grids were significantly different, suggesting that a regression of the pooled data set 

was reasonable. When the grids were pooled the functional relationship calculated was highly 

138 



Chapter 6. Optical measures of intertidal sediments 

significant (Table 6, Fig. 7) and accounted for 67% of the variation in [chl a + phaeo]. Pooling grids 

SA and SB did not improve the correlation between NDVI and [chl a +phaeo]. 

 

 

Figure 5. Projection of sampling sites in relation to PCA factor 1 and 2. Notice that the Sylt 

samples form a distinct cluster. 
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Table 3. Pearson’s correlations between all sediment parameters and reflectance indices. Non transformed mean values per grid 

point (n = 3) for [chl a + phaeo], water content and reflectance indices were used in the analysis. Correlations marked with italics are 

significant at p < 0.05, n = 110. 

 2 mm 1 mm 0.5 mm 0.25 mm 0.063 mm <0.063 mm
Organic 

content 

R-

INDEX
NDVI

GR-

INDEX

BG-

INDEX

IR-B-

INDEX
F Bo PB

15
P

 

Water 

content 

1 mm 0.73              

0.5 mm -0.02 0.08             

0.25 mm -0.08 -0.02 0.70            

0.063 mm 0.14 0.22 -0.42 -0.40           

<0.063 mm 0.09 0.07 -0.20 -0.24 0.22          

Organic 

content 
0.24 0.09 -0.35 -0.35 0.31 0.65         

R-INDEX -0.38 -0.37 -0.04 -0.13 -0.34 -0.09 -0.17        

NDVI 0.43 0.40 -0.07 -0.08 0.46 0.14 0.27 -0.90       

GR-INDEX 0.38 0.27 -0.33 -0.36 0.12 0.03 0.19 -0.49 0.63      

BG-INDEX -0.09 -0.10 0.60 0.62 -0.51 -0.01 -0.17 0.02 -0.15 -0.04     

IR-B-INDEX 0.29 0.26 0.16 0.33 0.21 0.17 0.19 -0.90 0.76 0.35 0.33    

F Bo PB

15
P

 0.40 0.26 -0.21 -0.25 0.34 0.09 0.30 -0.67 0.81 0.72 -0.19 0.52   

Water 

content 
0.21 0.14 -0.31 -0.27 0.44 0.40 0.59 -0.62 0.78 0.54 -0.21 0.55 0.74  

[chl a + phaeo] 0.42 0.29 -0.24 -0.19 0.50 0.07 0.31 -0.74 0.85 0.59 -0.25 0.60 0.85 0.75 
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Quantifying benthic algal biomass: F BoPB

15
P vs. chlorophyll concentration  

Minimum fluorescence also has the potential of being used as a proxy for sediment chlorophyll 

concentration, therefore, we investigated the relationship between FBoPB

15
P and [chl a + phaeo] within 

each of the grids. Significant positive correlations were observed within all grids except grid SA 

(Table 7, Fig.8). The strongest correlation (Pearson’s r = 0.73) was observed in grid YA and the 

weakest significant correlation (Pearson’s r = 0.27) in grid SB. Functional relationships between 

FBoPB

15
P and [chl a + phaeo] were examined using linear regression (with weighted loss function) and, 

as described above, in order to derive if regression coefficients were significantly different, 

confidence intervals (CI) were calculated for slope (a) and intercept (b) estimates using the 

minimum significant difference. Slope estimates for each grid were not significantly different 

(Table 8), whilst intercept estimates were more variable between grids. When the grids were pooled 

the functional relationship calculated was highly significant (Table 9), but accounted for only 42% 

of the variation in [chl a + phaeo]. 

Table 4. Pearson’s correlation between NDVI and [chl a +phaeo] within each grid. Non-

transformed replicate values (i.e. 3 replicates per grid point) were used for the analysis. 

Grid n r p-level

YB 76 0.76 <0.001

YA 77 0.81 <0.001

YC 29 0.72 <0.001

EB 54 0.71 <0.001

EA 71 0.84 <0.001

SA 36 0.01 n.s. 

SB 61 0.24 n.s. 

Discussion 

In this paper we explore the possibility of determining sediment chlorophyll concentrations using 

hyper-spectral reflectance. From the spectra shown in Fig. 2 it is obvious that apart from 

quantitative information on pigment concentration, qualitative information relating to the types of 

organism present can also be obtained. According to Hakvoort et al. (1997), when the spectrum 

between 500 and 675 is nearly flat, Fucus sp. are present. This was confirmed by us, although the 

same spectral shape was observed with the red algae Porphyra, indicating that when a thick thallus 
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is present nearly all light is absorbed, apart from a small fraction that is directly reflected at the 

thallus surface. A clear but broad peak in the R-spectrum at 540-560 nm, which slowly tails off in 

the orange part of the R-spectrum, indicates the presence of green macrophytes (Ulva sp, 

Enteromorpha sp., Zostera sp.). 

 

Figure 6. Relationship between NDVI and [chl a + phaeo] (mg mP

-2
P) (calculation based on 

absorption at 664 in a spectrophotometer) for each grid. Correlation coefficients given in table 

4. 

Diatom dominated sediment R-spectra, although qualitatively very similar to the one shown by 

Hakvoort et al. had a wider and broader peak (or plateau) between 560 and 650 nm, with a little dip 
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near 630 nm. It is thus not straight-forward to discriminate between benthic microalgae and benthic 

macroalgae based on the reflectance at 675 and 750 only. The whole spectrum was needed to 

discriminate between diatom or green macrophyte dominated sediments. However, if spectral 

information is obtained from 560, 675 and 750 nm, a discrimination ratio can be developed which 

allows estimation of the presence of macrophytes or not: 

 
675560

675750

/RR

/RR
ratiotiondiscrimina =        (8) 

When this ratio > 2, it appears from our data that the reflected radiance is obtained from 

macrophytes. 

Table 5. Regression analyses (with weighted loss function) between NVDI and chl a + 

phaeopigments concentration) (mg mP

-2
P). The regression equation used was [chl] =a x NDVI 

+b, loss function; (observed-predicted)P

2
P x 1 / NDVIP

2
P. The column significance indicates if the 

regression coefficients (a, b) are significantly different within each grid. Coefficients which 

contain the same character are not significantly different from each other (p < 0.05). 

Grid a s.e.-a p-level signif. a b s.e.-b p-level signif. b rP

2
P 

EA 555 92 <0.0001 a 55
 

16 <0.01 a,b 0.68 

EB 442 83 <0.0001 a 91 12 <0.0001 b 0.50 

YA 437 51 <0.0001 a 21 4.3 <0.0001 a 0.66 

YB 685 116 <0.0001 a 59 7.2 <0.0001 a,b 0.53 

YC 495 107 <0.001 a 30 8.9 <0.001 a,b 0.51 

 

Table 6. Regression analyses (with weighted loss function) between NVDI and chl a + 

phaeopigments concentration) (mg mP

-2
P) for all grids except SA and SB. Other details as in 

table 5. 

Grid group a s.e.-a p-level b s.e.-b p-level n rP

2
P

 

EA, EB, YA, YB & YC 532 46 <0.0001 48 4.0 <0.0001 307 0.67 
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Figure 7. Relationship between NDVI and [chl a + phaeo] (mg mP

-2
P) (calculation based on 

absorption at 664 in a spectrophotometer) for all grids except SA and SB. The regression 

equation used was [chl] =a x NDVI + b and the loss function was (observed-predicted)P

2
P x 1 / 

NDVIP

2
P. Regression coefficients given in table 6. 

Relationship between sediment parameters 

PCA analysis revealed that 65 % of the variation in sedimentary parameters could be explained by 2 

factors. Factor 1, which accounted for 41% of the variation, was related to variables associated with 

muddier sediments, such as high mud (0.063 mm) water and content, all sedimentary parameters 

which are highly correlated to each other. Factor 2, which accounted for 24 % of the variation, was 

related to sandier sediments with larger grain sizes. Chlorophyll concentrations were strongly 

correlated to factor 1, indicating that MPB seem to have a clear preference for more cohesive 

sediments, which are to be found in those parts of an estuary where hydrodynamic energy is 

generally smaller. Factor 2 was negatively correlated to [chl a + phaeo], indicating that lower 

biomass was found in sandier sites. In contradiction to this was the positive correlation between [chl 

a + phaeo] and the 1 and 2 mm grain size fractions. This correlation appears to be the result of a 

number of sites in grid Eden A where high 0.063, 1 and 2 mm grain size fractions, water content 

and [chl a + phaeo] were observed (Fig.5), indicating poor sorting of the sediments. We 

encountered a large range of habitats at grid EA, with clear differences in sediment types and large 

areas covered by dense mats of macroalgae, which were generally, but not always, resulting in 
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‘outlier’ sites. Macroalgae (mainly Enteromorpha sp., Ulva sp. and some Porphyra sp.) hampered 

the analyses because they were difficult to core.  

Table 7. Pearson’s correlation between FBoBBPB

15
P and [chl a + phaeo] within each grid. Non-

transformed replicate values (i.e. 3 replicates per grid point) were used for the analysis 

Grid n r p-level

YB 76 0.54 <0.001

YA 77 0.73 <0.001

YC 29 0.52 <0.01 

EB 54 0.60 <0.001

EA 71 0.70 <0.001

SA 36 0.17 n.s. 

SB 59 0.27 <0.05 

The biggest difference between the Sylt grids and the Eden and Yerseke grids was the grain size. In 

Sylt nearly 80% of the grain sizes were between 0.25 and 1 mm, whereas in the Eden 73% of the 

grain sizes were between 0.063 and 0.25 mm, apart from those stations with poorly sorted 

sediments. Grain sizes at the Yerseke sites were even smaller: 45% were smaller than 0.063 mm, 

and an equal percentage fell into the size class just above it.  

Table 8. Regression analyses (with weighted loss function) between FBoBBPB

15
P and chl a + 

phaeopigments concentration) (mg mP

-2
P). The regression equation used was [chl] =a x (FBoBBPB

15
P) + 

b, loss function; (observed-predicted)P

2
P x 1 / (FBoBBPB

15
P)P

2
P. The column significance indicates if the 

regression coefficients (a, b) are significantly different within each grid. Coefficients which 

contain the same character are not significantly different from each other (p < 0.05). 

Grid a s.e.-a p-level signif. 

a 

b s.e.-b p-level signif. 

b 

rP

2
P

 

SB 0.28 0.14 <0.05 a 79 7.4 <0.0001 a,b 0.07 

EA 0.33 0.06 <0.0001 a 123
 

10 <0.0001 b,c 0.49 

EB 0.17 0.07 <0.05 a 139 4.9 <0.0001 c 0.19 

YA 0.23 0.04 <0.0001 a 49 2.0 <0.0001 a 0.53 

YB 0.22 0.06 <0.001 a 94 5.1 <0.0001 b 0.28 

YC 0.26 0.07 <0.001 a 44 7.7 <0.0001 a 0.27 
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Relationship between F BoPB

15
P and [chl a + phaeo] 

Significant positive correlations were observed between FBoPB

15
P and [chl a + phaeo] in all grids except 

grid SA. The slopes of the estimated functional relationships were not significantly different in all 

grids whilst the intercepts were more grid specific. Functional relationships calculated within each 

grid accounted for a maximum of 53 % of the variation in [chl a + phaeo] (Table 8). There are 

several factors which could influence the relationship between F BoPB

15
P and [chl a + phaeo]. The 

fluorometer detects the signal of a surface area of about 120 mm P

2
P at a tip height of 4mm, whereas 

the surface area of the contact core is 2400 mmP

2
P. Thus, although we measured fluorescence on the 

same sample as reflectance or chl a, the fluorometer measured only 5% of the surface area in the 

contact core in Sylt (1 replicate), 15% in the Eden (3 replicates) or 25% at the Yerseke sites (5 

replicates). Variability at the small scale, either in biomass or in varying probe height (the sediment 

surface is rarely flat), will thus contribute to the noise in the relationship.  

Table 9. Regression analyses (with weighted loss function) between FBoBBPB

15
P and chl a + 

phaeopigments concentration) (mg mP

-2
P) for all grids except SA. Other details as in table 7. 

Grid group a s.e.-a p-level b s.e.-b p-level n rP

2
P

 

EA, EB, SB, YA, YB & YC 0.28 0.04 <0.0001 89 3.3 <0.0001 307 0.42 

 

Another factor influencing the relationship between FBoPB

15
P and [chl a + phaeo] is that in the 15 min 

dark adaptation vertical migration could have taken place, or that non-photochemical quenching 

processes were not completely relaxed. Photoinhibition can be distinguished in two components: 

dynamic and chronic photoinhibition. The first process is related to down regulation of 

photosynthesis and serves to protect the photosystems. It is brought about by rapidly induced non-

photochemical quenching (NPQ) caused by xanthophyll cycle process (Demmig-Adams & Adams, 

1992, Horton et al. 1994, Horton et al. 2000). We did test for this, and 15 minutes was generally 

enough to relax NPQ. Nevertheless, chronic photoinhibition (structural damage to photosystem II) 

can affect FBoPB

15
P on a longer time scale (Ruban and Horton, 1995) and we have observed this on a 

limited number of occasions. The presence of phaeo-pigments and other fluorescent sediment 

constituents is also likely to influence the relationship. These breakdown pigments of chl a are 

caused by grazing and dying of cells and have a different fluorescence efficiency than “living” chl 

a. Two different fluorometers were used to measure FBoPB

15
P. The PAM uses a red (650 nm) LED for 

the measuring light whereas the Hansatech FMS2 uses a blue (470 nm) LED for the measuring 
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light. Although we inter-calibrated the machines for each grid, both fluorometers differ in their 

sensitivity towards different algal groups. Algae with a high photosystem II absorption cross section 

in the red (e.g. red algae, cyanobacteria) will give a strong signal when measured with our PAMs. 

On the other hand, organisms with a good optical cross section for PSII in the blue (like diatoms) 

will give a give a strong signal with the Hansatech FMS 2 we used. Although cyanobacteria also 

absorb the blue measuring light from the Hansatech FMS2, this chl a is mainly associated with PSI, 

which hardly fluoresces at normal temperatures. Thus, if different MPB taxa occur, this can add 

additional scatter to the relationship between F BoPB

15
P and [chl a + phaeo]. 

Relationship between NDVI and [chl a + phaeo] 

Of all the different optical indices used to summarise pigment information contained within R-

spectra, we found the normalised difference vegetation index was the most strongly correlated to 

[chl a + phaeo] (Table 3). Combinations of the different indices into more complex algorithms 

(such as; NDVI + GR-INDEX), did not improve correlations so we did not pursue this further. We 

demonstrated that there was a significant positive correlation between NDVI and [chl a + phaeo] in 

all of the grids except the Sylt grids, and the strength of the relationship was high in all of the 

muddier grids (Pearson’s r > 0.7). Mean chlorophyll concentrations were low in Sylt grid A, and the 

sediments were generally very sandy in both the Sylt grids. The relationship between NDVI and 

[chl a + phaeo] in grid and EA (Fig. 6) appeared to be slightly non-linear, suggesting that NDVI no 

longer increased linearly at higher [chl a + phaeo]. Meleder et al. (2003a) also found a non-linear 

relationship between NDVI and [chl a] of MPB concentrated on filter paper. In their study, NDVI 

saturating at a value of about 0.4 which seems to be similar to our results in the macroalgae 

dominated grid EA (Fig. 6). At very high [chl a + phaeo] a minimum value of 1% reflectance in the 

R-spectrum seems to be reached, causing some non-linearity between NDVI and [chl a + phaeo]. 

We very seldom encountered such low R values at 675nm (only with high macroalgae density).  

One of the problems associated with the analysis between spectral reflectance or fluorescence and 

the sediment chl-concentration is that the optical information is obtained from a depth layer much 

smaller than the depth of the contact core. In the Sylt grids it seems likely that the reflectometer did 

not ‘see’ all of the pigments sampled using the contact core method. The relationship between 

NDVI and surface sediment chl-pigments is very much influenced by the vertical distribution of the 

microphytobenthos in the sediments. Although we tried to contact core samples with a constant 

thickness, in practice the core thickness varied between 2-4 mm and was generally thicker in the 

sandy sediments (Sylt). But even if we always sampled a constant thickness and even if the 
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sediment sample had a perfect flat surface, the reflectance signal is influenced by the amount of 

algae present in the optical depth measured by the radiance sensor.  

 

Figure 8. Relationship between minimum fluorescence (FBoPB

15
P) and chlorophyll + phaeopigment 

concentration (calculation based on absorption at 664 in a spectrophotometer) (mg mP

-2
P) for 

each grid. Correlation coefficients given in table 7. 

Microphytobenthos, especially epipelic algae of the more cohesive sediments, are often found near 

the surface (Paterson et al. 1994), but the total amount can be influenced significantly by vertical 

migration. Thus, although the biomass present in the contact core may be constant, the amount seen 

by the sensor might change. This conclusion is supported by work of Paterson et al. (1998) who 
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demonstrated a better relationship between spectral reflectance and Chl a in the surface 0.2 mm 

than with Chl a in 5 mm surface scrapes. Honeywill et al. 2002) also demonstrated a better 

relationship between FBoPB

15
P and [chl a] with the surface 0.2 mm when compared to samples including 

larger sampling depths.  

Table 10. Pearson’s correlation between NDVI and FBoBBPB

15
P within each grid. Non-transformed 

replicate values (i.e. 3 replicates per grid point) were used for the analysis. 

Grid n r p-level

YB 79 0.74 <0.001

YA 78 0.88 <0.001

YC 29 0.74 <0.001

EB 57 0.83 <0.001

EA 81 0.83 <0.001

SA 36 0.72 <0.001

SB 61 0.92 <0.001

 

The fact that in all grids examined we observed an improved correlation between NDVI and FBoPB

15
P 

(Table 10, Fig. 9) than between NDVI and [chl a + phaeo], or between FBoPB

15
P and [chl + phaeo], also 

indicates that the vertical distribution of the algae influences the relationship between reflectance 

and sediment pigment concentrations. Both techniques measure a signal originating from the same 

depth stratum. The optical depth measured by the sensors is also likely to correspond quite closely 

to the amount of algae present within the photic zone (Serôdio, 2003). Thus, using an algorithm to 

estimate [chl a] from NDVI valid for shallow sediments depths will be the right approach in 

primary productivity studies. However, if one is more interested in the amount of chl present for 

foodweb studies, one is probably more interested in the total amount present, and it is then better to 

use an algorithm established for [chl a] sampled at deeper depths, despite the fact that these 

algorithms contain more uncertainty. In this respect it is good to mention that for the majority of the 

stations we observed that most of the benthic diatoms were in the upper 2-3 mm, as the underside of 

the contact core often showed no clear signs of diatom presence, with the exception of the sandy 

sites.  
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Robustness and usefulness of optical methods for chl a determination 

From the PCA analyses we can conclude that whereas the muddy grids overlapped, the Sylt samples 

formed a separate cluster, distinguished by the high content of 0.25 and 0.5 mm grain size fractions 

within the grids. The slopes of the functional relationships derived for the muddy grids (EA, EB, 

YA, YB and YC) were not significantly different, and intercepts were only different between 2 

grids. The standard error for the functional relationship calculated for all samples from the muddy 

grids (Table 6, Fig. 7) was smaller than in any of the individual grids and the rP

2
P value was high, 

indicating that the combined dataset does not behave poorer than the individual relationships within 

grids, which may indicate that this algorithm might be quite robust. Therefore, we expect this 

algorithm to be applicable for determination of sediment chl a + phaeo concentrations for many 

mid-latitude estuaries, where sediment types are dominated by fine grained size fractions and the 

majority of MPB biomass is in the upper 2-4 mm of sediment. Further work is required in 

heterogeneous sediment types, particularly larger grain size fractions and macroalgae dominated 

areas, in order to derive useful functional relationships. Fluorescence based estimates of surface 

sediment pigment concentration appeared to have similar slope coefficients but were site specific 

indicating that this technique has potential for quantifying relative differences in pigment 

concentration within one site, but is not robust enough at present to apply to other sites with out 

specific calibrations. 

Overall it appears that reflectance has a strong potential for synoptic mapping of sediment pigment 

concentrations in many intertidal areas. In analogy to open ocean remote sensing, estimating 

pigment concentration’s using spectral reflectance is dependant on the assumption that there is a 

relatively constant relationship between the optical depth of the sensor and the amount of pigment 

in the photic layer. When this assumption is not valid, such as areas in the open ocean with deep 

chlorophyll maxima, remote sensing of pigment concentrations breaks down. This appears to be the 

case in sandier sediments and areas where macroalgae cover the sediment surface. In these specific 

situations errors associated with estimates of sediment pigment concentrations may be very high; 

however the benefits of simultaneous synoptic measurements over large areas may still offset the 

poor prediction abilities of R-spectra derived indices in these environments. 
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Figure 9. Relationship between NDVI and minimum fluorescence (FBoPB

15
P) for all grids 

examined. Pearson’s correlation coefficients are shown in table 10. 
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Chapter 7. General discussion 

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

properties of biofilms carried out in a truly non-invasive way at a range of scales using optical 

methods is particularly attractive for MPB studies. However, application of these methods to 

intertidal environments involves a number of assumptions and technical difficulties. These are 

partly related to the ecology and dynamics of MPB communities and the unique environment of 

tidal flats. This thesis has set out to examine the influence of environmental and biotic factors on the 

reliability and applicability of PAM fluorescence and reflectance methodology to the quantification 

of primary production of MPB on tidal flats. Because of the wide range of scales (temporal and 

spatial) of variability in MPB dynamics and primary production the response of optical measures 

was assessed using a number of approaches. 

The effective quantum efficiency of PSII charge separation (ΔF/F Bm B') has been shown to be the 

product of photochemical quenching (qBP B) and the maximum efficiency of PSII in the light adapted 

state (F BvB'/F Bm B') (Genty et al. 1989).Using ΔF/F Bm B', the linear electron transport rate (ETR, µmol eP

-
P (mg 

chl a)P

-1
P sP

-1
P) can be calculated per mg chl a (Hofstraat et al. 1994, Kromkamp and Forster 2003): 

        (1) 

where n BPSII B is the number of functional PSII centres per mg chl, a*BPSII B is the optical cross section of 

PSII (nm P

2
P) and E is the incident irradiance (µmol photons mP

-2
P sP

-1
P). Because a*BPSII B and nBPSII B are 

difficult to measure using the PAM methodology, ETR is often calculated from the spectrally 

averaged (400-700 nm) chlorophyll specific absorption cross section (a*) assuming that the ratio of 

PSI:PSII cross-sections (ρ) is 0.5 (Gilbert et al. 2000): 

'/*
mPSIIPSII

FFEanETR Δ×××=

 '/*
m

FFaEETR Δ×××= ρ         (2) 

Rates of carbon incorporation (PBgPB

B
P, µmol C (mg chl a)P

-1
P hP

-1
P) can be calculated from the product of 

ETR (µmol e P

-
P (mg chl a)P

-1
P sP

-1
P) and the electron yield (ΦBeB, mol C (mol e P

-
P)P

-1
P) where, 

       (3) eme

B

g ETRFFaEP Φ×=Δ×Φ×××= '/* ρ

Comparisons between PAM fluorescence and ‘classic’ (OB2B or P

14
PC) derived production estimates 

yield conversion factors that represent different combinations of a*, ρ and ΦBeB (termed EE factor by 

Barranguet and Kromkamp 2000). 
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In chapter 2, the relationship between PP

B
P (OB2B) and ETR was shown to be stable except at the most 

extreme temperatures investigated in cultures of a marine benthic diatom. In the well defined 

optical conditions used in this experiment (1 cm path length cuvette and well mixed dilute algal 

solution) the assumption that measured fluorescence parameters behaved according to the 

formulations of Genty et al. (1989) was well justified. When PAM methodology was applied to 

intact biofilms (Morris et al. Chapter 3) under very low and very high biomass conditions optical 

artefacts (deviations of approx. ± 20 %), caused by background fluorescence (FBbB) (Cullen & Davis 

2003) and ‘deep layer fluorescence’ (DLF) respectively (Forster & Kromkamp 2004), were 

observed in the derivation of ∆F/FBm B’. These contributed to the masking of a decline in 

photosynthetic rate and subsequently caused overestimation of production estimates made using P

14
PC 

assimilation.  

In laboratory situations it is possible (and highly recommended) to correct for FBbB, however 

derivation of FBbB is more problematic in the field. F BbB is likely to vary in the field and will be 

influenced by such factors as the scattering, pigment constituents and light attenuation properties of 

sediments, which is in part demonstrated by the variable intercepts calculated for F BoPB

15
P-[chl a + 

phaeo] relationships in chapter 6. In practise, to minimise this error in field situations, we only 

consider quantum efficiencies when FBbB (estimated using aggressive extractions of sediments) is < 15 

% of the measured F signal, meaning that underestimation of quantum efficiencies is < 5 % (i.e. in 

this thesis a F value of 100 r.u.). The major drawback of this approach is that the distribution of 

surface sediment [chl a] on European tidal flats is highly log-normally distributed (Fig. 1, data from 

chapter 5), meaning that the majority of tidal flats are covered by relatively low [chl a], limiting the 

applicability of PAM methodology for truly in-situ synoptic studies of photosynthetic parameters. 

However, it should be noted that this problem (high ratio of ‘noise’ to signal) also applies to almost 

all other intertidal primary production methodologies.  

The overestimation of ∆F/FBm B’ on undisturbed sediments compared to slurries, as sediment [chl a] 

increases (Morris et al. Chapter 3), is probably caused by DLF, i.e. fluorescence originating from 

algae below the surface. Because of the high attenuation of irradiance within sediments subsurface 

algae are exposed to lower irradiances than algae at the sediment surface, hence there is a mismatch 

between the assumed incident irradiance ‘seen’ by cells within the biofilm and the actual irradiance 

induced quenching of fluorescence parameters (F and FBm B'), essentially invalidating the assumptions 

required for correct derivation of F and FBm B' and hence ∆F/FBm B’. In general, the presence of DLF will 

cause an overestimation of ∆F/F Bm B’ at irradiances exceeding EBkB when biomass levels are very high 
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(Forster and Kromkamp, 2004). The influence of DLF will tend to be observed in P-E curves as a 

non-saturation of ETR at high irradiance, leading to overestimation of true in-situ PP

B
PBmaxB values. It is 

the authors opinion that much of the non-linearity reported in the literature between ETR and 

‘classic’ production estimates of MPB assemblages at high and low irradiances, can probably be 

explained by a combination of the optical artefacts discussed above. However, in chapter 3 it was 

also shown that the magnitude of the error in calculating ∆F/FBm B’ was relatively small during much 

of the biofilm cultivation period, indicating that the assumption that incident E at the sediment 

surface represented the E ‘seen’ by MPB cells was valid for much of the time. If the sediment E and 

[chl a] vertical structure is known (or can be modelled) it should be possible to reduce this artefact 

further by considering the mean E seen by cells within the PAM fluorometer sampling depth for 

calculation of more realistic ETR for P-E curves and even if the magnitude of DLF is unknown a 

linear relationship between the product of ∆F/F Bm B’, incident E, and FBoB when compared to total 

vertically integrated primary production has been demonstrated (Serôdio 2003, Forster & 

Kromkamp 2004). 

 

Figure 1. Histogram of [chl a + phaeo] from all grids sampled during the BIOPTIS fieldwork, 

see chapter 5 and 6 for details. 

Migration of MPB changes both the vertical structure of the biomass and the E attenuation 

properties of the sediment, affecting assumptions required for the correct derivation of ETR. 

However, by virtue of these effects on the upwelling radiance leaving the sediment surface, changes 

in the vertical structure (migration) of MPB can be observed and tracked using both fluorescence 
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and reflectance (Morris et al. Chapter 4). This makes optical methods ideal for investigating the 

migratory behavior of MPB. However, as shown in chapter 4, the quantum yield of fluorescence 

(φBf B) is also affected by the photo-physiological state of the MPB (and photo-taxis of cells may 

interfere with FBoB measurements), meaning that more independent measures of [chl a] which are 

hardly influenced by photo-physiology are needed to observing migration (such as the normalised 

difference vegetation index, NDVI). 

Knowledge of the spectrally averaged (400-700 nm) chlorophyll specific absorption cross section 

(a*) is crucial for accurate estimation of ETR (Morris et al. Chapter 2). A number of techniques are 

available, such as the opal glass method (Shibata et al. 1954) or the quantitative filter technique 

(QFT) (Roesler 1998). An improvement to the QFT and a method that may be applicable to 

intertidal field work, is the method suggested by Allali et al. (1995), where a sample of algal 

material is transferred to a glass microscope slide using liquid nitrogen freezing and the particle 

absorption spectrum is measured on the slide. However, the influence of scattering and absorption 

by non-algal particles on all these techniques should not be ignored. This is often done by carefully 

extracting algal pigments followed by measuring the remaining particle absorption spectrum. An 

alternative approach is to reconstruct a* in the absence of the package effect (a*BphB) from HPLC 

derived pigment concentrations, hypsochromic shifts and weight-specific spectral absorption 

coefficients (in HPLC solvent) (Bidigare et al. 1990, Morris et al. Chapter 3). Further investigation 

into the magnitude of the package effect in MPB species and the applicability of this technique to 

pigments derived from surface sediments is required. However, first indications from data collected 

over an annual cycle from a variety of intertidal sites in the Westerschelde Estuary as part of the EU 

project ‘HIMOM’ suggest reconstructed a*BphB values that are comparable to those measured in 

chapter 2 and 3 [0.011 and 0.016 mP

2
P (mg chl a)P

-1
P] (Fig. 2). The range in reconstructed a*BphB values 

may indicate that it is wise to try and estimate a* BphB as often as possible (i.e. with every new 

position) when carrying out in-situ ETR measurements. It is hoped that hyper-spectral reflectance 

measurements may be able to provide some quantitative information about MPB a* values. The 

relationship between reflectance and surface sediment [chl a + phaeo] in a number of muddy 

estuaries was shown to be quite robust in chapter 6 and the identification of important accessory 

pigments was demonstrated from reflectance in chapter 4, suggesting that it may be possible to 

quantify a number of important pigments using reflectance (Stephens et al. 2003), possibly allowing 

reconstruction of a*BphB values from reflectance derived pigment concentrations. Another approach 

may be to quantify the scattering and absorption properties of different sediment types and use a 
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radiative transfer model to make estimates about MPB absorption from hyper-spectral reflectance 

measurements. Measurements of hyper spectral E attenuation (Kuhl & Jorgensen 1992) within 

MPB dominated sediments may also provide another indirect way of estimating the absorption 

properties of the community. 

 

Figure 2. Histogram of spectrally averaged (400 - 700 nm) chlorophyll specific absorption 

cross section in the absence of package effect (a*Bph B ) reconstructed from HPLC derived 

intertidal sediment pigment concentrations sampled over a seasonal cycle at a number of sites 

within the Westerschelde Estuary, SW Netherlands. 

Even if a* can be derived accurately in optically well defined conditions, estimation of the amount 

of E absorbed by PSII depends upon the ratio of PSI:PSII cross-sections (ρ) (assumed to be 0.5 in 

our calculations). Changes in the ratio of photosynthetic pigments and non-photochemical 

quenching (qBNB) are thought to be partly responsible for the variability in the functional cross-section 

of PSII (σBPSII B) observed between spp., and at different temperatures, irradiance and nutrient 

conditions (Levasseur et al. 1990, Kroon et al. 1993, Han et al. 2000, Moore et al. 2003). Non-

photochemical quenching (qBNB) has a variety of causes, such as down regulation of photosynthesis 

by the xanthophyll-cycle, state transitions or chronic photoinhibition (Horton et al. 2000, Lavaud et 

al. 2004). In theory, qBNB should be included within ∆F/FBm B’ (∆F/FBmB’ = FBvB’/FBm B’ x qBP B, Genty et al. 1989), 

however considering the range of processes responsible for qBNB it may be that certain quenching 

processes are not fully represented as changes in ∆F/FBmB’.  
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The very strong qBNB capacity of MPB was demonstrated in chapter 4. Fluorescence parameters (F 

and FBmB') declined during daytime emersions of the mesocosm (Morris et al. Chapter 4), yet resulted 

in only minor changes in ∆F/F Bm B’, indicating that qBNB increased during the emersion period. The 

reduction in φBF Bduring emersion periods was as much as 35 %, whereas the reduction in ∆F/F Bm B’ was 

at most 10 %. P-E curves measured over the emersion period on day 12 and 15 from inoculation 

(Morris et al. Chapter 3, Fig.7), suggested a mismatch between ETR and P

14
PC derived φ BmaxB values. 

On day 15, φ BmaxB (P

14
PC) declined by about 30 % during the emersion period, whereas φ BmaxB (ETR) did 

not change. The fact that the quenching of φ Bf B and the reduction in φBmaxB (P

14
PC) appear to match 

suggests that qBNB within PSII reaction centers occurred, possibly in the form of ‘state-transitions’, via 

uncoupling PSII antennae. Alternatively, migration of different spp. (Oxborough et al. 2000) with 

variable σBPSII B may also have been responsible. Franklin & Badger (2001) suggested explanations for 

the loss of correlation between ETR and oxygen evolution in macroalgae included cyclic electron 

flow around PSII or qBNB energy quenching within PSII centers. This effect appears to only be 

prevalent at low irradiance (P P

B
PBmaxB estimates matched pretty well) and seems to be similar to the 

slowly-relaxing qBNB mechanism which can dissipate energy in closed reaction centres suggested by 

Koblizek et al. (1999). 

The changing EE factors calculated over the cultivation period (Morris et al. Chapter 3, Fig.11) also 

appear to be related to changes in σBPSII B most likely related to the changing pigment composition. 

Although, changing spp. composition or the qBNB mechanism’s discussed above cannot be ruled out. 

If the relative fluorescence yield is calculated over the cultivation period (the daily mean midday F 

value divided by the total amount of irradiance absorbed by the algae), the decline in fluorescence 

yield appears to match the observed decline in ΕΕ (Fig. 3). 

Non-photochemical quenching is probably a vital adaptation to survival in the intertidal 

environment, allowing MPB to take advantage of fluctuating irradiance conditions whilst protecting 

the vital photosynthetic mechanisms, however, considering the large potential for qBNB in MPB 

relatively little is know. Further investigation into the range of qBNB mechanisms in MPB may help to 

improve the assumptions used in PAM methodology when considering these assemblages. 

The different EE factors observed at 5 and 35 °C in chapter 2, indicate that the electron-to-carbon 

yield (ΦBeB) is variable in extreme conditions and may have also contributed to the changing EE 

values observed in chapter 3. Changes in ΦBeB are most likely caused when products of 

photosynthesis are being used in processes other than carbon reduction. We did not directly 
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examine ΦBeB without the confounding influence of ρ, however the case for alternative sinks for 

photosynthetic products (electrons) other than carbon reduction is good. The recent discovery of the 

high plasma membrane redox activity of diatoms cells (Davey et al. 2003), suggests that along with 

many other processes (such as nitrate reduction, etc.) there are many active pathways by which 

photosynthetic products can ‘by-pass’ carbon reduction (Behrenfeld et al. 2004). These mechanisms 

may play a photo-protective role and as such are likely to be induced during times of increased 

stress. ETR is a measure of the energetic products of photosynthesis (e P

-
P), however, in certain 

conditions these are not closely coupled to rates of carbon reduction. As some of the alternative 

processes that use products of photosynthesis (e.g. nitrate reduction) are necessary for the 

functioning of cells, it may be equally valid to consider ETR as a measure of photosynthesis, whilst 

appreciating that it may indicate different processes than oxygen evolution and carbon assimilation. 

However, we have shown that during logarithmic growth and within the range of temperatures 

usually observed on tidal flats EE values were relatively constant, indicating that ETR and carbon 

assimilation were coupled.  

 

Figure 3. Relative quantum yield of fluorescence (φ BfB), F/(AQ x [chl a]) and EE factors 

calculated during the mesocosm experiment (Chapter 3). 

This allowed us to predict changes in biomass of the biofilm grown in a tidal mesocosm, although 

because of the changing EE factor, ETR predictions overestimated those made using P

14
PC-

assimilation towards the end of the cultivation period.  
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The results from chapter 3 confirm the high productivity of intertidal MPB assemblages. Maximum 

rates of biomass production occurred at about 100 mg chl a m P

-2
P, which interestingly coincides with 

the most frequent [chl a] found in all the grids examined (Fig. 1). This may suggest that the 

continuous removal of MPB biomass (resuspension, grazing, burial etc.) acts to ensure that MPB 

assemblages are always highly productive (i.e. MPB rarely reach biomass levels high enough to 

induce resource limitation) (Blanchard et al. 2001). If removal processes on tidal flats are 

considered in the spatial context, it appears that they create a patchy structure across a number of 

scales (Shaffer & Onuf 1985, Morris et al. Chapter 5), one could imagine that this patchiness also 

represents the temporal development of assemblages (i.e. high biomass represents an old biofilm). 

As the temporal development of the biofilm is related to the production rate of the MPB, at high 

MPB densities the fitness of the community is reduced, leading to a high probability of removal and 

therefore reducing the probability of high density patches. These intrinsic growth properties of MPB 

assemblages may be a potential explanation for the self-organized criticality observed by Seuront & 

Spilmont (2002).  

The highly structured spatial distribution of [chl a] on tidal flats effectively means that large 

numbers of replicates are required for accurate biomass estimates. The use of optical indices for 

estimation of surface sediment [chl a + phaeo] has been shown to be very effective in cohesive 

sediments (Meleder et al. 2003a, Carrère et al. 2004, Kromkamp et al. Chapter 6). NDVI-[chl a + 

phaeo] relationships appeared to be quite robust with reasonable coefficients of determination, 

suggesting that the regression equation calculated for the whole data set (muddy grids only) is 

suitable for use in many European fine grained tidal flats. Relationships between fluorescence and 

[chl a] were more variable, partly because of photo-physiological influences on fluorescence and 

technological difficulties. Improving the match between the optical depth seen by the sensor and 

that sampled for pigment determination will help to further improve the estimation of pigment 

concentrations using optical methods. The high correlation observed between F BoPB

15
P and NDVI 

indicates that the optical depths sampled by both these methods are similar, and by definition must 

be related to the depth of the photic layer. This property implies that sampling depth will vary with 

different sediment types and [chl a]. The contact core method used to calibrate NDVI-[chl a + 

phaeo] relationships samples to a relatively constant depth, and in the muddy grids examined it 

appears that much of the biomass was within the photic zone, indicated by the relatively low and 

constant intercepts calculated for functional relationships in most of the grids. The tendency of 

sampled [chl a + phaeo] to overestimate values predicted from NDVI in the Sylt grids, implies that 
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the sensor did not see all of the biomass sampled, however in sandy sediments one would imagine 

that the optical depth would be deeper than in highly attenuating fine grained sediments. 

Measurements of scalar E profiles in sediments of different grain sizes (Kuhl et al. 1994), suggest 

that the intense scattering caused by large grained particles can cause subsurface maxima in scalar 

E, which are likely to effect assumptions about the path-length of the upwelling radiance and the 

vertical distribution of MPB assemblages. Viable diatom cells have been found as deep as 8 cm in 

coarse sands, although relatively constant proportions (~ 40 %) are usually found in the upper 2 mm 

(Saburova & Polikarpov 2003). This implies that a significant proportion of the MPB biomass may 

not be within the photic zone, which could lead to over estimation of the ‘photosynthetically active 

biomass’ (PAB) (Guarini et al. 2000, Kelly et al. 2001) used for primary production estimates. With 

the relatively easy transfer of reflectance measurements to remote sensing platforms, optical 

methods offer an effective way of sampling [chl a] to a depth that is comparable to the PAB at 

synoptic spatial scales, a distinct advantage over destructive techniques. Further work on the 

interplay between sediment scattering and attenuation properties, and the vertical structure of MPB 

is needed, however the development of algorithms that are able to predict water content and 

sediment grain size properties remotely (Rainey et al. 2003), may offer a convenient tool for fine 

tuning remotely sensed [chl a]. 

The exploration of optical methods as potential tools for investigating the primary production (PP) 

of intertidal MPB communities has also provided interesting insights into approaches and 

parameters used for modeling inter tidal PP at a number of scales. We confirmed the temperature 

dependence of the PP

B
PBmaxB in a benthic diatom spp. and demonstrated that at the extremes of the 

temperature range the balance between photosynthetic products being used for carbon reduction or 

other processes changed. PP modeling approaches were refined and tested in chapter 3; and it was 

shown that by using a hypothetical depth distribution, incident irradiance, an assumed respiration 

rate and the measured photosynthetic parameters, the growth of a MPB assemblage could be 

predicted. With incorporation of the temperature relationships derived in chapter 2 and suitable 

attention to varying C:chl a ratios, this approach has strong potential for estimating primary carbon 

production at very high temporal scale. Unfortunately, vertical migration (the next level of 

complexity) was not present in the mesocosm experiment. Migration appears to be a key part of 

MPB ecology, with numerous proposed functions (Wulff et al. 1997, Kromkamp et al. 1998, 

Perkins et al. 2001, Kingston 2002, Saburova & Polikarpov 2003). This means that it must be 

considered when conducting primary production measurements. Hence we have suggested a 
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number of techniques for observing migration. Simple modeling of migration patterns is often 

effective using a combination of tidal stages and sun angle (Pinckney & Zingmark 1991), and we 

have observed that this relationship is quite robust in a number of European estuaries (Forster, R. 

pers. com.). Ensuring biomass samples are collected at approximately mid low tide reduces the 

errors in PAB determination associated with tidal cycle migrations. Photo-taxis like migration 

responses, suggested by Barranguet et al. (1998) and Perkins et al. (2001) are more difficult to 

correct for, and probably require direct measurements, which in practice can only be feasibly 

achieved using optical methods. Reducing the length of time of irradiance treatments used in in-situ 

P-E curves should help reduce this problem. 

At the scale of estuaries we have shown that although the average values for [chl a] in surface 

sediments varies by only a factor of 2, the distribution of [chl a] is highly structured and not very 

predictable between estuaries, meaning that high spatial coverage and replication is required. 

Remote sensing is probably the best way to achieve this, and in chapter 6, we present a practical 

algorithm for predicting [chl a + phaeo] of fine grained sediments using the NDVI (which is 

applicable to many remote sensing platforms). Derivation of further optical parameters from hyper 

spectral reflectance seems to be a promising area, which may eventually allow biomass specific 

absorption and even photo-physiological information about intertidal MPB assemblages to be 

assessed remotely. 

Future work will include the comparison of optical and classic methods for quantifying PP over a 

spring-neap cycle on 5 European tidal flats simultaneously, and over a 2 year period at tidal flats in 

the Westerschelde and Oosterschelde Estuaries. Remote sensing of tidal flats in the Westerschelde 

and the synoptic quantification of biomass should help provide the data needed for thorough 

investigation of the spatial distribution of MPB at a suitable range of scales, possibly answering 

some of the questions about the manifestation of fractal like properties in MPB biomass 

distributions. Irradiance attenuation depth profiles collected at various sites may help us to further 

refine NDVI-chl a relationships and provide a framework by which we can improve the 

assumptions used in the calculation of ETR. Further work on quantifying EE factors and non-

photochemical quenching in MPB will help to improve fluorescence based production estimates, 

and further work on carbon to chl a ratio’s and PQ’s will help improve intertidal primary production 

estimates. 

This thesis has explored the use of a number of methods of varying complexity for investigating the 

primary production of intertidal MPB communities. Essentially each technique has specific 
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Chapter 7. General Discussion 

advantages and disadvantages and associated costs. It is hoped that this thesis has helped to define 

some of the applications and misapplications of optical methods in relation to their use in intertidal 

research. As with many oceanographic disciplines we have demonstrated that the use of a 

combination of different methods provides a greater synergy than using one method alone. PAM 

fluorescence and reflectance methodologies are highly complimentary and together can provide 

many of the parameters required for quantifying primary production of MPB. Of course both 

methodologies can be further improved by including more detail in the assumptions used, very 

much akin to primary production modeling, and one imagines that as our understanding of intertidal 

sediments improves so will the application of these methods.  
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Summary 

Intertidal mudflats are an important component of estuaries. Benthic microalgae, also called 

microphytobenthos (MPB) are the main primary producers on these mudflats, and they can 

contribute up to 50% of total primary production of the estuary. Quantifying MPB biomass and 

primary production is, however, difficult because of their patchy occurrence and rapid population 

dynamics. To solve these problems, new approaches are necessary. The potential of virtually 

instantaneous measurements of photosynthesis, biomass and absorption properties of MPB biofilms 

carried out in a truly non-invasive way at a range of scales using PAM fluorescence and reflectance 

methodologies is particularly attractive for estuarine primary production studies. 

Quantitative investigations of the relationship between P P

B
P (µmol OB2B (mg chl a)P

-1
P hP

-1
P or µmol C (mg 

chl a)P

-1
P hP

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

-
P mg chl aP

-1
P sP

-1
P) derived using pulse amplitude 

modulated (PAM) fluorometry, were carried out over a range of temperatures and growth rates 

using suspensions of MPB. Extreme temperatures and very low growth rates were shown to affect 

the functional relationship between P P

B
P and ETR, but in general the relationship between ETR and 

P P

B
P was quite robust, as shown in Chapter 2 and 3. When the PAM methodology was used to 

measure the photosynthetic parameters of a biofilm grown on undisturbed sediments over 21 days 

(chapter 3), deviations between in-situ and slurry methods were largest at very low biomass and 

very high biomass, and were most likely caused by optical artefacts in the in-situ methodology e.g. 

interference from background fluorescence and the contribution of ‘deep layer fluorescence’. Net 

primary production of the biofilm was calculated using a vertically resolved primary production 

model, and was closely coupled to observed changes in biomass, which suggested that both Carbon 

to chl a ratios and respiration rates of the biofilm showed little variability over time. With 

incorporation of the derived temperature relationship, this approach has strong potential for 

estimating primary carbon production at very high temporal resolution.  

Although minimum fluorescence and hyperspectral reflectance spectra could be adequately used to 

follow the development of the mesocosm biofilm described in chapter 3, the minimum fluorescence 

yield was influenced by the photophysiological state of the MPB, and fluorescence quenching 

caused by photoprotective mechanisms could be mistaken for downward migration. This was 

further investigated in chapter 4. Fluorescence quenching was observed during daytime emersion in 

the mesocosm biofilm as well as in other experimentally manipulated biofilms. In these cases the 

fluorescence decreased, whereas the normalized difference vegetation index (NDVI), derived from 
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the reflectance spectra, remained constant. Interestingly, the changes in fluorescence yield could be 

derived from the hyperspectral reflectance spectra, and a new index, the normalized difference 

fluorescence index (NDFI) was developed. Using this NDFI it may be possible to derive the 

quantum efficiency for photosynthesis, although this needs further investigation. 

At the scale of estuaries estimates of primary production are dominated by the distribution of 

biomass. We show for a number of estuaries bordering the North Sea that although the average 

values for [chl a] in surface sediments varies by only a factor of 2, the distribution of [chl a] is 

highly structured and not very predictable between estuaries, meaning that high spatial coverage 

and replication is required (chapter 5). Remote sensing is probably the best way to achieve this, and 

we present a practical algorithm for predicting [chl a + phaeo] of fine grained sediments using the 

normalised difference vegetation index (NDVI) (which is applicable to many remote sensing 

platforms). We investigate the effectiveness of minimum fluorescence as a biomass predictor and 

discuss the use of both techniques for the investigation of MPB vertical migration. Possible further 

applications of hyper spectral reflectance to the study of intertidal MPB assemblages are also 

discussed.  

Overall, PAM fluorescence and reflectance methodologies are highly complimentary and together 

can provide many of the parameters required for quantifying primary production of MPB, yet like 

all primary production methods, they require careful attention to the assumptions used when applied 

to field situations. 
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Samenvatting 

Intergetijdegebieden zijn een belangrijk onderdeel van een estuarium. De eencellige algen, 

microphytobenthos genaamd, zijn de belangrijkste primaire producenten op deze slik- en zandplaten 

en de bijdrage van het microphytobenthos (MPB) aan de totale primaire productie van het estuarium 

kan wel 50% bedragen. Het kwantificeren van de MPB biomassa en primaire productie is echter 

moeilijk, hetgeen wordt veroorzaakt door het “willekeurig” of verspreid voorkomen en door de 

snelle veranderingen die de populaties in de tijd ondergaan. Om de totale biomassa en de 

veranderingen in biomassa en primaire productie op de schaal van het ecosysteem goed te kunnen 

meten is een nieuwe aanpak nodig. Fluorescentie (PAM) en reflectiespectra technieken zijn in dit 

opzicht veelbelovend, omdat ze momentaan en in-situ kunnen worden toegepast, zonder dat ze het 

systeem verstoren.  

In hoofdstuk 2 is de relatie onderzocht tussen zuurstofproductie PP

B
P (µmol OB2B (mg chl a)P

-1
P hP

-1
P) en het 

fotosynthetisch elektronen transport (ETR, µmol e P

-
P (mg chl a)P

-1
P sP

-1
P, gemeten met respectievelijk een 

zuurstofelektroden en een “pulse amplitude modulated’ (PAM) fluorometer. De metingen werden 

uitgevoerd aan een benthische diatomee die was gekweekt bij twee verschillende lichtintensiteiten 

en de metingen werden uitgevoerd bij een range aan verschillende temperaturen. De extremen in 

temperatuur, zowel de lage als de hoge, beïnvloedde de relatie tussen ETR en PP

B
P, maar in het 

algemeen was de relatie behoorlijk robuust.  

De PAM methodologie werd ook gebruikt om fotosynthese parameters te meten op een mesocosm 

biofilm bestaande uit verschillende diatomeeën soorten (hoofdstuk 3). Fotosynthese parameters 

werden bepaald in-situ, d.w.z. gemeten aan een zich ontwikkelende, intacte biofilm als aan 

gesuspendeerde monsters (suspensies). Beide metingen werden vergelijken met C-fixatie metingen 

(suspensies). De suspensie en in-situ metingen weken vooral af bij zeer lage biomassa’s, aan het 

begin van de biofilm ontwikkeling, en aan het eind van het experiment wanneer de biofilm in de 

“stationaire” fase kwam en de biomassa niet meer toenam. Deze afwijkingen werden waarschijnlijk 

veroorzaakt door optische artefacten: een bijdrage van het sediment aan de fluorescentie 

(achtergrond fluorescentie) bij lage biomassa’s en fluorescentie uit diepere lagen bij hoge 

biomassa’s. Gedurende het overgrote deel van de periode waarin de biofilm zich actief ontwikkelde 

was er echter een grote mate van overeenstemming in fotosyntheseparameters tussen de 

verschillende technieken. Uit de verschillende metingen werd de diepte geïntegreerde netto primaire 

productie bepaald. Deze bleek sterk af te hangen van de veranderingen in de biomassa, waaruit 

geconcludeerd kan worden de C/chl-ratio en de respiratoire eigenschappen van de biofilm weinig 

variabiliteit in de tijd vertoonden. Tezamen met de in hoofdstuk 2 ontwikkelde temperatuur-

fotosynthese relatie kan de PAM-methodologie goed worden toegepast om hoogfrequente primaire 

productie schattingen te verkrijgen van MPB biofilms. 
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Samenvetting 

In hoofdstuk 3 werd aangetoond dat zowel fluorescentie als hoge resolutie reflectiespectra goed 

kunnen worden gebruikt om de ontwikkeling van een biofilm te beschrijven. Echter, de 

fluorescentieopbrengst is niet alleen afhankelijk van de (diepteverdeling in) MPB biomassa, maar 

ook van de fotofysiologische staat van de algen. Hoge lichtintensiteiten kunnen 

beschermingsreacties initiëren die leiden tot fotochemische doving van de fluorescentie (“non 

photochemical quenching’), en deze doving van de fluorescentie zou (verkeerd) kunnen worden 

geïnterpreteerd als neerwaartse verticale migratie van de diatomeeën.  Dit werd onderzocht in 

hoofdstuk 4, waarvoor data van de mesocosm biofilms werden gebruikt zowel als speciaal daarvoor 

gemaakte biofilms op filters waarop verticale migratie onmogelijk was. Op zowel de mesocosm 

biofilms als de biofilms op de filters werd geen verandering in genormaliseerde vegetatieindex 

(NDVI, berekent uit de reflectiespectra en een maat voor de hoeveelheid chlorofyl) gevonden, 

terwijl wel doving van de fluorescentie door licht werd waargenomen. Hieruit blijkt dat men 

inderdaad voorzichtig moet zijn bij de interpretatie van fluorescentie data. Uit de reflectiespectra 

kon een index worden geëxtraheerd, de genormaliseerde fluorescentie index (NDFI) genoemd. De 

NDFI bleek een nauwkeurige beschrijving te geven van de veranderingen in de fluorescentie, en dit 

opent de mogelijkheid om veranderingen in de fluorescentie opbrengst, en daarmee in 

veranderingen van de fotofysiologische conditie van de algen, af te leiden uit reflectiespectra.  

Uiteraard bepaalt de hoeveelheid MPB voor een belangrijk deel de totale primaire productie van het 

MPB in een estuarium. In hoofdstuk 5 wordt ingegaan op de ruimtelijke verspreiding van chla and 

sediment eigenschappen in de zomer van intergetijde platen van een aantal aan de Noordzee 

grenzende estuaria. Alhoewel de gemiddelde chla concentraties in de sedimenten varieert met niet 

meer dan een factor 2, is de verdeling van het MPB in hoge mate gestructureerd en niet te 

voorspellen tussen de verschillende estuaria. Dit betekent dat om een goed inzicht te krijgen van de 

totale MPB biomassa in een estuarium dat er bemonsterd moet worden met een goede ruimtelijke 

dekking en een hoge mate van replicatie. Remote sensing lijkt de aangewezen techniek om dit te 

doen. Om dit mogelijk te maken wordt in hoofdstuk 6 een empirisch algoritme besproken waar uit 

reflectiespectra m.b.v. de NDVI het gehalte aan chla (inclusief eventuele afbraakpigmenten) in de 

bovenste laag van het sediment (2 mm) goed kan worden berekend. De prestaties van dit algoritme 

worden vergeleken met schattingen van MPB verkregen uit chlorofyl fluorescentie en de toepassing 

van beide technieken om MPB biomassa en verticale migratie te bestuderen wordt besproken. 

Concluderend kan worden gezegd dat PAM fluorescentie en spectrale reflectiemethodieken 

aanvullend zijn en goed kunnen worden toegepast bij MPB primaire productie studies, maar dat 

toetsing van de aannames evenals kennis van de verticale verdeling van het MPB in de bovenste 

lagen van het sediment nodig is om deze technieken succesvol te kunnen toepassen in het veld.  
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