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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): 
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m
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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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Chapter 7. General Discussion 

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 

154 



Chapter 7. General Discussion 

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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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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