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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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673

673

RR

RR
NDFI

DiffPeak

DiffPeak

+

−

=         (2) 

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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