
>42 =><?0>?<2 .81 3?80>598 93 750<9;4@>9/28>450
/593567=

7IPEIKKE 0NMQAKTEW

. >HEQIQ =SBLIRRED FNP RHE 1EGPEE NF ;H1
AR RHE

?MITEPQIRW NF =R$ .MDPEUQ

(&&(

3SKK LERADARA FNP RHIQ IREL IQ ATAIKABKE IM
<EQEAPCH-=R.MDPEUQ,3SKK>EVR

AR,
HRRO,%%PEQEAPCH#PEONQIRNPW$QR#AMDPEUQ$AC$SJ%

;KEAQE SQE RHIQ IDEMRIFIEP RN CIRE NP KIMJ RN RHIQ IREL,
HRRO,%%HDK$HAMDKE$MER%'&&()%(*+(

>HIQ IREL IQ OPNRECRED BW NPIGIMAK CNOWPIGHR



THE STRUCTURE AND FUNCTION OF MICROPHYTOBENTH K' 
BIOFILMS 

MIREILLE CONSALVEY 

A thesis submitted to the University of St Andrews for the degree of Doctor of 
Philosophy 

Division of Environmental and Evolutionary Biology 

II "' of July 2002 

MEW 



Table of Contents 

Declaration ii 
Acknowledgments III 
Abbreviations v 

Abstract I 
I General Introduction 2 
1.1 General 2 
1.2 Light 4 
1.2.1. Photosynthetically active radiation 4 
1.2.2. Measuring light 5 
1.2.3. Light absorption and scattering 7 
1.3. Photosynthesis 9 
1.3.1. The photosynthesis light reactions 10 
1.3.2. The photosynthetic carbon reduction cycle 14 
1.3.3. Photosynthesis measurements 14 
1.3.4. Effects on photosynthesis 18 
1.4. Measuring biomass 21 
1.4.1. Pigments 22 
1.4.2. Remote sensing 23 
1.5. Diatom motility 25 
1.5.1. Extracellular polymeric substances 27 
1.5.2. The effect of environmental variables on motility 28 
1.5.3. Rhythms in motility 29 
1.6. Migration 29 
1.6.1. Following and recording migration 30 
1.6.2. Algae got rhythm? Description of work to date 32 
1.6.3. What controls migration? 33 
1.6.4. Migration and photosynthesis 35 
1.6.5. Migration within the biofilm 36 
1.6.6. An evolutionary perspective 36 
1.6.7. Concluding remarks on migration 38 
1.7. Climate change 39 
1.8. Aims of work 39 

2 Materials and Methods 40 

2.1 Study sites 41 
2.1.1. The Eden Estuary 41 
2.1.2. The Tay Estuary 41 
2.1.3. The Colne Estuary 42 
2.1.4. The Tagus Estuary 42 
2.2. Sediment sampling 42 
2.2.1. Surface scrapes 42 



2.2.2. Cryolanding 43 
2.2.3. Microscale sectioning 44 
2.2.4. Core collection 45 
2.3. Water content 45 
2.4. Wet bulk density 46 
2.5. Cell collection and slide preparation 46 
2.5.1. The lens tissue method 46 
2.5.2. Acid cleaning of diatom frustules 46 
2.5.3. Permanent slide preparation 47 
2.5.4. Cell identification 48 
2.6. Pigment analysis 48 
2.6.1. Standard preparation 48 
2.6.2. Sample preparation and choice of extractant 49 
2.6.3. Development of protocols 49 
2.6.4. High performance liquid chromatography 50 
2.6.5. Pigment identification and quantification 53 
2.6.6. Troubleshooting the HPLC system 56 
2.7. Carbohydrate analysis 57 
2.8 Light profiling 58 
2.8.1. Constructing the sensors 58 
2.8.2 Deployment of the sensor 60 
2.8.3. Calculation of the light attenuation co-efficient 61 
2.9. Fluorescence measurements 62 
2.9.1. PAM fluorescence equipment 62 
2.9.2. Fluorescence parameters 63 
2.10. Low temperature scanning electron microscopy 63 
2.11. Mathematical, graphical and statistical analysis 64 
3 The formation and development of biofilms in situ and in the 65 

laboratorv 
3.1 Introduction 65 
3.1.1. Aims 67 
3.1. Materials and Methods 67 
3.1.1. The Cohesive Strength Meter 67 
3.2.2. In situ investigation of biofilm growth 68 
3.2.3. Laboratory investigation of biofilm growth 69 
3.3. Results 70 
3.3.1. In situ recovery of biofilms 70 
3.3.2. Laboratory investigation of biofilm growth 73 
3.4. Discussion 79 
3.4.1. Conclusions and future work 86 
3.4.2. Summary 89 
3.5. Acknowledgements 91 



4 Laboratory investigation into microphytobenthic migration using 92 
15 

changes in F , 
4.1. Introduction 92 
4.1.1. History of the fluorescence techniques in this field 92 
4.1.2. Meeting the assumptions of the technique 93 
4.1.3. Migration patterns 95 
4.1.4. Whats drives migration? 99 
4.1.5. Aims 102 
4.2. Materials and Methods 102 
4.2.1. Experimental design 102 
4.2.2. Lens tissue collection 103 
4.2.3. Fluorescence measurements 103 
4.2.4. Pigment detennination 104 
4.2.5. Light attenuation co-efficients 105 
4.2.6. Deten-nining the cues for migration 105 
4.3. Results 106 
4.3.1. Tay Estuary (June 1999) 106 
4.3.2. Eden Estuary (February 2000) 109 
4.3.3. Eden Estuary (April 2000) 111 
4.3.4. Comparing all 3 sites over a light exposed period 115 
4.4. Discussion 116 
4.4.1. The effect of sample size 116 
4.4.2. Migratory rhythms of the microphytobenthic biofilms on the 117 

Tay and Eden Estuaries 
4.4.3. Discerning the cues for migration (Eden April 2000) 120 
4.4.4. Changes in the maximum light utilsation efficiency over low tide 121 
4.4.5. Conclusions 123 
4.4.6. Summary 124 
4.5. Acknowledgments 125 
5 15 In situ investigation into microphytobenthic migration using Fa 126 
5.1. Introduction 126 
5.1.1. Migration in response to light level 126 
5.1.2. Aims 128 
5.2. Materials and Methods 128 
5.2.1. Tagus Estuary (Portugal) 128 
5.2.2. Colne Estuary (U. K. ) 130 
5.2.3. Eden Estuary (U. K. ) 131 
5.3. Results 133 
5.3.1. Tagus Estuary (Portugal) 133 
5.3.2. Colne Estuary (U. K. ) 135 
5.3.3. Eden Estuary (U. K. ) 139 
5.3.4. Migration in constant darkness (Colne U. K. ) 141 
5.4. Discussion 143 



5.4.1. Migration under in situ conditions 143 
5.4.2. Migration in the absence of any light cues 150 
5.4.3. Future work 151 
5.4.4. Summary and conclusions 152 
5.5. Acknowledgements 153 

6 Microscale changes in intertidal biofilms over a diel period 154 

6.1. Introduction 154 
6.1.1. Examining changes in biomass (using Chl a and LTSEM) 154 
6.1.2. Investigating the sediment light climate 158 
6.1.3. Examining primary productivity on intertidal mudflats 162 
6.1.4. Aims 164 
6.2. Materials and Methods 164 
6.3. Results 169 
6.3.1 Diel changes in Chl a 169 
6.3.2. Diel changes in water content 170 
6.3.3. Diel changes in species composition 170 
6.3.4. Diel changes in sediment light climate 171 
6.3.5. The relationship between light attenuation and site parameters 174 
6.3.6. Predicted and measured rates (14C) of primary productivity 174 
6.3.7. Sediment grain size analysis 176 
6.4. Discussion 176 
6.4.1. Can microscale sectioning can be used to detect spatial and 176 

temporal variations in biomass over a die] period? 
6.4.2. How does assemblage type influence the spatial and temporal 177 

distribution of microphytobenthic biomass? 
6.4.3. Do cells sub-cycle at the sediment surface? 179 
6.4.4. How does assemblage type/site and time influence the light 181 

attenuation co-efficients of microphytobenthic biofilms? 
6.4.5. Do modelled rates of primary productivity correlate with actual 186 

rates of primary productivity? 
6.4.6. Implications of study 187 
6.4.7. Future studies 188 
6.4.8. Summary and conclusions 189 
6.5. Acknowledgements 190 

7 What if diatoms couldn't move? Investigation into the 191 
photophysiological implications of a non-motile benthic existence 

7.1. Introduction 191 
7.1.1. Microphytobenthic responses to a changing light envirom-nent 191 
7.1.2. The use of PAM fluorescence in microphytobenthic systems 193 
7.1.3. Hypotheses 196 
7.2. Materials and Methods 197 
7.2.1. Creating an artificial non-migratory biofilm 197 
7.2.2. Experiment 1: The effect of different light intensities and 199 



temperatures on fluorescence parameters in a non-migratory biofilm 
7.2-3. Experiment 2: The effect of different light intensities on the 200 

fluorescence parameters of a migratory and non-migratory 
biofilm 

7.2.4. Experiment 3: The use of far red light as an alternative means of 201 

adapting cells to obtain true measures of F, and F,, 
7.3. Results 203 
7.3.1. The effect of different light intensities and temperatures on 203 

fluorescence parameters in a non-migratory b1ofilm 
7.3.2. Investigating the effect of light on a migratory vs. non-migratory 206 

biofilm 
7.3.3. Can far red light be used as an alternative means of dark 210 

adapting cells to obtain true measures of F, and F,,? 
7.4. Discussion 212 
7.4.1. The problems with statistical analysis of fluorescence data 226 
7.4.2. What if diatoms couldn't move? 226 
7.4.3. Conclusions, future work and implications 227 
7.5. Acknowledgements 229 

8 General discussion 230 

8.1. Formation of microphytobenthic biofilms 230 
8.2. Sediment biofilm light climate 236 
8.3. Appraisal of main microphytobenthic sampling techniques used 237 
8.3.1. PAM Fluorescence 237 
8.3.2. Cryolanding 242 
8.3.3. Light microprofiling 243 
8.3.4. Determination of the sediment surface 244 
8.4. Summary of thesis 245 
8.5. Final conclusions 246 

9 References 247 



Acknowledgments 

There are a lot of people who have helped me get this far and I would like to 
thank everyone from both the academic and social sides, and those that bridged 
the divide between the two! The Gatty has been a great place to play and work 
and many thanks to everyone there for everything over the last 4 years! 

I would like to start by thanking David Paterson for introducing me to All Miles 
back in 1996 and giving me the opportunity to join SERG for a summer, a life 
changing moment! Thanks for the injections of enthusiasm along the way and for 
your open door and mind. And Graham Underwood, my Essex supervisor, for his 
honest straightforwards approach, for his, and his family's hospitality down in 
Essex, and for the blue sparkly pen edits! 

Claire Honeywill with whom I spent many insane hours with on the Eden Estuary 
being spooked to my boots and who was an inspiration to work with, never 
doubted me and above all a fantastic mate. 

Irvine Davidson my very own "lab dad". Irvine I can never thank you enough for 
all the patient hours on the LTSEM, for everything around the lab, for keeping me 
grounded and most of all for yours and Carol's continued friendship and support, 
this small bit of typing can never do you justice! 

Roo Perkins whose combination of tough love and kid gloves will never be 
forgotten. Hopefully this book is a small testament to those hours of fluorescence 
discussions and endless analogies! Its been a real pleasure to work with you and 
even better to have found such a top mate from scary beginnings! 

Simon Merrywest who did alot more than cakes and kitkats, many thanks for your 
patient proof reading, for continually making me laugh, a friendship I have valued 
and for staying true during the highs and the lows. Thanks taddy boy! 

Emma Defew who has been a colleague, friend and flatmate. Thanks for the 
never-ending cups of tea, dogsitting above and beyond the call of duty, proof 
reading and for all your love and support along the way. We'll always have 
Brussels! And my other Tuesday night girl Catherine Biles for being a great office 
mate, proof reading, smiles and whose badminton club provided many welcome 
distractions. 

Thanks to everyone in the SERG family: Heather Austin whose kindness and 
generosity of spint have made all the difference, Trevor Tolhurst who was there 
from the very start and whose ready supply of chocolate and hugs in equal 
measures are much treasured, Irene Taylor for her optimism and encouragement, 
Rich Ford and Kevin Black who provided many fun and challenging 
conversations along the way and who have the unique ability to rally the spirit. 
And ofcourse Portuguese Bruno Jesus: always challenging and with whom I spent 
many nights in the Gatty cold room. We did progress! And to the new SERG girls 
Rebecca and Susi who have only known me in write up mode but who have 

111 



always been real sweeties. Also thanks to Rebecca Stevenson for friendship and 
fluorescence. 

Murray Coutts who was there for many computer related disasters and always 
came to the rescue! Julian Crowe at IT services who saved my thesis, computer 
and sanity not necessarily in that order and Pete Baxter for last minute orders and 
endless patience. Also Sean at the Bute Photo unit for figures hot off the press! 

And the fellow Ph. D. 's in my year who have helped me make the last 3 years: 
Ralph whose sense of humour and road trips to Edinburgh and beyond have been 
much valued, John for many lunch dates, dogsitting and who realised that I wasn't 
just a geek (and ofcourse Jan) and finally Horgee Fernandez for much laughter! 

Carol Spaks Sparling: Thursday nights and BB. Say no more eh? I've valued your 
friendship since day I and if you only remember one thing, remember it's Coolio 
feat. LV! Thanks also to the other pub quiz gals: Rona, Cat, Leigh, Jeri and Sooze. 

And those gone but definitely not forgotten: Les, Stew, Gen, Nick, Joe and Jim. 

I would also like to thank Rod Forster and Astrid Hanlon for help and advice on 
many things fluorescence over e-mail and in person. 

All my other flatmates for many welcome distractions: Philip Kirk who helped 
make first year so much fun, Susie Dutton for a fab summer and the new girls at 
Union Place. As well as honorary flatmates Lindsay and Alan whose house has 
been as welcoming as my own and who have provided endless meals, BBQ's and 
good nights in! 

Sidn, Alex, Rian, Ross, Gordon and Hazel as well as Clinton and Lee and all the 
other South Africans ... what is there if there aren't holidays planned? To the 
Davies sisters for becoming like my own and for much laughter and support 
regarding my wet grass and Microphllphlyglpllythos. 

Half way through my Ph. D. I went on a CRAC course, a huge morale boost. 
Thanks NERC for paying and team X. Especially Tim who became a great mate! 

And of course (well spotted Jon) all my friends from home: Jo W, Nom and Lissa 
who despite the years and miles apart have stayed true to form and proved how 
timeless friendship can be and ofcourse Abi, Kate, Jeri and Han. Your e-malls 
have kept me sane! 

My mum once said she thought Thank-you speeches at the Oscars were daft but I 
am sure would never forgive me for leaving her out, and how could I? I would 
like to end this by thanking my Mum, Dad and Gerrard for everything and then 
some. For despite their bewilderment that I would choose to spend my days 
wading in mud they have been an endless source of love and support and above 
all belief that I could do this! Thanks! 

This work was made possible by the letters NER and C (Grant number NERC 
GR3/11782). 

IV 



To my parents and Gerrard, if ever there was a receiptfor all your love and 
support this has to be it! 



Abbreviations 

Chl Chlorophyll 

Chl a Chlorophyll a 

CL Confidence limits 

DMF Dimethylforamýide 

EPS Exopolymeric substances/Extracellular polymeric substances 

ETR Electron transport rate 

rETR relative ETR 

F' Fluorescence yield in the light adapted state prior to the saturating beam 

FD Freeze dried 

Fdw Freeze dried weight 

fum-, Fluorescence units minute 

F. Maximum fluorescence yield in the dark adapted state 

F, ' Maximum fluorescence yield in the light adapted state 

FMS2 Fluorescence monitoring system 2 (HansatechTM) 

Fý Absolute minimum fluorescence (QA oxidised; NPQ reversed) 

Fý15 Fluorescence yield prior to the saturating beam after 15 minutes dark 

adaptation 

Fluorescence yield of PSII quenched by photochemistry (F,, '-F') 

F, 'IFý Light utilisation efficiency in the light adapted state 

F, Variable fluorescence (F. -F, ) 

F, IFý Maximum light utilisation efficiency 

HPLC High performance liquid chromatography 

JPCC Intergovernmental panel on climate change 

k Light attenuation co-efficient 

LN Natural log 

LN2 Liquid nitrogen 

LTSEM Low temperature scanning electron microscopy 

NPQ Non-photochemical quenching 

PAB Photosynthetically active biomass 

PAM Pulse Amplitude Modulation 

PAR Photosynthetically active radiation 

PFD Photon flux density 

PlB Photosynthetically inactive biomass 

PPFD Photosynthetic photon flux density 

PS I Photosystem I 

PS 11 Photosystem 11 

RS Remote sensing 

SE Standard Error 

V 



Abstract 

Microphytobenthos are the dominant primary producers on estuarine 

mudflats playing a key role in the functioning of the ecosystem. Studies into 

microphytobenthic ecology have previously been limited by scale but the advent 

of fine scale analysis techniques (gm) as well as non-destructive sampling has 

enabled the system to be examined at a level not previously possible. This study 

examined the formation, structure and function of microphytobenthic b1ofilms 

using non-destructive (remote sensing by PAM fluorescence; fibreoptic light 

microprofiling) and destructive (cryo-freezing and Low temperature scanning 

electron microscopy) sampling. 

Many microphytobenthic organisms are motile and have evolved complex 

migratory strategies. Microphytobenthic migratory patterns are widely described 

but much remains to be elucidated about the controlling factors. The fluorescence 

parameter F,, 15 (minimum fluorescence yield after 15 minutes dark adaptation) 

was used to monitor short-term changes in biomass at the sediment surface. 

Light, tidal state, endogeny and combinations thereof were all shown to control 

migration, demonstrating that predictable migratory rhythms cannot be assumed. 

Microscale sectioning ([tm) showed that chlorophyll a was always 

concentrated in the top 400 gm (the photosynthetically active biomass). Clear 

migratory patterns were not detected using microscale sectioning therefore 

indicating that migration occurs over a scale < 400 gm. Despite no changes in the 

chlorophyll a content in the surface layers, LTSEM analysis demonstrated 

diurnal taxonomic shifts providing circumstantial evidence that 

microphytobenthic cells sub-cycle at the sediment surface to optimise fitness. 

The light extinction co-efficient (k) of microphytobenthic b1ofilms 

significantly vaned with site, assemblage and also over time. 90% of the surface 

PPFD had always been attenuated by 400 [tm, and in many cases before 200 ýIm. 

Traditional microphytobenthic primary productivity models do not account 

for changes in the spatial and temporal distribution of biomass or light 

attenuation and therefore their applicability to the real situation may be limited. 
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1. Introduction 

I. I. General 

Diatoms are a unicellular algal class (Bacillariophyceae) within the 

kingdom Protista and there are estimated to be at least 200 000 species (Mann 

and Droop 1996). Diatoms are characterised by pectin cell walls heavily 

impregnated with ornamented silica. They consist of two halves, one of which 

fits inside the other. Each half is tenned a valve and the two valves are linked by 

a series of silica structures called girdle elements. The whole protoplast encasing 

structure is called the frustule. Diatoms can be divided into two major groups: 

centric and pennatc. The majority of free-living motile forms belong to the 

Biraphidineae (possess raphes systems on both valves) arc always pennate and 

have bilateral symmetry (Round 1971). The raphe structure is synonymous with 

the ability of these cells to adhere and glide whilst leaving behind a train of 

mucilage (Poulsen et al. 1999). The evolution of motility has contnbuted to the 

ubiquitous success of pennate diatoms. 

Diatoms first became abundant in the fossil record 100 million years ago, 

in the Cretaceous period. Round (1981), Round and Crawford (1981,1984) and 

Mann and Marchaant (1989) propose that diatoms evolved from a scaly ancestor. 

Their scheme suggests that two major scales evolved into dome shaped valves 

and others became the girdle bands. The radiation from this point is unknown 

(Medlin et al. 1993) and many of the species present in the late Cretaceous are 

morphologically similar to modem counterparts. The centric diatoms evolved in 

the early Cretaceous period (Gersonde and Harwood 1990) with pennate diatoms 

following in the late Cretaceous (Harwood 1988). The first pennate diatoms were 
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araphid (non-motilc) with motile forms not appearing in great numbers until the 

Eocene (Medlin et al. 1993). 

Diatoms occur in a wide range of terrestrial and marine habitats ranging 

from sea ice to desert soils (Admirall 1984). The presence of visible biofilms on 

estuarine intertidal sediments were reported as early as 1907 (Fauvel and Bohn). 

Estuaries are bodies of transitional waters; fort-ning a boundary zone between the 

land and the oceans, where fresh and salt water intermix. A prominent and 

geomorpho logical feature of estuaries and semi-enclosed bays are extensive 

inter-tidal mudflats (De Jonge and Colijn 1994). Estuaries are one of the most 

productive marine ecosystems (Underwood and Kromkamp 1999). 

Photosynthetic microorganisms adapted to surviving in estuarine sediments are 

termed microphytobenthos. Diatoms often dominate these communities 

(Admiraal 1984; Underwood 1994; MacIntyre et al. 1996; Underwood and 

Kromkamp 1999) but euglenid and cyanobacterial species also thrive. 

Microphytobenthos can be divided into two life fon-ris: non-motile attached 

(epipsammon) and motile free-living (epipelon). Epipelon is the term given by 

Round (1981) to the several groups of eukaryotic and prokaryotic micro-algae 

that have become adapted to living in, and moving through, fine cohesive 

sediments. The high levels of microphytobenthic primary production makes these 

areas important feeding grounds for invertebrates, wading birds and fish (Heip et 

al. 1995). The presence of microphytobenthic biofilms and extracellular products 

serves to protect these areas from erosion and ston-n damage by dissipating wave 

action (Grant et al. 1986; Paterson, 1989; Heinzelmann and Wallisch 1991; 

Underwood and Paterson 1993; Paterson 1994; Madsen et al. 1993; Yallop et al. 

1994). 
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Intertidal mudflats may be classified as high light environments 

(Pinckney and Zingmark 1991). Light is one of the factors that controls the 

occurrence of microphytobenthic species over short and long time periods, and 

over horizontal and vertical scales. The majority of m1crophytobenthic biomass 

is located in the mid to top shore region (Underwood and Kromkamp 1999) 

experiencing a longer photo-period than the low shore but avoiding the 

deleterious effects of extended periods of light and the desiccation stresses 

associated with the uppermost shore. 

1.2.1. Photosynthetically active radiation 

The movement of energy through space, radiation, is critical for most life 

forius. In 1900 Max Planck determined that electromagnetic radiation is 

absorbed and emitted in discrete bundles or particles of energy. These particles 

are called photons and the amount of energy contained in a single photon is a 

quantum. Light has the characteristics of a particle and a vibrating wave. There is 

an inverse relationship between energy and wavelength i. e. blue light has a 

shorter wavelength and more energy. Visible radiation in the 400-700 nm range 

is tenned photosynthetically active radiation (PAR) and can be used for 

photosynthesis. 

The amount of PAR striking the sediment surface varies over many time 

scales (diurnally, sub-seasonally, seasonally and annually). Light reaching the 

organisms is subject to a periodicity that strongly depends upon the phasing of 

diurnal and tidal rhythms (Colijn 1982; Ser6dio and Catarino 1999). 

Microphytobenthos will have a longer/shorter photoperiod based upon diurnal 
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cycles related to time of year. Photoperiod is also controlled by tidal inundation, 

estuarine waters are characteristically turbid and the incoming tide can mark a 

period of darkness (Serbdio and Catarino 1999). The phasing of tidal and diumal 

cycles means that length of photoperiod can vary greatly over a monthly period 

and the microphytobenthos must adapt to short photoperiods, maximising their 

photosynthetic capacity and energy expenditure. 

The light environment within aquatic systems and the relationships 

between light and aquatic organisms have been well studied (Kirk 1983; 

December issue of Limnology and Oceanography 1989). However, knowledge of 

the optical proper-ties of sediments and biofilms remains limited in spite of the 

importance of understanding the light climate (Kiihl and Jorgensen 1994) and its 

control of primary productivity and other light related behaviours. 

1.2.2. Measuring light 

Light measurements can be divided into photometric and radiometric 

measurements. Photometric measurements are not based upon fundamental 

physical properties and therefore will not be considered further. Radiometric 

measurements are based upon physical properties of the electromagnetic 

radiation (e. g. energy or number of photons). Photon flux density (PFD) is the 

most used term describing number of photons arriving at a particular surface 

within a certain time period (expressed as moles photons m -2 S-1). Photosynthetic 

photon flux density (PPFD) is the number of photons within the wave band 400- 

700 nm that arrive at a particular surface within a certain time period and is 

expressed as moles photons M-2 s-1. Most light meters measure PFD or PPFD. 
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Traditionally, the light absorbing characters of sediments were measured 

by sedimenting out thin layers of sediment or benthic microalgae over a light 

sensor (Hoffman 1949, as cited in Kahl and Jorgensen 1994; Jorgensen and Des 

Marais 1986). This technique does not preserve the sediment structure, may not 

measure light at a scale relevant to the organisms, and destroys the natural 

sediment matrix. 

Light striking the sediment surface is not necessarily representative of the 

light that the microphytobenthos are receiving. The advent of micro-sensors has 

made it possible to not only measure light (intensity and quality) at the surface, 

but also directly within the biofilm (non-destructively) and with a resolution of 

50-100 gm (Jorgensen and Des Marais 1986; Jorgensen and Nelson 1988; Dodds 

1989; Lassen et al. 1992), yielding highly detailed information about light 

attenuation (Kiihl and Jorgensen 1994). The attenuation co-efficient of light is 

termed k and is calculated using de Beers law (Equation 1.1). The lower the k 

value the deeper light penetrates into the sediment. The depth units for k in 

sediments are mm or gm compared to m as is seen in most texts for pelagic 

systems. The cuphotic depth (Zeu) is usually defined when light intensity 

becomes <1% of surface irradiance. 

1, = loe -kZ 

Iz = light intensity at depth z Equation 1.1. de Beers law 
lo = light intensity at the surface 
Z= depth 
k= attenuation co-efficient of light 

Early mini-sensors demonstrated rapid light attenuation, but their light 

collecting properties were not well-defined (Uhl and Jorgensen 1994) and only 

measuring unidirectional light. Scalar irradiance is defined as being spherically 
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integrated ligbt around a point in space (Dodds 1992; Lassen et al. 1992; Ktifil 

and Jorgensen 1994) and can be directly related to the light field that the 

microphytobenthic cells are experiencing. 

1.2.3. Light absorption and scattering 

The sediment photic zone can vary from a few tenths of a mm (Colijn 

1982) to several mm (Lassen et al. 1992; Paterson et al. 1998). Paterson et al. 

(1998) noted that PAR consistently declines to < 30 % in I mm, with the I% 

value occurring in the upper 1.8 mm of intertidal cohesive sediments. 

Light striking the sediment surface will be subject to intense absorption 

and scattering (Lassen et aL 1992; Kijhl and Jorgensen 1994; Maclntyre and 

Cullen 1995; KUhl et al. 1997) because of the photosynthetic organisms present, 

as well as the high density of sediment particles and exopolymers (Kiihl and 

Jorgensen 1994; KOhl et aL 1997). The upper layers of a biofilm community 

attenuate a large proportion of the incoming light (Dodds et al. 1999). Sediments 

containing photosynthetically active pigments have markedly different 

absorbance and reflectance characteristics than those without (Paterson et al. 

1998). Community type will differentially affect the spectral composition, 

depending on the absorbance characters of the pigment groups for example 

diatomaceous sediments have been found to have an absorption maxima at 675 

nm, representing chlorophyll a (Kiihl and Jorgensen 1994). The highly 

heterogeneous light field may also be attributed to uneven surface topography, 

the biofilm matrix, light channels from burrowing animals and oxygen bubbles 

(Lassen et al. 1992; KUM et al. 1997). A major part of the light that the 

organisms receive is scattered (Jorgensen and Des Marais, 1988; Kiihl and 
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Jorgensen 1994; KOhl et al. 1994) and therefore it is essential to measure scalar 

irradiance in these communities. 

Light attenuation co-efficient (k) values have been demonstrated to vary 

with sediment type and moisture content. Wet sand has a lower surface 

reflectance to dry sand and more forward biased scattering, consequently light 

penetrates deeper in wet sands (k = 1.75 mm-) compared to dry sands (k = 2.34 

mm-1) (Kiffil and Jorgensen 1994). 

Light is not always attenuated and can be amplified in the top layers of 

the sediment/biofilm. Light has been recorded to reach a maximum of 150 % of 

incident light from the visible part of the illuminating spectrum at the sediment 

surface due to reflection (Lassen et al. 1992; Kiffil and Jorgensen 1994). 

However, despite this increase, point scalar irradiance still decreases 

exponentially with depth (Lassen et al. 1992). As depth increases, backscattered 

light is determined to make up more of the radiance (Lassen et al. 1992). Depth 

of penetration varies for radiation of different wavelengths. Machityre and 

Cullen (1995) determined an inverse relationship between the attenuation co- 

efficient and wavelength. The spectral composition significantly changed with 

depth such that by 1.4 mm the blue light was reduced to 2% of that available in 

incident light whilst 50 % of infra-red radiation was still available. Most 

absorption occurred at the wavelengths 430 nm and 675 nm, which corresponds 

to the peaks in absorbance spectra for chlorophyll a. The light field around 

micro-algae strongly differs from incident light, both in intensity and spectral 

composition (Kiihl and Jorgensen 1994). 

Because of spatial variation it is essential to match light and 

photosynthesis measurements as closely as possible. Light intensity is an 
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important factor controlling benthic algal productivity (Whitney and Darley 

1983) but we do not fully understand how it changes as a function of the 

sediment environment. Traditionally work examining the effect of light intensity 

on primary productivity was conducted on cultures or in slurrys, neither take into 

account the light environment of natural systems (Whitney and Darley 1983). To 

not consider how light changes as a function of depth and sediment/biofilm type 

may result in inaccurate calculations of primary productivity. Therefore, if 

primary productivity is to be calculated and modelled correctly it is essential to 

accurately model the light climate within these systems using fibre-optic scalar 

microsensors. 

1.3. Photosynthesis 

The evolution of photosynthesis was a major event contributing to the 

diversity of life that we see today. Micro-algae are responsible for the majonty of 

the pnmary production in aquatic enviromnents (Characklis and Marshall 1990). 

Photosynthesis is use of light energy (by autotrophs) to synthesise organic 

compounds from inorganic carbon. In 1929 Van Niel (Wessells and Hopson 

1988) proposed the reactions that produce oxygen and carbohydrates from water 

and carbon dioxide (Equation 1.2). 

I 6CO2+ 12H20 I- 
C6HI206+602+6H20 Equation ý1.2 

The process of photosynthesis can be divided into two sets of reactions 

occurring in the cell chloroplasts: the thylakoid membrane bound light reactions 

(splitting H20) and carbon reduction reactions (forinerly the dark reactions) 
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which occur in the stroma. Diatoms can utilise C02 and bicarbonate ion (HC03 ) 

as sources of carbon. 

1.3.1. The photosynthesis light reactions. 

1.3.1.1. Light absorption 

Chlorophyll a is the ubiquitous pigment found in all eukaryotic plants as 

well as the prokaryotic cyanobacteria. In addition to chlorophyll a, a variety of 

other chlorophyll compounds occur (forins a to e), but a is the main one 

absorbing in the red (650 - 700 nm) and blue (400 - 450 =) bands of the 

spectrum. Each pigment type has different absorption capabilities (its absorbance 

spectrum) based upon its structure. Algal cells and higher plants also have 

accessory pigments, which increase the wavelengths of light which can be 

absorbed. For example, all plants contain carotenoid pigments (carotenes and 

xanthophylls) which absorb in the range 460 - 550 nm. 

1.3.1.2. Energy conversion 

Pigment molecules have a ground state where all the electrons inhabit 

low stable electron orbitals (E'). A single electron can acquire energy from a 

single photon if the photon has the exact amount of energy required to boost the 

electron to the next orbital. A pigment molecule with an electron boosted to a 

higher orbital is described as excited. This excited state is transient and the 

absorbed energy is lost in one of four ways: 
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1) To neighbouring molecules as molecular motion (heat) 

2) Through fluorescence: emitting another photon in the red band (lower 

energy, longer wavelength) 

3) Through passing energy to a neighbouring molecule and boosting another 

electron to a higher orbital, enabling this molecule to reach an excited state 

4) Through driving a chemical reaction. 

These processes are competitive and a decrease in one marks an increase in 

another. 

On each thylakold disk, hundreds of pigment molecules are found in 

compact aggregations called antennae complexes. These complexes work as an 

antenna, channelling energy towards a reaction centre chlorophyll a protein 

complex. There are two types of reaction centre chlorophyll a, P700 and P680. 

P700 is pigment 700 and most strongly absorbs photons with a wavelength 

around 700 nm, whilst P680 absorbs photons around 680 nm. Surrounding the 

reaction centre chlorophyll is an electron acceptor and an electron donor: this 

aggregation is termed the photosystem. The P700 photosystem is called 

Photosystem I (PSI) and the P680 photosystem is called Photosystem 11 (PSII). 

The light reactions have been characterised as aZ pathway (Figure 1.1). 

When a photon strikes P680 an electron is elevated to an excited state. The 

molecule is highly unstable and the electron is passed to phaeophytin. The 

electron is then transferred to quinone acceptor QA and then to quinone acceptor 

QB. The electron remains here. At the same time, the now oxidised P680 is 

reduced by the electron donor, Yz (tyrosine in the reaction centre protein DI). 

H20 is split by the oxygen evolving complex and re-reduces Yz+ whilst releasing 
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oxygen. An oxygen molecule as well as four hydrogen ions are released for every 

tWO H20 molecules oxidised. Photon absorption initiates the transfer of another 

electron through phaeophytin to QA and then to QB. At the same time two protons 

are picked up from the surrounding medium to produce a fully reduced QBH2. 

This then dissociates from the membrane to transfer its electrons to the b6-f 

complex and during this process 4 protons are released into the lumen. An 

oxidised quinone becomes the new QB- Plastocyanin transfers electrons from the 

b6-f complex to P700, therefore is the electron donor for P700. The protons in 

the lumen (from the splitting of H20 and QB transfer) diffuse to the enzyme ATP 

synthase, and down an electrochemical energy gradient into the stroma to 

synthesise ATP. ATP is used in the carbon reduction reactions (Calvin cycle). 

Energy is being funnelled to P700 from its antennae complex and the 

electrons are elevated to a higher level than in photosystern 11. The electron 

acceptors for PSI are highly unstable and therefore have not been identified. One 

of the early acceptors is thought to be a chlorophyll (Ao) pnor to a quinone (A, ). 

A series of iron-sulphur proteins (FeSx, FeSB and FeSA) transfer energy to 

ferredoxin (Fd). The soluble protein ferrodoxin-NADP reductase (Fp) reduces 

NADP + to NADPH, which is also used in the Calvin cycle. NADP+ is the final 

electron acceptor in the Z scheme that started with the oxidation of H20. 

The accessory pigments, the carotenoids, are intimately associated with 

both the antennae and reaction centre chlorophylls. Whilst they rapidly transfer 

energy to chlorophyll, the efficiency of energy transfer from carotenold to 

chlorophyll is less than chlorophyll to chlorophyll. Carotenoids can therefore 

have protective functions regarding the photosynthetic apparatus, dissipating 
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excess energy and quenching harinful reactive species such as singlet oxygen and 

excited chlorophyll (Frank and Cogdell 1996; Brown et al. 2000). 

Diatoms have a light activated cycle called the diadinoxanthin- 

diatoxanthin cycle (Olaizola and Yamomoto 1994; Figure 1.2). The increase in 

H+ ions in the lumen generated during the light reactions reduces the pH, which 

activates this cycle. Diadinoxathin is de-epoxidated to diatoxanthin as the light 

level increases. Diatoxanthin is less efficient at transferring energy and therefore 

plays a vital role in preventing photodamage (Robinson et al. 1997). This process 

is termed Non-Photochemical Quenching (NPQ). Beta-carotene also serves a 

similar function. 

67ýýý 
Diadinoxanthin Diatoxanthin 

Increasing light level 

> 

Increasing efficiency of energy transfer to 
Chlorophyll aI 

Figure 1.2: Diadinoxanthin-diatoxanthin cycle 

PAM (pulse amplitude modulated) fluorescence is increasingly being 

used as an ecological tool and is based upon the fluorescence properties of PSIl 

and to a lesser degree PSI. Therefore it is essential to understand the processes 

involved in the light reactions (above). Whilst outside the scope of this study the 

carbon reduction reactions will be discussed briefly. 
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1.3.2. The Photosynthetic carbon reduction cycle (the dark reactions) 

The reduction Of C02 to carbohydrate is coupled with the consumption of 

the NADPH and ATP generated during the light reactions. In all eukaryotic 

organisms this process is termed the photosynthetic carbon reduction (PCR) 

cycle (or the dark reactions) and occurs in the stroma. The PCR reaction is also 

known as the Calvin-Benson Cycle after the scientists who first modelled it 

(Figure 1.3). Atmospheric C02 IS combined with ribulose 1,5 bisphosphate to 

fon-n two molecules of 3-phosphoglycerate. This first reaction is catalysed by 

ribulose bisphosphate carboxylase oxygenase (Rubisco). 3-phosphoglycerate is 

phosphorylated to 1,3 -bi sphosphoglyc crate, which is then reduced to 

glyceraldchyde-3 -phosphate. Two of these three carbon molecules condense to 

fonn fructose 1,6 bisphosphate, which can be converted to glucose or built into 

larger polymers. However, to ensure that the cycle continues, ribulose 1,5 

bisphosphate must be regenerated and therefore the cycle must occur 6 times to 

generate one carbohydrate molecule. Whilst this may seem energetically 

inefficient it is still more efficient than most human made machines. 

1.3.3. Photosynthesis measurements 

Photosynthesis has been measured using a variety of techniques, which 

examine different stages of the reactions discussed above: 

1) Bell jars/benthic chambers: measuring carbon dioxide uptake/oxygen 

evolution (e. g. Ramussen et al. 1983; Colijn and de Jonge 1984). 

2) Oxygen microelectrodes: measuring oxygen concentration within the biofilm 

and into the water columnlair (Revsbech and Jorgensen 1983; Pinckney and 

14 



Light reactions 

6CO2 3-Phosphoglycerate (3C) 
2ATP 

2 ADP + Pi 
Ribulose 1,5 bisphosphate 
(5C) 1,3-Bisphosphoglycerate (3C) 

2 NADPH 

ADP 2 NADP+ 
Light reactions 

Pi 

OATP 
Glyceraldehyde-3 -phosphate (3C) 

Light reactions 

Fructose 1,6 bisphosphate (6C) 

Glucose-6-phosphate (6Q 

Figure 1.3: The Calvin-Benson Cycle (see text for explanation). It should be 

noted that the figure has been simplified as a full schematic is outside the scope 
of this work. After Wessells and Hopson (1988). 
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Zingmark 1993; Yallop et al. 1994; Heip et al. 1995; Krornkamp and Peene 

1995; Kühl et al. 1996). 

3) 14 C Radiotracers: measure carbon entering photosynthesis in slurries 

(Blanchard and Canou-LeGall 1994; Maclntyre and Cullen 1995) and intact 

biofilms (Smith and Underwood 1998; Miles and Sfindback 2000; Perkins et 

al. 2001). 

4) Fluorescence. This will be discussed in more detail. 

This study used fluorescence (light energy re-emitted in the red band by 

chlorophyll a). In vivo fluorescence is emitted from the whole antenna complex, 

not simply the reaction centre, chlorophylls. At room temperature most of the 

fluorescence measured comes from photosystem 11, PSI only making a small 

contribution (Krause and Weis 1991). 

When there are no photons striking the antennae complex (i. e. in the 

dark) the reaction centres are described as "open" (Figure 1.4). QA will be fully 

oxidised and fluorescence will be at its minimum (F,, ). If a saturating beam of 

light is applied, sufficient to close all the reaction centres, the fluorescence signal 

will reach its maximum (F,, ). All QA become completely reduced (QA-)- 

In the light, photons stnke the antennae complex and excite the pigment 

molecules. Some of the reaction centres will close (QA- -) and the fluorescence 

signal will increase (F'). F' is the fluorescence yield proportional to the closure 

of the reaction centres, induced by the application of actinic light, hence F' 

should increase with increasing light level. The application of a saturating beam 

under ambient light conditions induces the maximal fluorescence in the light 

adapted state: Fm'. Generally Fm' is lower than Fm. This is caused by NPQ 
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which is a form of down regulation that diverts some of the light energy away 

from the PSII reaction centre (see section 1.3.1.2). 

By understanding the pathways involved in photosynthesis and 

fluorescence the above parameters can be used to draw inferences about 

photosynthetic efficiency and electron transport rate as well as use fluorescence 

as an ecological remote sensing tool. 

The difference between the dark adapted maximum (F,, ) and minimum 

(F, ) fluorescence is the variable fluorescence (F,; Equation 1.3). In the light 

adapted state the difference between the fluorescence yield (F') at a particular 

light level and the light adapted maximum fluorescence (F,, ') is defined as Fq', 

this being the fluorescence proportional to photochemical quenching and the 

proportion of remaining reaction centres open and available for photochemistry 

(Equation 1.4). 

F,, - F, = F, Equation 1.3 
F,, '-F' = Fq' Equation 1.4 

These terms are after Oxborough et al. (2000) and have become widely 

accepted in fluorescence studies of estuarine microphytobenthos (Honeywill 

2001; Perkins et al. 2002; Underwood 2002) as well as in higher plants 

(Oxborough and Baker 1997; Parr et al. 2002). 

The light utilisation efficiency can be calculated using these yields of 

fluorescence, either as a theoretical maximum efficiency in the dark-adapted 

state or as the efficiency at a particular light level in the light adapted state 

(Equation 1.5). As light level increases the light utilisation efficiency decreases; 

there are more reaction centres closed and therefore unable to take advantage of 

16 



Chap-wil I 
-(_, 

I C 1)(2 F: l, 1,111 tl-(-) Iý! 'ý I 

increases in light energy. A decrease in this parameter can also be indicative of 

stress (Underwood and Kromkamp 1999 and references therein). 

Light utilisation Fa' 
Gentyfactor 

Equation 1.5 
Efficiency Fn 

Using the light utilisation efficiency parameter the electron transport rate (ETR) 

can be calculated (Equation 1.6 after Sakshaug et al. 1997). 

ETR = E. ' x PPFD x a* 
F�' 2 

Equation 1.6 

ETR is the electron transport rate 
PPFD qtMol M-2 s-1) is the photosynthetically available photon flux density- 
divided by 2 assuming photons divide equally between PSI and PSIl 
a* is co-efficient of light absorption 

a* is not alw - ays measurable, if this terin is removed from the equation 
Relative ETR (rel ETR) is calculated 

1.3.3.1. Measuring fluorescence 

To measure fluorescence, a system sensitive enough to detect 

fluorescence wavelengths but able to discriminate the light that drives 

photochemistry (actinic) is required. Some continuous excitation fluorometers 

exist but can only detect a fluorescence signal in the dark, therefore their use is 

limited. Pulse amplitude modulated (PAM) fluorometers can be used under many 

light regimes, exposing the samples to short (ýtsecond) pulses of light (the 

modulated measuring beam) with a relatively long lag between pulses. This 

induces fluorescence but not a photochemical reaction (Schreiber et al. 1986). 
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This electronic method can separate actinic light from the fluorescence signal 

(6gren and Baker 1985). The modulating beam can be set to different 

wavelengths to reflect the different excitation spectra of different groups of 

plants/algae. A blue measuring light has been determined to be optimal for green 

algae and diatoms, whereas a red measuring light is optimal for cyanobacteria 

(Yentsch and Yentsch 1979; Honeywill et al. 2002). 

Oxborough and Baker (1997) developed an instrument capable of 

measunng variable chlorophyll a fluorescence from individual cells/organelles. 

High resolution fluorescence imaging has revolutionised microphytobenthic 

studies. This equipment (of which there is only one in the United Kingdom, at 

Essex University) enables not only the examination of the whole biofilm but also 

the photochemical behaviour of individual cells within intact biofilms 

(Oxborough et al. 2000). 

1.3.4. Effects on photosynthesis 

1.3.4.1. Light 

Relationships between light intensity and photosynthesis are examined 

using Photos ynthesis-Irradiance (P-E) curves. These curves follow changes in 

photosynthesis (e. g. oxygen evolution, ETR and C02 fixation are often used as 

proxy measures for photosynthesis) related to changes in light intensity (e. g. 

PFD/PPFD) (Figure 1.5). These curves characteristically show an increase in 

photosynthesis up to a point (termed P,,,, ) where the curve becomes light 

saturated. The light level at which this occurs is ten-ned Es. The slope of the 

initial linear part of the curve is termed alpha (a). This is the part of the curve 

is 
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where photosynthetic rate is limited by light. Low light adapted species will have 

a higher alpha to maximise the efficiency of light harvesting, but will also reach 

saturation at a lower light level resulting in a lower P ..,. Species adapted to high 

light do not need to be as efficient at light harvesting as light is unlikely to be a 

limiting factor, therefore may have a lower alpha but have higher Pmax. To 

account for changes in biomass the parameters are often normalised to biomass 

e. g. chlorophyll a and this is denoted with a *. 

P 

Figure 1.5. P-E Curve: 
Response of a photosynthetic 
parameter to light 
(see text for explanation). 

Above the light level at which the photosynthetic rate saturates, excess 

light may become damaging to the light harvesting complex/photosystem and 

this is ten-ned photoinhibition (P; Warwick et al. 1984). Several reasons have 

been suggested as to why photosynthesis becomes suppressed at supra-optimal 

light levels: increase in photorespiration, enzymes become damaged/destroyed or 

the electron transport chain is down regulated. By inactivating the chlorophyll 

reaction centres, cells may be able to prevent damage by intense light (Warwick 

et al. 1984). Photoinhibition has rarely been recorded in intact migratory 

microphytobenthic biofilms and it has been postulated that cells within a b1ofilm 

migrate downwards in response to damaging surface irradiances (Kromkamp et 

al. 1998). Therefore, a biofilm can maintain high rates of primary productivity 
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whilst cells minimise their exposure time to potentially damaging light 

intensities. 

Microphytobenthic diatoms tend to be shade-adapted, exhibiting 

maximum efficiencies at lower irradiances (Pinckney and Zingmark 1993). The 

primary productivity of intertidal epipelic diatoms can proceed at a maximum 

level at only 14% of the mid-day sun (approximately 2000 [IM01 M-2 s-1) (Taylor 

1964 as cited in Brown et al. 1972). The ability of cells to photoacclimate to 

low/high light intensities as well as changes in spectral composition has been 

documented (Falkowski and La Roche 1991), and this ability was concluded to 

have an important role in buffering photosynthetic performance at low 

irradiances. Cells can alter their biofilm position (Kromkamp et aL 1998, 

Paterson et al. 1998; Perkins et al. 2002), change their pigment/lipid composition 

and alter their rate of respiration and growth (Falkowski and La Roche 1991) as 

well as switching on non-photochemical quenching (NPQ) to maximise 

photosynthetic output under various light regimes. 

1.3.4.2. Temperature 

Estuarine sediments are heated at low tide by solar insolation and cooled 

by the incoming tide. Temperature is assumed to be homogeneous in the 

horizontal plane (Guarini et al. 1997) with temperature changes occurring most 

rapidly in the top mm, the vertical region in which primary production occurs 

(Blanchard et al. 1996). Inter-tidal mudflats are subject to wide temperature 

fluctuations ranging from hourly to daily (in response to tides and the weather) to 

over a seasonal scale (Harrison 1985; Blanchard et al. 1996). 
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Temperature is a major factor controlling the rate of photosynthesis in all 

plants (Davison 1991). Short-term changes in temperature have been shown to 

have significant effects on microphytobenthic primary productivity (Blanchard et 

al. 1996). Photosynthetic maxima can increase up to an optimum temperature 

(Topt) before declining to a maximum temperature (Tmax) where photosynthesis 

ceases completely. Blanchard et aL (1996; 1997) investigated how photosynthetic 

maxima vary with season. Under light-saturating laboratory conditions it was 

determined that the photosynthetic maxima varies with season, but optimum 

temperature (-25'C) does not. Optimum temperature occurs for only a short part 

of the year (coinciding with the spring bloom) and therefore in situ species 

photosynthesise at a sub-optimal rate both in summer and winter. The summer 

decrease in photosynthetic maxima may partially be attributed to the temperature 

increase (approaching Tmax) as well as an increase in grazing activity. One must 

not rule out the possibility that any variation in photosynthetic maxima might be 

attributed to differences in community composition (Blanchard et al. 1996). 

Low doubling rates have been attributed to low rates of primary 

productivity (Admiraal and Peletier 1980) both are significantly affected by 

temperature over hourly and seasonal scales (Blanchard et aL 1996). 

1.4. Measuring biomass 

Techniques such as light microscopy and LTSEM are used to examine 

microphytobenthic diversity but sometimes it is essential to have a measure of 

biomass, particularly when related to primary productivity. 
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Introduction 

1. Pigments 

Chlorophyll a, the principle photosynthetic pigment, is frequently used as 

a proxy for microalgal biomass in marine systems (Blanchard et al. 2000). 

Studies conceming epipelic algae are complicated because of the larger variety 

of pigments and breakdown products found in sediments than in the water 

column. Traditionally fluorometric and spectrophotorneffic methods were used in 

plankton research. However in sedimentological studies the presence of other 

pigmentsibreakdown products may affect the deten-nination of chlorophyll a; 

these are rapidly dispersed in the water column but remain in sediments for 

longer. Thin layer Chromatography (TLC) and High Performance Liquid 

Chromatography (HPLC) allow ease of separation of pigments/ breakdown 

products and have been successfully deployed in sediment studies. 

The Cryolander Core method (Wiltshire et al. 1997; chapter 2) freezes 

sediments in situ enabling samples representative of field conditions to be 

brought back to the laboratory. Undisturbed frozen sediments can then be micro- 

sectioned at 200 [tm depth intervals prior to HPLC analysis. The cryolander 

eliminates the problems, outlined by Kelly et al. (2001) and Underwood and 

Kromkamp, (1999), associated with diluting the photo synthetic ally active 

biomass by sampling deeper than the photic depth. Micro-scale changes in 

pigment content and composition can be used to infer changes in biomass and 

therefore migration (Paterson et al. 1998; de Brouwer and Stal 2001). Pigment 

content can be expressed per area, volume or weight. Honeywill (2001) showed 

an increase in pigment concentration (per area) corresponded with a decrease in 

content (per weight). 
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Depth distribution studies of chlorophyll a in microphytobenthic biofilms 

have shown that the biomass is normally always concentrated in the top 2 mm 

(Honeywill 2001; Kelly et al. 2001) and further to this in the top 200 gm (de 

Brouwer and Stal 2001; Honeywill 2001; Kelly et al. 2001). However, de 

Brouwer and Stal (2001) determined that this distribution is time dependent and 

changes with light and dark conditions. In the dark chlorophyll a was uniformly 

distnbuted within the top 2 mm. 

In diatoms the two main pigments found in the antenna complex with 

chlorophyll a are chlorophyll c and fucoxanthin, therefore their presence is 

indicative of diatornaceous samples. Photosynthetic pigments can be used as 

taxonomic tools, to indicate groups that might otherwise be missed (Millie et aL 

1993). Pigments in the water column can also act as indicators of erosion events 

(Wiltshire et al. 1998) and as hydrological markers (Wiltshire et al, 1995). 

Pigments may also be utilised to indicate the general health of a population; the 

presence of breakdown products may be indicative of cell death e. g. through 

grazing (Cariou-Le Gall and Blanchard 1995) or some other trauma. 

1.4.2. Remote sensing 

The methods used for pigment sampling are destructive (e. g. cryolander). 

Remote sensing (RS) techniques use the optical properties of the sediments and 

biofilms to make inferences about the distribution/abundance of benthic 

autotrophs (Kromkamp et al. 1998; Paterson et al. 1998) without interfering with 

the sediment surface. Spectral reflectance and fluorescence have both been 

applied to the field of benthic ecology. 
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Spectral reflectance studies examine the downwelling irradiance and the 

upwelling radiance emanating from the sediment surface. Upwelling radiation 

represents that not absorbed or used by photosynthetic organisms. Therefore 

spectral reflectance signatures can vary with time in exposure period, biomass 

and pigment composition (Paterson et al. 1998). To affect the spectral signature, 

cells must move to with 0.2 mm of the surface, highlighting the sensitivity of this 

technique (Paterson et al. 1998). 

As discussed above fluorescence emanates from the pigment bed and 

therefore an increase in chlorophyll a should give a higher fluorescence yield. 

(Ser6dio et al. 1997,2001; Kromkamp et al. 1998; Barranguet and Kromkamp 

2000; Honeywill 2001; Perkins et al. 2001; Honeywill et al. 2002). Scientists 

have pioneered the use of minimum fluorescence, F, (Ser6dio et al. 1997,2001) 

and F, 15 (samples dark adapted for 15 minutes; Honeywill 2001; Honeywill et al. 

2002) to monitor changes in biomass in the surface layers of intertidal sediments. 

There are many critics of this techniques but a positive correlation between 

chlorophyll a in the top 200 Vm of the sediment surface and F, 15 (r = 0.84) has 

been described under a range of conditions (Honeywill et al. 2002). The method 

has successfully been deployed to follow changes in biomass (Honeywill 2001; 

Scr6dio et al. 2001; section 1.6.1). The advantages of this technique are that it is 

quick, non-destructive and deployable in situ with a portable fluorometer. 

However, RS does require considerable, and destructive, ground truthing. It is 

essential to appreciate that RS is examining changes that reflect the pigment 

characters of the biofilm and as discussed above, pigments are a only a proxy for 

biomass. 
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1.5. Diatom motility 
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Movement is the basis of epipelic diatom ecology (Round 1971,198 1). 

In the unstable estuarine environment, burial and erosion events may be 

frequent, making motility an essential prerequisite for life (Round 1971). Any 

examination of motility must appreciate the different forces that act on cells in 

this environment and the importance of viscosity relative to small cells. Edgar 

(1982) estimated a 100 ktm cell to have a Reynolds number of 10-4 which means 

that coasting is not possible (Round et al. 1990). Ehrenberg (1838) first recorded 

diatom movement but much still remains to be elucidated about the motility 

system of diatoms (Cohn et al. 1999). The hard silaceous nature and lack of 

discernible change in the protoplast of diatoms rules out an amoeboid (or 

euglenoid, in euglenid cells) or ciliary based motility (Cohn and Disparti 1994; 

Cohn et al. 1999) and flagellate movement is only used dunng the gamete phase. 

Motility has been hypothesised to be associated with the raphe structures, based 

upon the fact that movement often reflects the shape of the raphe (Round et al. 

1990). 
Adhesion of the cell to a solid substratum is necessary for locomotion 

(Drum and Hopkins 1966) and secretion and locomotion are inextricably linked 

(Lind et al. 1997). Mucilage strands, perpendicular to the raphe slit, can be seen 

protruding from the external raphe fissure (Edgar 1983). Adhesion to the 

substratum non-nally occurs at the posterior terminal pole and as the cell moves it 

leaves bebind a train of mucus or extracellular polymeric substances (EPS) 

(Paterson 1989). This mucilage moves through the raphe at speeds similar to the 

cells, further implicating its role in motility (Edgar and Pickett-Heaps 1984). 

Acidic polysaccharides are the main components of EPS with some species 
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specific proteins having also been found (Lind et al. 1997; Staats et al. 1999) but 

no lipids. It is unknown whether EPS excretion is localised and redistributed 

along the raphe or if it is secreted along the whole raphe (Edgar 1983). The 

presence of a hydrophobic lipid coat over the raphe silica aids the flow of EPS 

(Edgar and Pickett-Heaps 1984). EPS can be seen inside vesicles (Round et al. 

1990) but the exact site from which it is excreted remains unknown. Once the 

EPS has reached the end of the raphe it is detached and cells leave behind a 

discontinuous trail of EPS; it remains an adhesive and cells and particles become 

embedded in an EPS matnx. 

Models have been developed to explain the role of EPS in motility. Drum 

and Hopkins (1966) first described fibrillar bundles running parallel with the 

raphe and positioned beneath the plasma membrane. These bundles are 

comprised of filamentous actin (Edgar and Zavortink 1983; Poulsen et al. 1999) 

and their association with the mucilage strands provides circumstantial evidence 

to a system of actin motility in diatoms (Edgar and Pickett-Heaps 1982). Edgar 

and Pickett-Heaps (1984) suggested an Adhesion/Traction model whereby EPS 

strands adhere to the substratum whilst connected to free transmembrane 

structures which are moved along the raphe through their interaction with actin 

bundles (Edgar and Zavortink 1983; Round et al. 1990). 

Each diatom species has a limited range of speeds over which it can 

travel (Edgar and Pickett-Heaps 1984), in the region of 0.2 Ams-1 (Hay et al. 

1993). Because of the complex sediment substratum, movement is difficult to 

quantify and many estimates are based upon horizontal movements, which are an 

order of magnitude higher than quoted above. Diatoms do not inhabit a 2- 

dimensional world and therefore there are inherent problems associated with 
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applying speeds obtained on one plane in an artificial substratum to the natural 

environment. 

1.5.1. Extracellularpolymenc substances 

Many aquatic organisms e. g. diatoms, cyanobacteria and bacteria secrete 

extracellular polymeric substances. These substances have been described as 

slime, mucus, mucilage, glycocalyx and exopolymer (Underwood et al. 1995). 

However, extracellular polymeric substances (EPS) have been formally defined 

as long chain molecules produced and secreted by microbial metabolism 

(Underwood et al. 1995). 25% of colloidal carbohydrate in estuarine sediments 

has been measured as EPS (Underwood and Smith 1998). 

Underwood and Smith (1998) derived a colloidal carbohydrate/ 

chlorophyll a model, strongly supporting the hypothesis that colloidal 

carbohydrate is derived from epipelic diatoms. Motile diatoms are considered to 

be the main source of EPS in estuarine sediments, based upon the quantities 

which they secrete as they move, as opposed to bacteria and non-motile cells 

which only use it as a cell coating (Underwood et aL 1995). The role of EPS in 

diatom motility was discussed above (section 1.5) but is also essential at the 

ecosystem level. EPS play a vital role in mediating the cntical erosion threshold 

of sediments (Dade et al. 1990; Underwood and Paterson 1993; Tolhurst 1999) 

as well influencing the carbon budgets of estuarine systems. EPS can also 

prevent desiccation of cells and biofilms as well as afford some protection from 

heavy metals and abrasion (Taylor and Paterson 1998). The production of EPS 

enables diatoms to fon'n a biofilm that serves as their own micro environment, 
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which buffers them from the rapidly changing conditions in the estuarine 

envirom-nent (de Brouwer and Stal 2001). 

To date there is no singular technique that can characterise all of the 

components of EPS, but the Dubois Phenol- S ulphuric Assay (Dubois et al. 1956) 

is commonly used. It is a colormetric assay that is sensitive to a considerable 

range of carbohydrates found in EPS (Decho 1990) and therefore is a useful 

index of EPS content. EPS is commonly separated into two fractions: bound and 

colloidal. 

Taylor and Paterson (1998), de Brouwer and Stal (2001) and Kelly et al. 

(2001) employed microscale sectioning to characterise the depth distribution of 

carbohydrates. There is a log linear decrease in carbohydrate concentration with 

depth (Taylor and Paterson 1998) but this was deten-nined to be dependant upon 

time of day (de Brouwer and Stal 2001). 

1.5.2. The effect of environmental variables on motility 

Diatoms move in a non-random fashion that involves distinctive sets of 

chernotactic, phototactic and geotactic responses (Harper 1977; Round et al. 

1990; Cohn and Disparti 1994). Movement is temporarily stopped/reduced at 

temperatures below 5'C but increases in the range 10-17.5 'C, above which 

speed will not increase. Diatoms permanently cease to move at 35'C (Hopkins 

1963). Motility has also been recorded to decrease in the dark (Hopkins 1963) 

and this is reflected in endogenous rhythms. A lack of moisture could inhibit 

movement in outer layers of dried mucilage (Paterson 1986) and an increase in 

the water content of sediments has been implicated in triggering movement 

(Hopkins 1966). 
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1.5.3. Rhythms in motility 

Variation in speed of movement has been recorded with time of day 

(Round and Palmer 1966). Cells move more slowly in the mornings, co-inciding 

with times of lower illumination. This phenomenon has also been recorded under 

constant illumination and therefore may be driven by some form of internal 

clock. Happey-Wood and Jones (1988) detected persistent endogenous rhythms 

in cell speed that related to exposure time; cells speeding up at times of low tide 

and slowing down to coincide with times of tidal cover. Motility has enabled 

diatoms to evolve a survival strategy based upon rhythmic motility and vertical 

migration (Hay et al. 1993). 

1.6. Migration 

Most migration studies have concerned the Animal kingdom, based upon 

the dramatic scale and highly visual nature of these journeys. However, 

migration is also a phenomena in the Plant and Protista kingdoms. Taxa that have 

been recorded to exhibit rhythmic patterns include diatoms euglena, slime 

moulds, cyanobactena, dinoflagellates and a chrysomonad (Aleem 1950; Faur&- 

Fremiet 1951; Perkins 1960; Palmer and Round 1965; Round and Palmer 1966; 

Palmer 1976; Harper 1977; Round 1981; Admiraal et al. 1982; Admiraal 1984; 

Paterson 1986; 1989; Happey-Wood and Jones 1988; Raven et aL 1992; Hay et 

al. 1993; Jdnsson et al. 1994). 

Detailed examinations of microscale migrations are complicated by the 

complex nature of the sedimentary environment. It remains unknown whether 

migration is limited to the photic zone. LTSEM fracture faces seem to support 

the theory that diatom cells are confined to the upper 1.6 mm (Paterson 1986) but 
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later work suggested that the cells migrate out of the photic zone (Paterson et al. 

1998). On intertidal mudflats cells do not normally burrow deeper than 3 mm 

(Palmer and Round 1965) as they are restricted by cell speed, depth of light 

penetration and depth of the anoxic layer. 

1.6.1. Following and recording migration 

The migratory behaviours of microphytobenthos were recorded as early 

as 1907 (Fauvel and Bohn). Table 1.1 demonstrates some of the techniques that 

have been used to examine changes in cell position in the benthic top layer. 

Using direct observation by eye, lens tissue and cover slip does not allow 

resolution of biofilm structure. Workers have mounted microscopes or used 

video cameras over cores (Paterson 1986; Siindback et al. 1997) but 

experimental conditions do not represent in situ ones, and do not allow resolution 

of cells below the sediment surface. Paterson (1986) pioneered the use of 

LTSEM (Low Temperature Scanning Electron Microscopy) to follow migration 

and the fon-nation of sediment biofilms at a resolution not previously possible. 

Cells have been observed to emerge "head first" before flattening (Paterson 

1986,1989) against the surface grains. Work by J6nsson et al. (1994) revealed 

that the species Gyrosigma balticum (Ehrenberg) may sometimes stand erect at 

the sediment surface. This discovery has implications relating to cell behaviour 

and physiology as well as to changes in physical and chemical properties of the 

biofilm. 
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Table 1.1: Techniques used to examine changes in cell position in the benthic top 

layer (the list is by no means exhaustive) 

Migration can What does this involve? Examples in 
be examined byý_ Literature 
By eye Noting the colour change in the surface Perkins 1960 

layers of the sediment and relating different Paterson et al. 
colours to different species groups 1998 

By lens tissue The sequential layering of pieces of lens Eaton ana Moss 
tissue onto the sediment surface, into which 1966 
surface cells will migrate. The cells can be 
removed and cleaned or examined live under 
a microscope 

By cover slip Coverslips placed on sediment surface for Paterson 1986 
cells to migrate and adhere to 

Light microscopy A microscope placed over the sediment Paterson 1986 
surface and the movements of live cells 
examined. 

Low temperature The surface layers of the sediment is flash Paterson 1986 
Scanning frozen with LN2 in situ and examined for Paterson et al. 
Electron changes in horizontal and vertical 1986 
Microscopy cell/species distribution under low 

temperature at a later date. 
By video camera Filming cells through a microscope over the Siindback et al. 

sediment surface. The microscope is 1997 
attached to a video system. 

By pigments Changes in pigments such as chlorophyll a Paterson et al. 
and facoxanthin used as a proxy for biomass 1998 
and changes correlated with changes in 
biomass 

By remote Changes in the light reflected from the Barranguet et al. 
sensing surface sediments reflects changes in 1998 

pigment concentration/ composition which Kromkamp et al. 
in turn indicates changes in biomass 1998 

Paterson et al. 
1998 

By fluorescence Fluorescence parameters used as a proxy for Ser6dio et al. 
biomass and changes correlated with 1997 
changes in biomass Honeywill 2001 

1 Perkins et al. 2002 
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Temporal changes in the microscale distribution of pigments can be used 

to infer changes in biomass associated with migration (Paterson et al. 1998). 

However, LTSEM and pigment sampling is destructive. Non-destructivc remote 

sensing (RS) techniques use the optical properties of the sediments to make 

inferences about the distribution/abundance of benthic autotrophs (Paterson et al. 

1998). However, RS still requires considerable ground truthing. 

1.6.2. Algae got rhythm?: Description of migratory work to date 

Palmer and Round (1965) and Round and Palmer (1966) provided some 

of the first detailed descriptions of the vertical migratory rhythms of 

microphytobenthos which can be surnmarised: 

1) Cells move to the sediment surface during the daylight hours when the 

sediment surface is exposed by the tides. 

2) Prior to submersion cells migrate away from the surface (also Faur6-Fremiet 

1951; Happey-Wood and Jones 1988; Ser6dio et al. 1997; Paterson et al. 

1998). 

3) Individual species come to the surface at different times and may arrive in a 

distinct order (also Paterson 1986) and stay for differing times. 

4) Species may appear at the sediment for only a short period before leaving but 

may return, hence showing a bimodal presence at the surface 

5) There can be a difference in the migratory patters observed at low tide in the 

moming, to low tide in the aftemoon 

6) Migratory rhythms can be maintained in the absence of environmental cues 

7) Migratory rhythms can be reset/rephased. 
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Migration allows a temporary stratification of cells to occur in the upper 

layers of the sediment/biofilm (Paterson 1995; Paterson et al. 1998) that varies 

with conditions and time (Round and Palmer 1966). A more subtle sub-migration 

at the sediment surface has also been suggested (Round and Palmer 1966; 

Kromkamp et al. 1998) with individual species groups cycling up and down 

within the biofilm. This phenomenon may not be discernible using microscopes 

because they pick up several cell layers and therefore include sub-surface cells 

(Round and Palmer 1966). As much as 50% of the microphytobenthos in the 

upper mm have been estimated to migrate down during the flood tide (Pinicney 

and Zingmark 1990). Downwards migration of cells has been described as a 

wave travelling from low to high shore (Round and Palmer 1966). Migratory 

curves obtained in the laboratory are rarely smooth (Round and Palmer 1966) 

and rhythms cannot be regarded as simple behaviours. 

1.6.3. What controls migration? 

Phototaxis is a directional response of an organism to light; positive 

towards and negative away (Nultsch and Hdder 1988). Laboratory investigations 

(Round and Palmer 1966; Nultsch and Hdder 1988) suggest a cycle of species- 

specific phototactic activity, with cells not responding to light until a set time 

(Round and Palmer 1966) and additionally influenced by water cover. Round and 

Palmer's (1966) model proposed a short period of positive phototaxy (cells move 

to the sediment surface, towards higher light intensities) later followed by 

negative phototaxy; or the strengthening of geotaxy. This model takes into 

account environmental forcing and a biological clock hypothesis. Paterson 

(1986) concluded that light drives migration based upon the orientation of the 
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cells as they emerge and the synchronicity of the migratory response. Differences 

in in situ migratory patterns could be attributed to shifts in light: dark phasing 

with high: low tide (Round and Palmer 1966). 

Natural biofilm communities incubated under constant light vs. constant 

dark demonstrated a general lack of movement under dark conditions but 

maintained rhythms under constant light (Round and Palmer 1966; Happey- 

Wood and Jones 1988). Dark samples re-expressed migratory rhythms when 

exposed to light and these rhythms appeared no different from samples incubated 

under constant light. However, Ser6dio et al (1997) found that cells in the dark 

can express a migratory rhythm and that this can be maintained for several days. 

Therefore, the nature of the migratory rhythm may be system specific. Light 

intensity and wavelength have both been proven to have a profound influence on 

speed and migration (Hopkins 1966) with lights of a shorter wavelength (e. g. 

blue) inducing maximal migration. 

Perkins (1960) suggested downwards migration would not occur until 

there was sufficient water coverage to reduce the irradiance below a critical level 

(see also Hopkins 1963,1966; Kingston 1999). However, researchers including 

Faur6-Fremiet (1950), Palmer and Round (1965), Round and Palmer (1966), and 

Happey-Wood and Jones (1988) have shown migration to occur before tidal 

inundation, thus indicating a tidal periodicity. The darkness imposed by turbid 

waters may transform a fundamentally light (or diurnal) driven rhythm into a 

tidal one. In the absence of environmental cues the rhythm remains diurnal rather 

than tidally influenced. 

Cells also maintain migratory rhythms when any tidal influence is 

removed (Round and Palmer 1966). Ser6dio et al. (1997) deten-nined cells from 
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the Tagus Estuary to maintain a diurnal migratory rhythm for 3 days in the dark 

and away from tidal influences. In many species the timing of migration reflected 

the history of the sample; this has been termed the "hold over" effect (Round and 

Palmer 1966). 

The presence of a "hold-over" effect would indicate a partial role of an 

endogenous internal clock; hence migration occurring without any external cues 

(Round and Palmer 1966). This phenomenon is absent in the wild; with the 

incoming tide/darkness instigating a downwards migration. This could be 

regarded as resetting the clock to shift with the tides/seasons. 

Increased motility prior to tidal inundation could be a response associated 

with disturbance (Happey-Wood and Jones 1988). Movement down could also 

be a response to nutrient andC02gradients (Jaworski et al. 198 1; Happey-Wood 

and Jones 1988). This is supported by the fact that microphytobenthic cells fonn 

densely populated and highly productive biofilms despite nutrient depleted 

surface waters (Happey-Wood and Pnddle 1984). 

1.6.4. Migration and photosynthesis 

Associated with changes in migration and cell position are temporal 

changes in benthic production (Pinkney and Zingmark 1991). As cells move in 

and out of the photic layer there are significant and rapid variations in rates of 

pnmary production (Pinckney and Zingmark 1991). Laboratory studies have 

shown that the vertical migration phase is in phase with a rhythmic change in 

photosynthetic capacity, with the maxima of photosynthetic capacity being 

coincident with a peak in cell emergence (Brown et al. 1972). Pinckney and 
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Zingmark (199 1) found the rates of primary production at low tide to be double 

those at high tide. 

1.6.5. Migration within the biofilm 

Sub-cycling of cells at the sediment surface has been hypothesised but 

not yet shown by Kromkamp et al. (1998). Microcycling of cells within the 

upper layers of the biofilm could enable cells to avoid over exposure to 

potentially damaging light levels, high temperatures, desiccation and grazing. A 

scenario has been proposed (Kromkamp et al. 1998; Paterson and Underwood 

pers. comm) whereby cells are able to stratify within the upper layers of the 

sediment based upon the prevailing environmental conditions. The adaptation of 

photosynthetic organisms to their environment is a well documented 

phenomenon (e. g. the different canopy layers of the rainforest) but the evolution 

of motility has enabled microphytobenthic cells to determine their position 

within the light field and in doing so positively respond to competition for 

resources. Such behaviour not only confers an evolutionary advantage for the 

cells, but enables far higher rates of biofilm productivity to be achieved than 

would be predicted from the cells themselves. If this hypothesis is verifiable the 

biofilm may be considered as being more than the sum of its parts. 

1.6.6. An evolutionary perspective 

Vertical migrations are widely described for a diverse range of 

microphytobenthic taxa, the ubiquity of these behaviours suggests that these 

actions must confer some evolutionary survival advantage (Cohn and Disparti 
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1994; Kingston 1999). Environmental characteristics such as light, nutrients and 

water velocity will affect immigration rates and will be equally likely to drive the 

behaviours of the cells that survive. 

Estuarine systems are characterised by high turbidity. Cells need to 

receive enough photosynthetically active radiation (PAR) whilst limiting 

exposure to damaging irradiances. Hopkins (1966) suggested that the diatom 

Surriella gemma only migrated to the sediment surface when optimal conditions 

for photosynthesis were met (these conditions could occur at a sub-surface level). 

Kingston (1999) experimentally verified the theory that upwards migration 

maximises photosynthetic capacity and downward migration minimises 

photoinhibition (through exposures to high light) in Euglena proxima. 

Photoinhibition has rarely been recorded in benthic communities (Blanchard and 

Cariou-LeGall 1994) and may be attributed to vertical migration. Even short 

exposure to LTV-B can inhibit photo-onentation and motility (Hdder 1985) and an 

inability to migrate into the sediment would eventually kill the surface cells 

unable to avoid photo-oxidation of their pigments at high light (Hader 1985; 

Nultsch and Hdder 1988). The metabolic cost of a behavioural versus a 

photophysiological response to high light is unknown. Both strategies are likely 

to be used to complement each other (e. g. Perkins et al. submitted). 

Many gradients characterise the marine enviromnent e. g. light, 

temperature and nutrients (Angel 1985; Kingston 1999) and the estuarine 

sediment environment is no exception (Taylor and Paterson 1998). Kingston 

(1999) discussed how vertical migrations on sand flats could be related to costs 

and benefits associated with an epi-benthic existence during different phases of 

the tidal cycle. The removal of cells by the erosive forces of tides/waves is one of 
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the most constant and predictable selective pressures experienced by benthic 

microalgal populations (Hopkins 1966) and a downwards migration may provide 

some safety with depth (Faur6-Fremiet 1951). Cells can be induced to move 

downwards by physical disturbance (Hopkins 1965,1966) and the hypothesis 

that a regular disturbance (e. g. wave action) might maintain a vertical migratory 

behaviour was experimentally verified by Kingston (1999). A further benefit of 

downwards migration at high tide might be predator avoidance (Kingston 1999) 

in a period where there is no photophysiological reason to be at the surface. 

Perkins' (1960) work on the Eden Estuary indicated that the incoming tide does 

not always result in a downwards migration and it was proposed that the 

sheltered (no erosion pressure) and unturbid (no light decline) conditions of the 

Eden Estuary removed the need to migrate. This indicates that cells move down 

when they have to, or when there is no benefit to staying at the surface (Round 

and Palmer 1966). 

1.6.7. Concluding remarks on migration 

A whole suite of factors is involved in the migratory response of diatoms 

and other m1crophytobenthos but the ultimate driving force remains unknown. 

Due care must be taken with sampling to accommodate any inherent changes in 

biomass based upon rhythmic migration. The existence of migratory behaviours 

could contribute to the high population densities seen on estuarine mudflats, as 

has been seen on saltmarshes (Kingston 1999). A biofilm may be viewed as more 

than the sum of its parts, with surface cells shading and perhaps benefiting the 

cells underneath, but themselves migrating down when necessary, allowirg new 

cells to take their place. 
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1.7. Climate change 

Under the IPCC "business as usual" scenario, it is estimated that sea 

levels will rise by 2-4 cm eacb decade, witb an additional 1.5 cm a decade in 

response to the concurrent melting of ice caps and glaciers. The world population 

has doubled in the last 30 years, and will have tripled by the year 2100 (United 

Nations Population Division). These two factors put huge pressure on our 

coastlines, both in terms of protecting them from sea level rise and to 

accommodate the increase in human number. 

The essential role of microphytobenthic organisms in the carbon cycle 

makes it essential to understand the ecology and physiology of these organisms 

in the present climate. Through this understanding we must start to predict how 

they might react under various climate and demographic change scenarios, as 

well as from increased pollution events. The intimate association that these 

organisms have with the sediments has confounded much work and many 

fundamental questions remain unanswered. 

Aims of work 

The aims of this study were to examine the formation and activity of the 

transient microphytobenthic biofilms that often dominate estuarine intertidal 

sediments. Microscale techniques were used in conjunction with each other to 

examine the system at a scale relevant to the cells themselves. Remote sensing 

techniques were developed in the laboratory and in situ to examine how patterns 

of migration vary between systems, the factors that control migration and finally 

the photophysiological implications of a non-motile existence. The principle 

aims can be surnmarised as follows: 
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1) To detennine the biological and physical changes associated with the 

fori-nation of transient microphytobenthic biofilms over short (hours) and 

long (days) time scales 

2) To detennine short tenu changes in photosynthetically active 

microphytobenthic biomass using destructive vs. non-destructive techniques 

3) To determine how microphytobenthic migratory patterns are influenced by 

taxonomic composition and environmental conditions 

4) To characterise micro-scale changes in the sediment biofilm light climate 

over spatial and temporal scales and the key factors that influence k 

5) To investigate changes in pigment distribution within microphytobenthic 

biofilms over spatial and temporal scales 

6) To critically evaluate PAM fluorescence as an ecological tool to trace 

microphytobenthic migration comparing migratory vs. non-migratory 

biofilms under a variety of light regimes. 
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2. Materials and methods 

2.1. Study sites 

2.1.1. The Eden Estuary 

The Eden Estuary, Scotland (U. K. ) (56'22'N, 02'5 I'W; Figure 2.1) has a 

total area 10.41 kM2 and an intertidal mudflat area of 9.37 kM2 (Davidson and 

Buck 1997) which experiences on average a 3.7 m tidal range. The Estuary has a 

low turbidity (Perkins 1960) and the sediment surface is often visible under 

several in of water (pers. obs). It is a local and national nature reserve and a Site 

of Special Scientific Interest (SSSI), attracting thousands of wading birds as well 

as ducks and geese as a winter feeding ground. The sampling work was carried 

out on the North Shore, located beside the Guardbndge Paper Mill. The algal 

community of the Eden Estuary is dominated by diatoms and the macro-alga 

Enteromorpha but patches of cyanobactena are also visible. 

2.1.2. The Tay Estuary 

The Tay Estuary, Scotland (U. K. ) (56'27'N 03'04'W; Figure 2.1) is a 

large Estuary (122 kM2) which experiences a mean tidal range of 4.3m. Large 

areas of mudflat and sand bank are exposed at low tide. The sampling work was 

carried out at Kingoodie on the North Shore, a site that was diatom dominated. 
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Figure 2.1: (A) The location of the Estuaries sampled in the United Kingdom (Image 

courtesy of MSAT at http: //www. mapsworldlive. co. uk) (B) The Eden Estuary (courtesy 
C. Honeywill) and (C) The Colne Estuary (courtesy G. J. C. Underwood). 
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2.1.3. The Colne Estuary 

The Colne Estuary is a small estuary approximately 16km long on the 

cast coast of England (U. K. ) (51'50.2' N, 0'59.5'E; Figure 2.1) (Underwood et 

al. 1998). 3 sites on the Colne Estuary were sampled, The Hythe situated at the 

head of the River Colne, Arlesford Creek half way down the River and Point 

Clear close to the mouth of the Estuary. The Hythe is dominated by euglenids 

with diatoms and cyanobacteria also occurring. Arlesford Creek is diatom 

dominated with some euglenids. Point Clear is diatom dominated. 

2.1.4. Tagus Estuary 

The Tagus Estuary (Portugal) (38' N, 9' W; Figure 2.2) is a large estuary, 

with an area of 320km 2, located in the most populated area of Portugal (Brotas et 

al. 1995). It is mostly mudflat with a tidal amplitude ranging from I to 4m and 

40% of the total area is intertidal. The estuarine water column is turbid with 

considerable suspended sediments (Vale and Sundby 1987; Brotas et al. 1995). 

The sampling work was carried out at Sarilhos Pequenos (which means Small 

Trouble) and the site was diatom dominated. 

2.2. Sediment sampling 

2.2.1. Surface scrapes 

For coarse removal of the sediment surface a spade was used to scrape 

away the upper layers. For finer scale sampling stiff foil was used to scrape away 

the top mm of the sediment. The sediment was transported to the laboratory and 

homogenised to ensure even distribution of biomass. 
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Stiff foil was also used to remove a small area of sediment/biofilm, which 

was flash frozen in LN2 and later viewed under the LTSEM (Paterson 1995). 

2.2.2. Cryolanding 

Traditionally, sediment samples were collected by syringe coring (Joint et 

al. 1982), however, this causes distortion to the sediment surface. Therefore, a 

technique was pioneered by Wiltshire et al. (1997) to freeze samples without 

disturbing the sediment structure. Furthennore, this technique was designed to be 

used in situ to ensure that samples are representative of natural conditions and 

not a result of transportation/laboratory artefacts. 

The Cryolander consists of a brass tube (Figure 2.3) and a gauze plate 

supporting cotton wool. A small amount of liquid nitrogen is poured over the 

cotton wool, causing the liquid to vaporise. The vapour sinks and freezes the 

sediment surface. Once the surface is frozen (and therefore fixed) more liquid 

nitrogen is poured onto the sample to freeze a disk of sediment. This is removed 

from the Cryolander and stored in liquid nitrogen prior to further analysis. The 

cryolanding process can take up to 10 min. 

Samples were fractured (using a hammer on the underside of the disk) 

under LN2 and examined under the LTSEM, or sawn into blocks (using a 

lapidary saw) of approximately I cm 2 to be sectioned using a freezing 

microtome. At all times exposure to room temperature was kept to a minimum. 

43 



( LhAi)-tciL2 

5cm 
p- 

Brass cylinder Cotton 
wool 

, *-, o Gauze 8cm 

SLIpport 
OA Vent hole 

+ 
Sediment I 

surface 

Figure 2.3. The Cryolander (After Wiltshire et at. 1997) 

2.2.3. Microscale sectioning 

Blocks of frozen sediment were held in place on the cryostage of a 

freezing microtome (Leiz WetzIar Kryomat 1703) with LN2 cooled forceps. The 

surface was levelled by eye and frozen into place using water. The sediment was 

sectioned into the depth intervals 0-200,200-400,400-600,600-800 and 800- 

1000 gm or sectioned 0-200,200-400,400-600,600-1000,1000-1500 and 1500- 

2000 ýtm. Sediment surfaces are rarely flat and the first section was often deeper 

than 200 ýLrn (Figure 2.4). The blade was levelled with the surface and 200 ýtrn 

sectioned, if less than 90% of the surface had been removed it was further 

sectioned at 50 ýim depths until 90% was removed. 

The sectioned sediment was removed from the microtome blade using a 

paintbrush and placed in a preweighed I ml eppendorf with approximately 0.9 ml 

of distilled water (the water served to take all of the sediment into solution so 

that it would sediment out into a single pellet at the bottom of the eppendorf). 
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The wet weight was recorded and the sample frozen, lyophilised in the dark 

(Edwards Modulyo, Freeze Dryer) and re-weighed prior to analysis. 

2.2.4. Core collection 

Where expenments could not be conducted in situ cores were collected. 

Cores of approximately 8 cm wide and 20 cm long were used. They were 

bevelled at one end and inserted into the sediment so that the surface was almost 

level with the rim. A petri dish was placed at the base to secure the core. Cores 

were transported back to the laboratory and placed in tidal tanks as soon as 

possible. 

2.3. Water content 

Water content was calculated as a proportion of wet sediment weight 

(Equation 2.1): 

Water Content (%) = Wet Sediment (g) - Dry Sediment (g) x 100 Equation 2.1 
Wet Sediment (g) 

Traditionally sediments were oven dried to obtain dry weight but 

Honeywill (2001) determined that there was no significant difference in the 

amount of water removed in the oven and in a freeze-dryer. Therefore, in this 

study dry weight was obtained by freeze-drying samples prior to pigment 

analysis. The oven drying technique could not be used on samples that were to be 

used for pigment extraction because pigments are therniosensitive (Rowan 1989). 
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2.4. Wet bulk density 

Wet bulk density was calculated as weight of wet sediment per cubic cm. 

(Equation 2.2): 

Bulk density (g CM-3) =Wet Sediment( Equation 2.2 
Volume (cm 3) 

2.5. Cell collection and slide preparation 

2.5.1. The lens tissue method 

This technique is after Eaton and Moss (1966). A piece of lens tissue 

(approximately 25 cm 2) was placed on the sediment surface and then smaller 

pieces (2 cm 2) were placed on top and left for a known time period (normally I 

hour). The smaller lens tissues were then carefully removed with fine forceps and 

placed into a vial with 2ml filtered seawater. 4 drops of 4% Gluteraldehyde were 

added to the vial to preserve the sample. 

2.5.2. Acid cleaning of diatom frustules 

To prepare permanent mounts diatom frustules were acid cleaned. The 

samples (lens tissue or filter paper) were added to acid cleaned centrifuge tubes; 

the samples were filtered through a piece of netting (to remove the lens 

tissue/filter paper). The samples were centrifuged to create a pellet of diatoms. 

The supernatant was removed and approximately I ml of saturated potassium 

pen-nanganate was added and left to stand in a fume hood for 1-24 h. The time 

period of oxidation can vary depending on the method of microscopy. A 
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minimum period of Ih may be used to obtain cells for examination at x 100. 

However, to obtain complete oxidation and high quality mounts for LTSEM, 

samples should be oxidised for 24 h. 

2 ml of concentrated hydrochloric acid was then added slowly to the 

samples in a fume hood (the reaction is highly exothen-nic and due care was 

taken). More hydrochloric acid was added if a sample carried on effervescing. 

The tubes were covered with clingfilm and left in a 70 'C oven for I h, or until 

the solution appeared straw coloured and clear. The samples were then removed 

and allowed to cool. Samples were centrifuged 7 times, each time removing the 

supernatant, agitating the pellet and adding more distilled water. The final pellet 

was suspended in a known volume of distilled water; depending upon the 

concentration of cells. 

2.5.3. Permanent slide preparation 

Cover slips were cleaned in alcohol and several drops of distilled water 

placed onto the slip. 200 ýd of the diatom solution were added to the coverslip 

and a clean Pasteur pipette used to mix the solution with the water. A fresh 

pipette was used each time. The slides were left to air dry (but covered to avoid 

contamination with dust). 

The cover slips were mounted onto acid cleaned slides using the 

embedding material NaphraXTM. Several drops of NaphraXTM were added to the 

slides and the coverslip placed in this, face down. The solvent was boiled off by 

placing the slide on a hot plate, to fix the slides, for approximately 20 min. This 

procedure was carried out in the fume hood. The slides were labelled and excess 

embedding material scraped off. 
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2.5.4. Cell identification 

'vlatcrials and VICtIlods 

Cells were examined under high power (x 100) on a light microscope. To 

accurately identify a species a valve view was necessary so that striae could be 

counted. Cells were identified from a literature in the SERG library and from 

SERG catalogues of local species. 

2.6. Pigment analysis 

2.6.1. Standard preparation 

I mg of chlorophyll a standard (made from Sigma TM supplied Anacystis 

nidulans or Spinach samples) was dissolved in 250 ml of 100% acetone. This 

was diluted to give a range of concentrations (4,2,1,0.5 and 0.25 mg per litre) 

and standards stored at 4 'C in the dark. A range of standards was processed with 

every batch of samples. 

To deten-nine the exact concentration of each standard, 

spectrophotometry was used to correct for any inaccuracies. The standard was 

placed in a Cecil 3000 Spectrophotometer and its absorbance read at 662 run and 

750 run. Equation 2.3 was used to determine chlorophyll a concentration. 

C= ([A6621-[A7501/ E) X 1000 Equation 2.3 

C is Chlorophyll a concentration (mg 1-1) 
A662 is absorbance at 662 nm (the corrected peak maxima) 
A750 is absorbance at 750 nin (the turbidity correction) 
E is 88.15 (1 g -1 CM-1) (the extinction co-efficient of Chlorophyll a 
as determined by Jeffrey et al. (1997)) 
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2.6.2. Sample preparation and choice of extractant 

A known volume of extractant (approximately 1.5 ml) was pipetted onto a 

freeze-dried sample of known weight (approximately 8 mg). The sample was then 

re-weighed so that the exact volume of extractant used (ml) could be calculated 

by dividing by the weight of I ml of extractant (Equation 2.4). 

Weight of Acetone/0.76=Volume of acetone (ml) Equation 2.4 
Weight of 90% DMF/0.97 = Volume of 90% DMF (ml) 

The sample was mixed and stored in the dark at -70 OC for 48 h (acetone) 

or stored in a fume hood for 24 hours (90 % DMF). After 48 h in the dark, 

samples extracted in acetone were further sonicated for 90 min in a saltwater ice 

bath, also dark. 

A syringe was used to remove the extractant. This was filtered through a 

13 mm 0.2 VLm GFC WhatmannTm Glass Filter into aI ml WaterSTm Amber Glass 

Vial. Extractant evaporation was kept to a minimum by replacing the lid as soon 

as possible. The samples were transferred to the HPLC 4 'C Autosampler. 

100 % HPLC Grade Acetone (FischerSTM) was used until April 2000 and 

then 90 % HPLC Grade Dimethy1foramide (DMF) HiPerSolv (BDHTM) was 

used. 90 % DMF replaced 100% Acetone because of better extraction of 

chlorophyll c (Honeywill 2001). 

2.6.3. Development of protocols 

For the reasons discussed above the extractant was changed from acetone 

to DMF half way through this study. The absorption spectrum of chlorophyll a in 
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acetone and DMF do not differ (Honcywill 2001) or differ by 3% (Porra et al. 

1989). It was therefore decided that if the solvents exhibited similar extraction 

efficiencies that a3% difference would be deemed to be an acceptable level of 

error in relation to other inherent errors associated with the solvents e. g. 

evaporatability etc. 

Honeywill (2001) conducted a comparative study to compare the 

extraction efficiencies, notably for chlorophyll a, of acetone and DMF and found 

no significant difference in the amount of chlorophyll a extracted by acetone and 

DMF from microphytobenthic samples and concluded that results from either 

extraction are comparable. Wright et al. (1997) showed either no difference or 

better extraction of chlorophyll a by DMF in phytoplankton samples. 

2.6.4. High Perfon-nance Liquid Chromatography (HPLC) 

The HPLC system (Figure 2.5) consisted of a quaternary high-pressure 

pump (Perkin-Elmer 410), an autosampler (Waters WISP 417), a Diode Array 

Detector (Waters 910), a then-nostat and an oven containing a reverse phase 

Nucleosil C 18 column (Capital HPLC Ltd). The oven was set to 25 'C and the 

Autosampler cooled to 4 'C. The Autosampler was programmed to inject 70 ýd 

of sample with 30 gi of distilled water onto the column (to give greater clarity of 

peaks; after Honeywill 2001). Samples were run using one of two gradient 

protocols. Each sample takes the length of the gradient run plus a3 min pre- 

injection sequence. 
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Chapter 2 Materials and Nlethocts 

Protocol 1: 

This gradient was run for 45 min per sample and used 2 solvents (Table 2.1; 

Figure 2.6). A detailed discussion of the protocol can be found in Wiltshire and 

Schroeder (1994). 

Solvent A: 2000 ml HPLC Grade 100 % methanol (Fishers), 500 ml distilled 
water, 3.75 g of tetrabutylammonium. acetate and 19.25 g of ammonium acetate 

Solvent B: 2250 ml of HPLC Grade 100 % methanol and 250 ml of HPLC Grade 
100 % acetone (Fishers). 

Table 2.1. HPLC Protocol I 

Step Time Time (cumulative) Flow rate 
(ml/min) 

%A %B --6uý ýe 

0 0 0 1 100 0 
1 5 5 1 50 50 1 
2 5 10 1 50 50 
3 5 15 1 0 1 100 

-- 
1 

[ýý 22 37 1 0 LOP-L I 
15 18 45 1 100 10 1 

j1 

Figure 2.6. HPLC Gradient: Protocol 1. 
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Chapter 2...... Materials and Methods 

Protocol 2: 

This gradient was run for 40 min and used an additional Solvent, Solvent 

C (Table 2.2; Figure 2.7) to aid carotene elution (BIOPTIS). 

Solvents A and B: as above 
Solvent C: 565 ml of methanol and 435ml of propanol. 

Table 2.2. Protocol 2 

Step Time 
(min) 

Time 
(cumulative) 

Flow rate 
(ml min-1) 

%A %B %C Curve 

0 0 0 1 100 0 0 
1 5 5 1 50 50 0 1 
2 5 10 1 50 50 0 
3 5 15 1 0 100 0 1 
4 10 25 1 0 100 0 
5 2 27 1 100 0 0 1 
6 2 29 1 0 0 100 1 
7 3 32 1 0 0 100 
8 3 35 1 100 0 0 1 
9 5 40 1 0 0 

5 10 iý, 1. 
Tirra(MrvlEs) 

Figure 2.7. HPLC Gradient: Protocol 2. 
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Prior to a run all solvents were gently degassed for 5-10 min with helium and 

each solvent purged through the system to remove air bubbles and any traces of 

old solvent from a previous user. On completion of an entire run solvent A was 

pumped through the system for a minimum period of 45 min to condition the 

column. 

2.6.5. Pigment identification and quantification 

The Water's Millennium 2TM Software was used to integrate and store the 

results. The Millennium software used a library to identify the pigments but the 

presence of breakdown products and allomers often led to mis-identification. 

Therefore, in all cases pigments were identified manually. Millennium produced 

two chromatograms at 430 (Figure 2.8) and 660 mn and an absorbance spectrum 

relating to each peak across the range 350-700 nm. Pigments were identified 

based upon their spectral composition (Jeffrey et al. 1997; Table 2.3) and 

retention time on the column. Pigments can be indicative of taxonomic group and 

whilst the list in Table 2.3 is not exhaustive it indicates the dominant pigment 

content of each taxonomic group. 
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Millennium 
programme as 
Chlorophillide 

Figure 2.8. Sample Chromatogram. absorbing at 430 run. 
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Table 2.3. Pigment Identification. Absorbance spectrum obtained from own 
samples, Millennium Library and Honeywill (2001). 

Taxonomic group list is not exhaustive but provides a guide as to the main algal 
groups in which that pigment is a major constituent. 

Pigment Absorbance Taxonomic Groups 
eak-s (nm) 

Chlorophyll a 433 All 
665 

Chlorophyll b 469 Chlorophyta 
665 Euglenophyta 

Chlorophyll c 447 Bacillariophyceae 
584 Phaeophyceae 
633 

Phaeophytin 406 Indicative of grazing/cell 
665 death 

Phaeophorbide 411 Indicative of grazing/cell 
667 death 

Chlorophillide 433 Indicative of chlorophyll 
667 a breakdown 

Carotenes 
Beta- Carotene 452 Bacillariophyceae 

479 Chlorophyta 
Cyanophyta 
Phaeophyceae 
Rhodophyceae 

Diadinoxanthin 445 Bacillanophyceae 
474 Eugelenophyceae 

Diatoxanthin 450 Bacillariophyceae 
479 Eugelenophyceae 
427 

Fucoxanthin 450 Bacillariophyceae 
Phaeophyceae 

Lutein 445 Chlorophyceae 
469 
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Regression analysis was used to calculate the equation of the standard 

curve. The chlorophyll a content per gram or area was then calculated (Equations 

2.5). The peak areas of chlorophyll a at 430 nm were used in all instances. 

The standard curve of chlorophyll a concentration vs. peak area is y=mx +c 

c= intercept 
in= gradient 
y-- peak area 
x= chlorophyll a concentration 

Re arrange the above: 

x= Y-C peak area- intercept chlorophyll a concentration 
m gradient 

This is chlorophyll a (mg per litre) and is corrected for the volume of extractant 
used on each sample: 

x peak area- intercept x extractant (ml) 
gradient 1000 

to give mg of chlorophyll a per sample. This must be corrected for weight/area: 

Concentration per weight: 

Chlorophyll a peak area- intercept x Vol Acetone (ml) 
(mg g) Gradient 1000 

Sample Weight (g) 

Multiply by 1000 to get gg per gram. 

Chlorophyll a contents expressed as ýtg chl a g-1 fdw. 

Concentration per area: 

Chlorophyll a peak area- intercept x Vol. Acetone (ml) 
(mg CMI) Gradient 1000 

Surface Area (cm') 

Multiply by 1000 to get ýig per cml 
Multiply by 10 000 to get mg per M2 
Multiply by 10 000 000 to get gg per M2 

Equations 2.5 
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2.6.6. Troubleshooting the HPLC system. 

M"Itcl 1,11,11d 

If peaks became dispersed, the baseline uneven, or peaks were 

overlapping or not being integrated, even from the standards, a cleaning gradient 

was run (Table 2.3; Figure 2.9). This flushes the column with distilled water and 

hexane with acetone as an intermediary (the first two solvents are imiscible). if 

this did not resolve the problem the column was replaced. 

Table 2.3. Cleaning Gradient 

Step Time 
(min) 

Time 
(cumulative) 

Flow rate 
(ml min-') 

%A 
Water 

%B 
Acetone 

%C 
Hexane 

Curve 

0 0 0 1 0 100 0 
1 5 5 1 100 0 0 1 
2 10 15 1 100 0 0 
3 30 45 1 0 100 0 1 
4 10 55 1 0 100 0 
5 30 85 1 0 0 100 1 

10 95 1 0 0 100 
30 125 1 0 100 0 1 
20 145 1 0 100 0 

T nie (Mriles) 

Figure 2.9: HPLC cleaning gradient 
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2.6. Carbohydrate analysis 

The method detailed here is after Taylor (1998) and Taylor and Paterson 

(1998) adapted from Dubois et al. (1956) specifically for microsectioned 

samples. 

2.7.1. Colloidal carbohydrate sample preparation 

Prior to carbohydrate extraction the sediment was freeze dried (freeze 

drying has been detennined to increase the yield of carbohydrates (Underwood et 

al. 1995)). 300 [tl of distilled water was added to the freeze dried sediment and 

centrifuged at 1500 rpm for 15 min. 200 ýtl of the supernatant was removed and 

added to a glass test tube. The procedure for the Dubois Assay was then 

followed: 200 ýtl of 5% w/v phenol was added to the supernatant and vortexed. 

To this I ml of concentrated Sulphunc Acid was added and left for 35 min at 

room temperature. The reaction is exothermic and the procedure was carried out 

in the fume hood. The solution was then transferred to a cuvette and its 

absorption read at 486.5 nm on a Cecil 3000 Spectrophotometer 

2.7.2. Standard preparation and carbohydrate quantification 

Standards were made by dissolving glucose in distilled water at a range of 

concentrations (20-200 ýtg per ml). Therefore, carbohydrate concentration was 

expressed in terms of glucose equivalents. I ml of each concentration underwent 

the Dubois Assay (with I ml of 5% w/v phenol and 5 ml of concentrated 

Sulphuric Acid. The ratio of Sample: Phenol: Sulphuric Acid was kept constant at 

1: 1: 5) and left for 35 min for the colour to develop. Absorbanccs were then read 
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at 486.5 nm on a Cecil 3000 Spectrophotometer and plotted. Regression analysis 

was used to calculate c and m (Equation 2.6). A new calibration was produced 

with each run. 

Colloidal Carbohydrate= ((Ab-c)/m) x 0.2 x 1.5 
M 9-1 Sample weight (g) 

Ab is the Absorbance at 486.5 nm 
c is the intercept of the linear line 
in is the gradient 
0.2 term is derived from 200 pl being used when the standard curve was based on 1000 
PI 
the 1.5 term is derived from 200 fil being removed from 300 pl (i. e. 300/200 =1.5) 

Equation 2.6 

2.8. Light profiling 

Irradiance profiles in the upper layers of sediment/biofilm were measured 

using fibre optic microsensors. The light attenuation co-efficient (k) was 

calculated from these profiles. The optical measuring system measures in the 

range 400 - 750 nm. The fibre optic microsensors were manufactured in the 

laboratory; the procedure is adapted from Lassen et al. (1992). 

2.8.1. Constructing the sensors 

Approximately Im of fibre optic cable (with 100 [tm silica core and 140 

gm cladding) was used. The protective cladding was removed from the first 5cm 

length, either with a razor blade or by burning in a Bunsen flame. The cable was 

then stretched and tapered in a Bunsen flame. Under a dissecting microscope the 

end of the tapered cable was cut 15-20 gm from the tip (to give a width of 
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approximately 40 gm). With the exception of the last 40 gm the cable was coated 

with black enamel paint to prevent light penetration. 

The non-tapered, blunt end of the fibreoptic cable was fed into aI ml 

syringe with a needle (Monoject 19 x 1-5) that had been blunted by cutting with 

pliers. This blunt end was then fed through another needle until 1-2 cm of cable 

was exposed. The cable was then sealed into the needle with epoxy resin. 

Titanium dioxide was mixed respectively with the methacrylate primer 

PM 709 and methacrylate PM560 (R6hm GMBH Chernische Fabrik, Dannstadt, 

Germany) in small glass vials. The methacrylates were both mixtures of methyl 

and butyl methacrylates. With the aid of a micromanipulator the tapered end of 

the fibre optic was dipped into the primer PM7 09 and removed. Within a few 

seconds, as the solvent evaporates, a small sphere forms at the very tip of the 

cable. The sphere was then dipped into the methacrylate PM 560, hence coating 

the initial sphere. This was left to dry for 24 h. 

The fibre optic microsensor was then tested. It was connected to the light 

measuring system (photomultiplier, voltmeter, TiePie measure and control unit 

and Laptop computer with TiePieTM software (Figure 2.1 O. A) but was centred in 

a collimated light field in the central axis of a turntable (Figure 2.11 A). The 

microsphere was then rotated around the central axis (Figure 2.11 B). To pass, 

the response of the sensor had to be isotropic (i. e. the light response not vary 

more than + 10% in planes A, B, C, and D; Figure 2.11. Q. If the fibre optIc 

microsensor passed the above test it was used to examine the light climate within 

a sample (e. g. in sediments, artificial and natural biofilms). The success rate of 

fibre-optic manufacturing was between 4 and 10 % (this was attributable to dust 
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Figure 2.10. A) The fibre optic measuring system B) Deployment of the 
fibre optic microsensor (photo courtesy of V. Brotas and B. Jesus). 
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attaching to the sphere when drying, uneven drying and damage during the 

syringe mounting process). 

2.8.2. Deployment of the sensor 

The fibre optic sensor was lowered onto the sediment surface. A hand 

lens was used to see when the sphere was touching the surface, if the sensor was 

in contact with the surface it would quiver slightly if the core was tapped gently. 

The fibre-optic micosensor was inserted into the sediment at a 45' angle (to 

reduce shading) and moved down at 140 ýim intervals (Figure 2.1 OB) for a 100 

ýtm depth change in the sediment (Figure 2.12). A micromanipulator was used to 

move the sensor down by hand. 

Fibre-optic 
- microsensor 

............................ 
Sediment surface 

45' 

....................... ....... ... 

100 ftm 

22 From the Pythagorean theorem it is known that a+b=c 

Therefore 1002+ 1002 = 20 000 
Therefore c ý20 000 
Therefore c 141 ýLm 

Figure 2.12: Detennination of the distance to move fibreoptic sensor 
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All values are obtained as a millivoltage (mV). Any change reflects 

changes in light in the sediment/biofilm layers. Light levels at the sediment 

surface were recorded using a LICOR Quantum light sensor and therefore the 

change in light with depth was modelled. 

2.8.3. Calculation of light attenuation co-efficient (k) 

The light attenuation co-efficient (k) can be calculated by using the Beer- 

Lambert law (method 1) or by calculating the equation of the line y= mx +c 

(method 2; Equations 2.7). 

Method 1: Using the Beer-Lambert Law 

12 =11 e -kd 

12 = Irradiance at depth 2 
11 = Irradiance at depth I 
k= attenuation co-efficient (usually in in but mm in sediments) 
d= depth between points (mm) 

Therefore k= LN (12 / 11)/d 

Method 2: Using yfMx +c 

k= y-c 
x 

x= depth 
y= Light (expressed as a logged voltage) 
c= intercept (expressed as a logged natural voltage) 
m= gradient (i. e. k) 

Regression analysis used to calculate k (gradient) and intercept. 

Ligtt (W-i 1%) 

12345 
QO- 

5- 

4-ý 

z 

3- Q2 - 

2- 03- 

04 

Ol 42 ý3 
0'4 05 

DOI(MI1 Equations 2.7 
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A high k value means that light is being attenuated more rapidly, and therefore 

does not penetrate as far. 

2.9. Fluorescence measurements 

2.9.1. PAM Fluorescence equipment 

The HansatechTm FMS2 with a blue measuring light and the WaltZTM 

Dive PAM with a red measuring light were used during this study (Figure 2.13). 

Both were deployed in situ as well as on cores in the laboratory. 

The FMS2 was set Gain = 99; Modulation Frequency Level = 3; 

Minimum Fluorescence Measurement Duration 2.8 gs. The saturation beam was 

set to 60 bits; which was calibrated to 10 000 g mol m-1 S-1 and lasted for I s. The 

setting and calibration are after Honeywill (2001). The WaltZTm Dive PAM was 

set Gain = 12; Dumping = 2; Measuring intensity = 12. The saturation beam was 

set to 12 (calibrated to 9500 p mol m-1 s-1) and lasted for 0.8 s. The settings and 

calibration are after Forster, Perkins and Jesus (pers. comm). 

The probe was always 4 mm. from the sediment/biofilm surface 

(Honeywill 2001). This was achieved using a specially constructed probe tip 

(courtesy of C. Honeywill; Figure 2.14). 

Fibre-optic 

Fibre-optic 

4mm probe tip 

surface 

Figure 2.14. 
Fibre-optic probe tip to maintain 4 mm between tip and sediment surface 
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Figure 2.13: (A) The HansatechTm Fluorescence Monitoring System (FMS2) 
(B) WaIZ Tm Dive PAM 
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2.9.2. Fluorescence parameters 

'I'latelial's alld Mctho(k 

Fluorescence term Description 

F,, Fluorescence yield prior to the saturating beam in the dark 
adapted state. Minimum fluorescence 

F,, Fluorescence yield during application of the saturating beam in 
the dark adapted state. Maximum fluorescence 

F, F,, -F, 
F, IF,, Maximum light utilisation efficiency (Genty et aL 1989) 
F,, 15 Fluorescence yield prior to the saturating beam after 15 min dark 

adaptation (Honeywill 2001) 

F,, 15 Fluorescence yield during application of the saturating beam after 
15 min dark adaptation (Honeywill 2001) 

F, 15 15 15 

FVIF, 
n 

15 Light utilisation efficiency after 15 min of dark adaptation (FIFn 
after Genty et al. 1989) 

F, Fluorescence yield prior to the saturating beam in the adapted 
state 

F", Fluorescence yield during application of the saturating beam in 
the light adapted state 

Fq 1 Fn'- P 

, Fq'IF, n' Light utilisation efficiency in the light adapted state 

Fluorescence 
eauations 

on-photochemical quenching 

NPQ=F, -F ' 
F� 

Relative electron transport rate 

rETR = Eg_' x PPFD/2 
Fm f 

2.10. Low Temperature Scanning Electron Microscopy 

Sediment samples were fractured (section 2.2. ) and mounted onto specially 

constructed cryostubs (designed by 1. Davidson) under liquid nitrogen. The 
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cryostubs were then placed onto an adapted stage of a JOEL 35CF SEM 

modified for cryogenic examination (Oxford Instruments CT 150013). Further 

details of the examination of frozen sedimentibiofilms under LTSEM are 

discussed in Paterson (1995). The samples were freeze dried under vacuum and 

then sputter coated with gold before being examined at -I 70'C. 

2.11. Mathematical, graphical, and statistical analysis 

The data were analysed in spreadsheets created in Microsoft Excel and 

plotted in the Microcal OriginTm Graphing Package. All statistical analysis was 

conducted using the MinitabTM Statistical package. Data were tested for 

nonnality using the Ryan-Joiner Test. The null hypothesis for this test is that data 

are non-nally distributed; therefore for data to be non-nal the null must be 

accepted i. e. p level = >0.05. If data were not non-nally distributed the data was 

Box-Cox transformed. The Box-Cox transfort-nation is an iterative procedure that 

determines the best transformation to normality using the log likelihood function 

(Sokal and Rohlf 1981). Standard errors were used for all +/- values. To compare 

the mean values of 2 groups of non-nal data a T-test was used, if the data were 

not able to be transformed a Mann-Whitney U Test or a Wilcoxin signed rank t- 

test was used. If there were >1 treatment and the data was normal a one way 

Analysis of Variance (ANOVA) was used. If the data was not non-nal the 

Kruskal-Wallace test was used. When >1 treatment was applied a General Linear 

Model was used. Correlations were deten-nined using a Spean-nan-Rank 

Correlation on non-normal data and a Pearson product moment correlation on 

normally distributed data. 
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CHAPTER THREE 

THE FORMATION AND DEVELOPMENT OF BIOFILMS IN SITU AND 
IN THE LABORATORY 



3. The formation and development of biofilms in situ and in 

the laboratory 

Introduction 

Under favourable conditions the primary development and recovery of 

microphytobenthic biofilin assemblages from disturbance is a rapid event 

(Underwood and Paterson 1993). However, most of the work to date has 

concentrated on the formation of algal biofilms attached to solid, imperincable 

and generally non-porous substrata (Characklis & Marshall 1990). 

Surface biofilms on estuarine intertidal sediments are largely dominated 

by epipelic diatoms (Admiraal et al. 1982; Hay et al. 1993). Diatoms are known 

to exude various long chain molecules that are collectively ten-ned EPS 

(Underwood et al. 1995). Water-soluble carbohydrates (colloidal) are often 

measured to give an index of EPS but are not a direct measure. In diatom rich 

biofilms -20-25% of the colloidal carbohydrate present is polymeric (Smith and 

Underwood 1998). The concentration of colloidal carbohydrates has been closely 

tied to epipelic diatom biomass (Underwood and Paterson 1993; Underwood et 

al. 1995; Blanchard et al. 2000) and a direct linear relationship between the two 

variables usually exists in diatom rich (>50%) assemblages (Underwood 1997). 

EPS binds the sediments together increasing resistance to erosion and the cells 

themselves can also form a protective filamentous matrix (Grant et al. 1986; 

Paterson 1989; Heinzelmann and Wallisch 1991; Madsen et al. 1993; 

Underwood and Paterson 1993; Paterson 1994; Yallop et aL 1994). The key role 

of diatoms and other microphytobenthos in ecosystem functioning has already 
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been detailed (see General Introduction) and therefore understanding the 

colonisation and recovery rates of microphytobenthic biofilms is essential in our 

understanding of the estuarine ecosystem. The rate of recovery is important if 

these systems are to respond to the predicted threat of sea level rise (15 - 90 cm 

over the time period 1990 - 2100 was predicted by Jones 1994), increased storyn 

frequency, as well as from episodic pollution and disturbance events. 

Underwood and Paterson (1993) monitored the recovery of an intertidal 

benthic diatom assemblage after a biocide treatment. Immediately there was a 

significant decrease in chlorophyll a (as a proxy for biomass) as well as a 

decrease in the concentration of colloidal carbohydrate. Associated with the 

death of the cell population was increased sediment erosion and transport away 

from the site by the tides. However, after 6 days the chlorophyll a content had 

returned to levels similar to the control site. The source of the recolonising 

organisms was unclear. Lateral recolonisation was considered unlikely based 

upon the speed of diatom locomotion (estimated maximum speed =2m d- I) 

Recolonising cells could have come from below the surface or from the water 

column. No correlation was found between stability and carbohydrate content but 

higher rates of erosion at the biocide treated site were observed. A positive 

relationship between chlorophyll a and carbohydrate concentration was detailed 

and a model has since been developed by Underwood and Smith (1998) to 

predict sediment colloidal carbohydrate concentration from chlorophyll a; this 

model has been verified by Kelly et al. (2001). 

Using fine scale sectioning techniques, spatial/temporal differences in 

biomass and carbohydrate distribution can be detected (Taylor and Paterson 

1998; de Brouwer and Stal 2001; Kelly et al. 2001). Sampling at 200 ýtm depth 
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intervals Taylor and Paterson (1998) determined there to be a significant log 

linear decrease in the concentration of colloidal carbohydrates in the top 2 mm. 

Kelly et al. (2001) further characterised the depth distribution of chlorophyll a to 

determine a linear decrease with depth. Kelly et al. (2001) significantly 

positively correlated chlorophyll a and colloidal carbohydrate concentrations, 

finding a greater co-vanation in micro-sectioned samples. 

3.1.1. Aims 

The aims of this work were to determine the physical and biological 

changes associated with the growth and development of a microphytobenthic 

biofilm under in situ and controlled laboratory conditions. Two separate 

experiments were designed; the first was a simulated in situ disturbance event 

following the growth and recovery of a biofilm after the removal of the surface 

layer of sediment, and the second was a controlled laboratory study examining 

the growth and development of a biofilm using fine scale sectioning (200 ttm) 

techniques. 

3.2. Materials and Methods 

3.2.1. The Cohesive Strength Meter 

The Cohesive Strength Meter (CSM; Paterson 1989; Figure 3. IA) is a 

device that measures the erosion potential of sediments. The CSM consists of a 

water filled chamber which is inserted into the sediment (Figure 3.1B). A 

downward nozzle directs a vertical stream of water onto the sediment surface in 

short pulses (Figure 3.1C). The velocity of the water jet is systematically 

67 





Biofilill follllýltioll ailki de, \'Jorm,, W 

increased and the transmission of infrared light across the chamber recorded. A 

reduction in transmission is associated with an increase in sediment suspension 

associated with bed erosion. A drop in transmission below 90% was taken as a 

critical drop (Tolhurst pers. comm) and has been calibrated to correspond to 

-2 erosion of approximately 0.01 kg M of sediment (Tolhurst et al. 2001). The 

pressure step when this drop occurs is taken as the critical eroding pressure (kPa) 

which is converted to an equivalent erosion shear stress (N m2) by the equations 

given in Tolhurst et al. (1999). The larger the critical eroding pressure the less 

easily the sediment is eroded. 

3.2.2. In situ investigation of biofilm growth 

In August 1999 the surface sediments from an area approximately I Om 2 

on the mid-shore of the Eden Estuary were scraped away to a depth of 

approximately 2 cm. Cryolander cores (Wiltshire et al. 1997) (n = 3) and CSM 

measurements (n = 5) were taken on day 0 before the disturbance and 

subsequently on days 0,1,3,5,7,14. All measurements were made at the time 

of low tide to coincide with any maxima associated with migration and in the 

centre of the plots to avoid edge effects. Underwood and Paterson (1993) found 

that in situ biofilms recovered in 6 days, for this study the sampling period was 

extended to 14 days. The site was revisited after 54 days to compare the 

disturbed site with an adjacent non-disturbed area and detennine if any long terin 

effects were evident. The CSM measurements were made by T. Tolhurst and the 

data made available for comparative purposes. 
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Cryolander samples were analysed (top mm only) for chlorophyll a 

(HPLC) and water content. Cryolander cores were also fractured and examined 

by LTSEM. 

3.2.3. Laboratory investigation into biofilm growth 

Surface scrapes were collected from the Eden Estuary. The sediment was 

sieved in seawater to remove all macrofauna and macroalgae and frozen at -70 

'C to kill all microalgae. The sediment was thawed, homogenised and divided 

amongst petri dishes, then randomly divided amongst tanks with a flow through 

sea water system (Figure 3.2). The seawater came from a pipe 200 m from the 

shore of East Sands, St Andrews. The samples were constantly immersed and 

illuminated with a 30OW halogen light source (12 Light: 12 Dark) which 

provided -650 ýtMol M-2 s-1. The design is courtesy of T. Tolhurst. 

On days 0,1,3,7 and 13 the sediments in 3 dishes were tested for 

stability using the CSM Erosion device (T. Tolhurst). 3 additional samples were 

quench frozen in liquid nitrogen and stored at -20 'C. Whilst frozen the samples 

were sawn into blocks of approximately I cm 2 and microscale sectioned at 

depths 0-200,200-400,400-600,600-1000,1000-1500 and 1500-2000 ýIm. 

Samples were analysed for bulk density, water content, chlorophyll a (HPLQ 

and carbohydrate content. A further 6 samples were maintained in this system for 

a total of 45 days to investigate if the biofilms would continue to grow over this 

period. 

The data from each micro-sectioned (200 ýtm) slice could be integrated 

over the entire top 2 mm or expressed over larger depth sections e. g. 0-400,0- 

600 pm etc. 
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Testing the model of Underwood and Smith (1998) 

Underwood and Smith (1998) constructed a model (Equation 3.1) to 

predict diatom colloidal carbohydrate content from chlorophyll a; this 

relationship was later verified by Kelly et al. (2001). 

Log (conc. colloidal carbohydrates + 1) = 1.4 + 1.02 (chlorophyll a conc. + 1) Equation 3.1 
Colloidal carbohydrates expressed as gg EPS per g freeze dried sediment 
Chl a expressed as pg chl a per g freeze dried sediment 

A predictive model was constructed using the data from this study and a two- 

tailed test used to determine if the data fitted the model. 

3.3. Results 

3.3.1. In situ recovery of biofilms 

Visual observations 

There was an immediate and obvious difference between non-disturbed and 

disturbed areas on the estuary. The sediments on undisturbed areas were 

characteristically golden brown, indicating the presence of diatomaceous 

biofilms, confirmed by LTSEM (Figure 3-3A) whereas this colouration was 

absent on the disturbed site (Figure 3.3B) and no diatoms were present (Figure 

3.3Q. There was an absence of invertebrate feeding trails following the 
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Figure 3.3: (A) LTSEM of the sediment surface prior to disturbance (B) The surface of 
the sediment after disturbance (C) LTSEM of the sediment surface after disturbance, no 

cells are evident (D) LTSEM of the sediment surface (indicated by arrow) and fracture 

face 14 days after disturbance. Cells are present at the surface and sub-surface. 

Scale bar in pm in (A) (C) and (D). 
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disturbance. As the site started to recover, patches of the golden brown colour 

associated with diatom biofilms were noted, these occurred throughout the site 

and were not localised to the edges. 14 days after the disturbance, cells had 

retumed to the top mm of the sediment and could be seen on and below the 

sediment surface (Figure 3.31)). There was a visible increase in the bed height 

over time at the disturbed site. 

Water content 

Associated with the removal of the surface layer of sediment was a 

significant decrease in the water content of 42 % (FI, 4 ý 11.03, p=0.029) from 

81+ 12 to 39 +4%. Subsequently the water content significantly increased over 

the remaining 14 days (F4,1 0=3.96, p=0.03 5; Figure 3.4). 

Chlorophyll a 

After the removal of the surface sediment there was significantly less 

chlorophyll a in the system (t = 9.18, n=3, p=0.012), falling from 176 + 18 to 8 

3 pg chl a g-1 fdw, a decrease of 95%. The chlorophyll a content in the top I 

mm of the sediment significantly increased subsequent to the disturbance event 

(F6,13 ý 17.96; p<0.01; Figure 3.5). Using the Tukey's test it was determined that 

after 5 days the chlorophyll a content (44 + 11 ýig chl a g-1 fdw) had significantly 

increased from day 0 (after disturbance). When the site was revisited after 54 

days the chlorophyll a content from the disturbed area did not significantly differ 

from a non-disturbed area (t = -1.99, n=3, p=0.14). There was no detectable 

presence of the breakdown products phaeophorbide, phaeophytin or 

chlorophyllide in any of the samples. The increase in the chlorophyll a content 
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Figure 3.5: Change in the mean chlorophyll a content + SE in the top 1 mm of sediment 
over time after a disturbance event 
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over days 3-14 appeared linear and the mean rate of increase over this period was 

8.97 ýtg chl a g-1 fdw d-1. 

Sediment stability 

Immediately after the sediments had been removed there was an increase 

of 33% in the critical erosion threshold (going from 0.92 + 0.09 to 1.22 + 0.12 N 

in -2 ) however, this was not significant (t = -2.03, df = 9, p=0.07). Overall, 

sediment stability significantly increased with time on the disturbed site (176,34ý 

9.68, p<0.001; Figure 3.6) and after 14 days was significantly higher than day 0. 

On revisiting the site after 54 days the erosion threshold was significantly higher 

than on day 14 and also significantly higher than a non-disturbed site (t = -2-84, 

df = 8, p=0.022). 

The relationship between water content, chlorophyll a content and critical 

erosion threshold. 

No significant correlation was found between water content and the 

critical erosion threshold over time. However, a significant positive correlation 

was found between chlorophyll a and water content (rs = 0.771, df = 18, p< 

0.001) and chlorophyll a content and erosion threshold (rs = 0.786, df = 5, p= 

0.04). 
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3.3.2. Laboratory Investigation into biofilm growth 

Visual obscrvations 
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The colouration of the sediment in the petri dishes rapidly changed from 

brown to the golden brown colour associated with diatornaceous biofilms. After 

45 days patches of green had also appeared, which would suggest a shift in the 

taxonomic groups. As the biofilm developed, bubbles of oxygen were visibly 

adhered to the biofilm, both above and below the surface, indicating high rates of 

primary productivity. By day 45, the biofilm was blistering away from the 

sediment surface as well as growing on the water surface and adhering to the side 

of the tank. There was also some bacterial growth; evident from an oily meniscus 

on the water/biofilm surface. 

LTSEM analysis revealed that pennate diatoms (- 10 gm) were the first 

to colonise the sediments. These were followed by chain forming and other large 

species (planktonic and benthic forms). Some bacterial growth was also evident, 

By day 13, the biofilm was well developed; a diverse algal community embedded 

in matrix of EPS covered the sediment surface. At the end of the study densely 

packed areas of cyanobactena were also evident. The samples were highly 

hydrated and the cells were embedded in an EPS layer preventing taxonomic 

identification (Figure 3.7). 

Bulk density 

Over the course of the experiment bulk density did not significantly 

change from the initial value of 0.78 + 0.24 g CM-3 on day 0. 
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Water content significantly changed with time (F6,14ý13.56, p>0.01; 

(Figure 3.8. Error bars not shown for clarity) increasing by 30% from 42 +2% 

on day 0 to 55 +2% day 1. There were some small fluctuations in water content 

between days I and 13 but none were significant using the Tukey's test. 

However, there was a significant increase in water content of 18 % between day 

13 (55 +I %) and day 45 (66 +2 %). The water content did not significantly 

change with depth on any of the days. 

Chlorophyll a 

The chlorophyll a content in the surface 2 mm significantly changed with 

time (F6,14=29.29, p< 0.01; Figure 3.9). There was a significant increase in 

chlorophyll a by day 3 jukey's test). Whilst the chlorophyll a content was 

apparently increasing in between days 3 and 13 there was no significant increase, 

however, on day 13 the chlorophyll a content was at its maximal level (105.7 

2.4 ýLg chl a g-' fdw). Further samples were taken after 45 days and were not 

significantly different from the values obtained after 13 days. The depth 

distribution of chlorophyll a also changed over the time period of the study. 

Chlorophyll a content was significantly lower in the top layers on days 0 

(F5,12=7.84, p=0.002), 1 (F5,12=12.71, p<0.001) and 3 (F5,12=12.82, p<0.001). By 

day 13, there was significantly more chlorophyll a in the top layers of the b1ofilm 

(175J2ý16.42, p<0.001). When the samples were examined after 45 days there was 

no significant depth effect in the distribution of chlorophyll a (175,12ý1.19, P- 

0.372). The increase in the chlorophyll a content over days 0-13 appeared linear 

and the rates of increase expressed at different depth intervals are shown in Table 
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3.1. There was a significant difference in the rates of increase when expressed 

over different depth intervals (175,12 = 4.36, p=0.0 17). 

Table 3.1. Rate of increase in the chlorophyll a content over days 0-13 

Rate of increase (gg g fdw d-) 
Depth (ýLrn) Mean SE 
0-200 7.212 0.182 
0-400 7.825 0.744 
0-600 8.245 0.864 
0-1000 7.611 0.433 
0-1500 6.361 .0 
10-2000 1 5.336 

, 
0.167 

Colloidal carbohydrates 

The colloidal carbohydrate concentration in the top 2mm significantly 

changed with time (F6,14=17.07, p<0.001) (Figure 3.10). After day 3 there had 

been a significant decrease in the colloidal carbohydrate concentration but this 

increased by day 7 to 1.59 + 0.3 mg glucose equivalents g-1 fdw jukey's test). 

Subsequent to this, the increase was not significant. Colloidal carbohydrate 

significantly changed with microscale depth (F5,30ý12.84, p<0.001). An 

interaction between time and depth (F30,84ý1.7, p=0.031) was also significant, 

however, the depth distribution differences were not consistent on each day 

(Figure 3.10). On day 0 the carbohydrate concentration did not differ with depth 

(F5,12=2.17, p=0.125) but by day I there had been a significant increase in the 

carbohydrate content in the upper 2 layers (F5,12=7.55, p=0.002). By day 7 there 

were significantly more colloidal carbohydrates detected in the top 3 layers (0- 

200,200-400 and 400-600 ýtrn) (F5,12=7.99, p=0.002). However, by day 45 there 

was no significant difference in the depth distribution of colloidal carbohydrate 
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(F5,12ý1.48, p=O. 266). The colloidal carbohydrate content appeared to increase 

linearly over days 5-13 and the rates of increase at different depth intervals are 

shown in Table 3.2. There was no significant difference in the rate of increase 

when expressed with increasing depth (F5,12 = 1.76, p=0.195). 

Table 3.2. Rate of increase in the colloidal carbohydrate content over days 5-13. 

Rate of increase (mg gl. equ. g- I fdw) 
Depth (ýtrn) Mean SE 
0-200 0.065 0.020 
0-400 0.053 0.015 
0-600 0.087 0.022 
0-1000 0.041 0.011 
0- 1500 0.037 0.0101 

10-2000 0.034 0.0091 

Sediment stability 

Sediment stability significantly increased over time (F6,28=31.70, 

p<0.001; Figure 3.11). Using the Tukey's test it was determined that by day 3 

there had been a significant increase in sediment stability from the start of the 

expenment (0.88 + 0.062 compared to 0.51 + 0.08 Nm -2) . The increase between 

days 3 and 13 was not significant. The erosion threshold was measured after 45 

days and was significantly higher than day 13 (3.4 + 0.4 compared to 1.8 + 0.2 

Nm 

76 



2.0 

1.5 
_0 

1.0 

0.5 

0.0 

Time (days) 

Figure 3.11. Change in the critical erosion threshold + SE over time 

10 12 14 



ý-Jofilj I I,, Corn I, atio IIoIId e\ C I() 1)111(, i II 

The relationships between water, chlorophyll a, colloidal carbohydrate content 

and critical erosion threshold 

A variety of approaches have been used to sample, analyse and express 

water, chlorophyll a and colloidal carbohydrate contents. Two different 

approaches were compared: 

1) Kelly et al. (2001) reported problems associated with expressing variables 

over a mm (coarse) rather than a gm (fine) scale. In this study the samples 

were sectioned in 200 gm depth sections (down to 2 mm), but to investigate 

the effect of a coarser depth sampling methodology the data were also 

integrated over the top 2 mm. Therefore, the effect of coarse vs. fine scale 

sectioning on determining correlative relationships could be compared 

dircetly 

2) The vanables of water/chlorophyll a/colloidal carbohydrate content were 

measured from the same sample and could therefore be treated as matched 

pairs. However, measuring the cntical erosion threshold is a destructive 

process and no other variables can be measured from the same sample. 

Therefore, to investigate any relationship between the critical erosion 

threshold and other variables requires correlating the means. Whilst 

unavoidable this approach may occlude some correlative relationships; 

therefore, it was investigated whether or not pairing the samples affects the 

strength of any correlative relationship using data that could be treated in 

both ways. 

A three-tier analysis approach was used to address these issues and analyse any 

correlations that might exist between water/chlorophyll a/colloidal carbohydrate 

content. The data were expressed as follows: 
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Data were integrated over the top 2 mm and averaged prior to correlation 

2) Data were integrated over the top 2 mm but paired according to sample 

prior to correlation 

3) Data were paired at all levels (e. g. time and depth) prior to correlation 

When water content and chlorophyll a content were integrated over the 

top 2 mm and then averaged for each time period no significant correlation was 

found between the two variables (Figure 3.12A). However, if the data were 

integrated to 2 mm, but paired according to sample, a significant correlation was 

found (rs = 0.525, df = 19, p=0.015; Figure 3.12B) which was more significant 

when samples were considered at all depths/times (rs = 0.475, df = 120, p 

0.001; Figure 3.12C). A significant positive correlation was found between water 

content and erosion threshold (r = 0.79, df = 5, p=0.03; Figure 3.13). A 

significant correlation was found between water and carbohydrate content when 

the data were considered at all depths/times (rs = 0.411, df = 120, p<0.001) or 

integrated to 2mm but paired according to sample (rs = 0.605, df = 19, p=0.004) 

but not when the data were integrated and averaged at each time (Figure 3.14). 

A significant positive correlation was found between chlorophyll a 

content and critical erosion threshold when averaged for the top 2 mm (r = 0.78 1, 

df = 5, p=0.0038; Figure 3.15F). The erosion threshold was also correlated with 

the chlorophyll a content integrated over the depth sections 0-200,0-400,0-600, 

0-1000 and 0-2000 gm. The strongest correlation was found at the depth section 

0-200 ýirn; 76% of the erosion threshold could be accounted for by the 

chlorophyll a content (Figure 3.15A). A significant positive correlation was 

found between chlorophyll a and colloidal carbohydrate concentration (r = 0.55, 
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df = 124, p<0.001; Figure 3.16C). The relationship was only significant when 

the data were considered at all depths/times. 

Colloidal carbohydrate concentration and erosion threshold significantly 

positively correlated, even when colloidal carbohydrate was expressed at 

increasing depths (Figure 3.17). The correlation was strongest when examining 

the top 200 ýLrn; 89 % of the variation in erosion threshold could be accounted for 

by the variation in colloidal carbohydrates (Figure 3.17A). 

Having verified a significant positive correlation between chlorophyll a 

and colloidal carbohydrate content the data from this study were used to produce 

a predictive model which was compared to that of Underwood and Smith (1998). 

The model generated is shown as Equation 3.2. 

Log (conc. colloidal carbohydrates + 1) = 2.18 + 0.56 (chlorophyll a conc. +1) Equation 3.2 

Colloidal carbohydrates expressed as Vg EPS per g freeze dried sediment 
Chl a expressed as [ig chl a per g freeze dried sediment 

Using a two tailed test both the 8 value and the a value were significantly 

different from those generated by Underwood and Smith (1998) (p > 0.10). 

3.4. Discussion 

The key role of diatoms and other microphytobenthos in ecosystem 

functioning is well detailed and understanding the colonisation and recovery 

rates of microphytobenthic biofilms is essential in our understanding of the 

estuanne ecosystem. ThIs study demonstrated the rapIdity of the in situ 

colonisation and recovery rates of microphytobenthos and examined both the 

physical and biological changes associated with biofilm formation, 
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demonstrating the importance of biological processes in a system once only 

considered at a physical level (Montague 1986). 

Description of site/cores 

In both studies biomass changes were visible to the naked eye within a 

few days (indicating ýý. 104 CM-2 Cells; Paterson 1989), and confirmed by 

pigment/LTSEM analyses. The colouration of sediments has often been used as 

an indicator of taxonomic group (e. g. Under-wood 1997; Paterson et al. 1998) and 

in both studies the appearance of a golden brown film indicated the presence of 

diatoms. Biofilm growth started from patches that merged to form a larger 

biofilm. The source of these patches was unknown, though believed to be from 

the water column. The laboratory experiment would seem to support the 

hypothesis that the water column can successfully seed a microphytobenthic 

biofilm. The cues for these patches remains unclear; in both studies the 

sediments were assumed to be homogeneous at the start. 

Towards the end of the laboratory study the biofilm started to blister with 

oxygen bubbles and the small current generated by the flow-through water 

system removed some of the biofilm. In a natural system with grazers and tides it 

is rare that a biofilm would develop to this stage. 

Water content 

Biofilms have been described as biologically stabilised water and 

significant changes in water content may be associated with biofilm growth. The 

physical removal of the top layer of sediments in situ led to the formation a slight 

drainage ditch, as well as exposing more compact subsurface sediments; this 
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resulted in a visible increase in surface water at the site. However, the water 

content of the newly exposed sediments was significantly lower than prior to 

disturbance. Deeper sediments have a higher bulk density and this result may be 

explained by a reduction in the available pore space for water drainage. The 

increase in water content over time may be explained by the deposition of new 

sediments, these forming a less compact surface layer. 

In the laboratory study, there was an immediate increase in the water 

content as water was absorbed into the freshly immersed sediments. Subsequent 

to this there was little change and it is likely that the biofilms were saturated 

because of constant submersion. The water content did not change with depth, 

but in a natural system where water can drain into the sediments, as well as be 

subject to evaporation, a change in water content may be observed with depth. 

Biomass 

The chlorophyll a contents in both studies were comparable to values 

obtained in situ by Underwood and Paterson (1997), Kelly et al. (2001) and de 

Brouwer and Stal (2001). The in situ removal of sediments removed 95% of the 

biomass. The remaining 5% was likely to be PIB (Photosynthetically Inactive 

Biomass; Kelly et al. 2001). Within 5 days the biomass had significantly 

increased, a time scale comparable to the findings of Underwood and Paterson 

(1993) and subsequent to this there was no significant increase. The biomass 

source was unknown, but the uneven distribution of newly formed b1ofilin 

patches, as well as the slow rate of cell movement, makes colonisation from the 

edges unlikely to be the main source of imported biomass. Depth distribution 

profiles show a concentration of biomass in the top 200 pm (Kelly et al. 2001) 
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and with a 95 % reduction in biomass it was unlikely that cells migrated from 

under the site. Therefore, results would suggest that the incoming tide brought an 

innoculurn of cells. Subsequent to this it is not possible to determine if the 

biomass increase was attributable to the doubling rate of the cells (under 

favourable conditions diatoms can exhibit a daily doubling rate) or the fresh 

deposition of cells on each tide; both could affect the rate of recovery. 

In the laboratory study the chlorophyll a content had significantly 

increased by day 3 and reached a maximum after 13 days. At the start of the 

study there had been significantly more chlorophyll a in the deeper layers which 

could be attributed to settling of PIB. By day 13 there was significantly more 

chlorophyll a in the top layers, attributable to settling and colonisation of cells 

from the water column. At this stage the microscale distribution and content of 

biomass was characteristic of those microphytobenthic biofilms previously 

described (e. g. PROMAT Final Report; Wiltshire et al. 1997; Honeywill 2001; 

Kelly el al. 2001) with a concentration of biomass in the upper layers of the 

sediment followed by a linear decrease with depth. However, after 45 days there 

was no significant concentration of biomass in the upper layers, or decrease with 

depth, and the reasons for this will be discussed below. 

The chlorophyll a content, as well as rate of biomass increase, differed 

when expressed for different depth intervals. The inclusion of successively 

deeper layers serves to dilute the biomass and therefore reduce the chlorophyll a 

content (also described in Kelly et al. 2001). Therefore, the scale at which the 

biofilm is examined has implications for cross comparing biofilm growth studies. 
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Colloidal carbohydrates 

The colloidal carbohydrate contents obtained in the laboratory study were 

over an order of magnitude greater than values obtained by Grant et al. (1986) 

and Grant and Gust (1987), but within the ranges detected by Underwood and 

Paterson (1993), de Brouwer and Stal (2001) and Kelly et al. (2001) and 

therefore were considered representative of values found in situ. Underwood and 

Smith (1998) described an increase in colloidal carbohydrates over the 

ernmersion period, with a subsequent decline as they are washed away on the 

incoming tide. The lack of tides in the laboratory system may lead to elevated 

levels of colloidal carbohydrate. It is unknown if any were lost to the water 

column through diffusion or by the small currents generated in the flow through 

tanks. 

The colloidal carbohydrate contents did not follow the same trend as 

chlorophyll a. After 3 days there was a reduction in the colloidal carbohydrate 

content. The reasons for this were unclear but it is possible that bacterial activity 

degraded those that were present already (Decho 1990), and it was only by day 7 

that production of colloidal carbohydrates was greater than consumption. 

The distribution of colloidal carbohydrates remained concentrated in the 

upper layers of the b1ofilm/sediment over the first 13 days. However, after 45 

days there was no significant depth effect. This pattern was reflected by the 

chlorophyll a content and these distributions suggest that cells may have been 

migrating/moving throughout the top 2 mm. The biofilm was dominated by 

motile fon-ns (mainly naviculoid cells), which would support this premise. 
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Stability 

The in situ critical erosion threshold of the subsurface sediments was 

higher than those at the surface. The difference was not significant, but previous 

workers (Delo and Ockenden 1992) have shown that shear strength generally 

increases with depth; deep sediments being more compacted (Underwood and 

Paterson 1993). The sediment stability continued to increase for the duration of 

the study. This was correlated with the increase in biomass and it is hypothesised 

that this increase in biomass would increase carbohydrate levels, therefore 

increasing stability. It was unclear as to why the sediment stability remained 

higher at the disturbed site. It is possible that the sediments at the disturbed site 

differed from the non-disturbed site in their sorting or physical/chemical 

composition. It is also possible that the stability was influenced by a taxonomic 

difference between sites, resulting in differential EPS production rates or the 

physical presence of the cells themselves. 

As with the in situ study the sediment stability in the laboratory was still 

increasing when the experiment was ten-ninated. However, by this stage the 

biofilm was blistering away and it is likely that the critical erosion threshold was 

at, or very close, to its maxima. 

Associations between the physical and biological variables 

There was a significant correlation between water and chlorophyll a 

content in the in situ study. As reported earlier, biofilms comprise a large amount 

of water and this relationship may reflect this. Detecting this correlation was 

surprising in light of the laboratory study where no correlation was found 

between water and chlorophyll a content/carbohydrate content or carbohydrate 
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and chlorophyll a content when the data were integrated over 2 mm. However, 

when the depth sections were separated out significant relationships were 

detected with all parameters. It is not possible to say whether this was a result of 

an improved sampling technique or merely an increase in replicates. 

Underwood and Smith (1998) proposed a model predicting exopolymer 

concentrations from chlorophyll a. The data in the laboratory study did not fit the 

model, however, the system did not meet all the model requirements. The model 

required that over 50% of the sample be diatomaceous and in the laboratory 

study green algae and cyanobacteria were present towards the end of the study 

and therefore may have affected the relationship. Also, samples taken from 

different depths were incorporated and this may have influenced the outcome. 

Throughout the laboratory study, cells will have been at differential stages in 

their growth curve and Underwood and Smith (1998) determined rates of EPS 

production to vary with growth phase. Though the model was not verified, a 

significant positive correlation between chlorophyll a and colloidal carbohydrate 

content was found which confinns that the two factors co-vary. 

Underwood and Paterson (1993) found a significant negative correlation 

between water content and sediment shear strength. If there is more water in the 

sediment it is likely that there is a lower wet bulk density, therefore the sediment 

particles will be further apart and interparticle bonds will be weaker and thus 

more easily eroded (Allen 1985; Tolhurst pers. comm). However, in the 

laboratory study a positive correlation between water content and critical erosion 

threshold was found. No significant change in bulk density was observed and 

therefore the increase in water content most likely reflected the increase in 

biomass. 
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Confirraing the hypotheses of Underwood and Paterson (1993), positive 

correlations were found between chlorophyll a content and critical erosion 

threshold and carbohydrate content and critical erosion threshold. When the 

depths were separated out, the strongest correlations were nearly always found 

with using the top 200 ptm sample only. Therefore, it is recommended that future 

studies sample at a ýtm scale to increase the likelihood of detecting significant 

correlations. 

It has been proposed (Grant and Gust 1987; Dade et al. 1990) that 

carbohydrate contents could be used as possible indicators of biogenic 

stabilisation. The results of this study show there to be a stronger predictive 

relationship between chlorophyll a content and critical erosion threshold than 

colloidal carbohydrate content and critical erosion threshold. The positive 

correlation with water content is initially counter-intuitive, however, as the 

increase in water content was probably due to an increase in biologically 

stabilised water this merely represents a correlation with increased diatom 

activity and biostabilisation and not a causative relationship. 

3.4.1. Conclusions and future work 

Biological systems are not static and it has been proposed (Horn, 1975; 

Connell 1978) that the highest level of diversity will be maintained in systems 

with intermediate levels of disturbance; the Intermediate Disturbance 

Hypothesis. Therefore, a disturbance event/events such as that simulated in this 

study should not necessarily be regarded as deleterious, but perhaps as beneficial 

to the overall functioning of the system. Small areas of mudflat are frequently 

affected by localised disturbances e. g. fish/grazer feeding trails, erosion from 
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debris and even erosion from field workers. Therefore, any mudflat will have a 

mosaic of microphytobenthic communities at different stages of growth. 

The work detailed here demonstrated the speed at which a natural system 

can recover from a small-scale disturbance event (5 days). It was not possible to 

ascertain whether the cells came from within this system or from another 

location. This has implications in making predictions to how the mudflat as a 

whole would recover from a system wide disturbance event e. g. a storm. The 

laboratory study confinned that a water column could seed the growth of a 

sediment biofilm. 

It is necessary to consider the timing of any disturbance event. Timing 

could have a two fold effect on 1) the extent of damage to the system, an 

established biofilm community (cells and EPS) may afford some damage 

limitation and 2) the recovery rate - the system may take longer to recover at 

certain times of year e. g. in winter when light availability is reduced. 

Following the erosion, transport and deposition of intertidal particulate 

matter (including biomass) remains one of the most difficult, yet essential areas 

to be understood in estuarine research. Recent workers (Wiltshire and Schroeder 

1994; Wiltshire et al. 1995, Wiltshire et al. 1998) have attempted to use 

microalgal pigments as markers to follow sediment transport. The water column 

of the Elbe Estuary (Germany) has been shown to contain 250 mg 1-1 of 

chlorophyll a (Wiltshire and Schroeder 1994) which declines along a transect, 

the cause of decline remains unclear. The survival rate and fate of cells that have 

been eroded into the water column remains unquantified. To date we have some 

knowledge of the erosion and transport of pigments but not on resettling. 
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Underwood and Paterson (1993) examined the recovery of a natural 

system from a disturbance event, after a biocide treatment. This work has 

continued that theme by examining the effect of a more natural and 

commonplace disturbance, the removal of the top layer of sediment. Whilst the 

results indicated that microphytobenthic systems are resilient to such events this 

study suggests the need for a more rigorous set of experiments to examine in 

greater detail the recovery and colonisation events in sedimentary intertidal 

systems. Future work should incorporate bed height measurements to further 

examine changes at the physical level of the system, as well as measurements of 

bulk density, sediment type/particle size as well as the turbidity and 

sediment/pigment load of the water column. 

The main aim of the work was to examine changes in the first 13/14 days 

of colonisation/recovery. The final data point in the in situ study was included to 

ensure that the work had incurred no long-term deleterious effect, and as a point 

of comparison in the laboratory study. However, both studies would have 

benefited from the inclusion of extra data points in this period, as well as 

sampling beyond it, to determine if the values at the end of the study were a true 

maxima. 

Lens tissue samples were taken in the in situ study but did not collect 

enough cells to count. It is possible that the colonising cells were 

planktonic/episammic but the LTSEM images did not support this. Future work 

should collect cells from larger areas of biofilm and further concentrate the cells 

in the cleaning process. Different species groups secrete different amounts of 

EPS and it is important to consider successional and seasonal changes in species 

composition (Underwood and Paterson 1993; Underwood 1994). 
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The presence of grazers in the field and absence in the laboratory will 

have had an effect on the successional events as well as overall biomass. The 

uniform pigment/colloidal carbohydrate distribution described at the end of the 

laboratory study was most likely a symptom of the biofilm growing without 

grazing pressure, therefore becoming deeper than it would normally. Had the 

samples been sectioned to a greater depth it is likely that the "classic" linear 

decrease in biomass in the top 2 mm would have been seen. 

The data generated in this study supports the previous hypotheses of 

workers such as Underwood and Paterson (1993) that positive correlations exist 

between chlorophyll a/colloidal carbohydrates and the critical erosion threshold. 

3.4.2. Summary 

Removing the surface layer of the sediments in situ decreased both the 

sediment water content and biomass. However, within 5 days the biomass 

returned to maximal levels. After 14 days there had been a significant increase in 

the sediment stability, which increased, further after 54 days. The work suggests 

1) that biological changes occur more rapidly than physical and 2) the physical 

changes are dependent upon the biological changes. 

In the laboratory it took 3 days for a significant increase in chlorophyll a 

to occur and there was no subsequent significant increase. The colloidal 

carbohydrates initially fluctuated but overall demonstrated a significant increase 

by day 7, with no subsequent significant increase. Associated with the increase in 

chlorophyll a and colloidal carbohydrate was an increase in sediment stability 

which was significant after 3 days. These results are surnmarised in Table 3.3. 
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Table 3.3. Summary of time for changes 

Parameter Experinient Time for significant 
change fi7om day 0 

Biomass in situ 5 days 
laboratory 3 days 

Water content in situ n/a 
laboratory I day 

Bulk density laboratory no change 
Stability in situ 14 days 

laboratory 3 days 
Carbohydrates laboratory 3 days (7 for increase) 

In situ sediment stability was found to significantly positively correlate 

with chlorophyll a content. Under controlled laboratory conditions significant 

positive correlations were determined between chlorophyll a/water/colloidal 

carbohydrate content and sediment stability (Table 3.4). Microphytobenthos have 

been shown to be essential in the stabilisation of intertidal sediments confinning 

the work of Grant et al. (1986), Paterson (1989), Heinzelmann and Wallisch 

(199 1), Madsen et al. (1993), Underwood and Paterson (1993), Paterson (1994) 

and Yallop et al. (1994). Prior to this study the fine scale distributions of 

pigments and colloidal carbohydrates within the upper layers of sediments had 

been examined (e. g. PROMAT Final Report; Wiltshire et al. 1997; Taylor and 

Paterson 1998; deBrouwer and Stal 2001; Kelly et al. 2001) but no work had 

detailed the steps leading to the formation of these depth profiles. The 

Cryolander technique has proved to be a useful tool in examining changes in 

microphytobenthic communities, particularly when trying to dissect changes 

occurring at a scale relevant to the organisms themselves. 
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Table 3.4: Correlative relationships between the parameters (A) in situ study (B) 
Laboratory study 

Parameter Chl a Water Stability 

Chl Yes Yes 
Water Yes No 
Stability Yes No 

II 

(A) 

(B) 
Parameter Chl a Water Colloidal 

Carbohydrates 
Stability 

Chi a Yes Yes Yes 
Water Yes Yes Yes 
Colloidal 
Carbohydrates 

Yes Yes Yes 

IStability IYes IYes 

3.5. Acknowledgements 

Specific thanks for the work detailed in this chapter are due to Dr T. J. Tolhurst, 

Angela Sharples and Irvine Davidson. Work was additionally funded by 

CLIMEROD (EU MAS3-CT98-0166). 

91 



IIjj,, I, tjjojj w, in, - 14a 1) o rato 1 IM ("Al A1011 iIII( 

CHAPTER FOUR 

LABORATORY INVESTIGATION INTO MICROPHYTOBENTHIC 
MIGRATION USING CHANGES IN F,, 15 



I. ahoratory investiLalion iln-lo- 

4. Laboratory investigation into microphytobenthic migration 

using changes in Fo 15 

Introduction 

Several of the techniques available to quantify microalgal biomass, both 

qualitatively and quantitatively, were outlined in Chapter 1. However, many of 

these techniques are time consuming and/or involve destructive sampling. Both 

these factors complicate the measurement of the rapid changes in microalgal 

biomass that might occur as a result of migration over the low tide period. 

The aim of the work in this chapter was to investigate whether the 

correlative relationship described to exist between minimum fluorescence and 

chlorophyll a (Ser6dio et al. 1997,200 1; Honeywill 200 1; Honeywill et al. 2002) 

could be used to follow the rapid changes in biomass associated with 

microphytobenthic migration over the low tide period; and to use this technique 

as a tool to examine the cues and patterns of migration. 

4.1.1. History of the fluorescence techniques in this field 

The assumption underlying this work is that any increase in chlorophyll a 

will result in a concurrent increase in the intensity of the fluorescence signal 

(Kiefer et al. 1989; Chamberlin et al. 1990; Ser6dio et al. 1997,2001). 

Fluorescence techniques have been employed to measure biomass in 

oceanographic studies for many years (Yentsch and Menzel 1963; Lorenzen 

1966) however in 1997 Ser6dio et al. were the first team of scientists to employ 
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fluorescence techniques to sediments with a view to ascertaining biomass. Two 

assumptions are central to this technique: 

1) There is a quantitative correlation between fluorescence and biomass 

2) The depth of penetration of the measuring beam is shallower than the 

depth over which the cells move (Ser6dio et al. 1997). 

4.1.2. Meeting the assumptions of the technique 

1) There is a quantitative correlation between fluorescence and biomass 

A linear relationship has been described to exist between minimum 

fluorescence (F, ) and chlorophyll a, as a proxy for microphytobenthic biomass, 

in the laboratory and in situ (Ser6dio et aL 1997; Barranguet and Kromkamp 

2000; Honeywill 2001; Ser6dio et al. 2001; Honeywill et al. 2002). 

Intertidal microphytobenthic biofilms are subject to extremely variable 

temperature and light conditions and the reliability and proportionality of any 

relationship must therefore be confirmed under a range of environmental 

conditions. Using dark level fluorescence (F, ), Ser6dio et al. (2001) proved that 

variations in chlorophyll a can be non-destructively traced under a range of 

temperatures/Irradiances characteristic of those found in situ. This was further 

substantiated by Honeywill (2001) and Honeywill et al. (2002) who deten-nined 

the relationship between F. 15 (the fluorescence yield of samples that have been 

dark-adapted for 15 min) and chlorophyll a, to hold true over a range of 

environmental conditions e. g. light, temperature. 

Ser6dio et al. (2001) deten-nined that when examining microphytobenthic 

biofilms, F, was the least sensitive to temperature/irradiance fluctuations 
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compared to other fluorescence vanables (F,,, Fn' and F'). F, also showed the 

least amount of species specific variation. Honeywill (2001) found a stronger 

correlation between F, 15 and chlorophyll a than F,, 15 and chlorophyll a. 

Despite the fact that linear relationships have been detennined to exist 

between chlorophyll a and dark level minimum fluorescence (Ser6dio el al. 

1997; Honeywill 2001; Ser6dio et al. 2001; Honeywill et al. 2002) the slope and 

intercept of the line are variable (Ser6dio et al. 1997). Therefore it is essential to 

appreciate that whilst a change in minimum fluorescence may be related to a 

proportional change in chlorophyll a, the chlorophyll a content per se cannot be 

determined using this method. 

2) The photic depth is shallower than the depth of migration 

Ser6dio et al. (1997) estimated the photic depth of the intertidal 

sediments in which he measured fluorescence to be 270 gm. This is shallower 

than the depth over which cells are reported to migrate (Palmer and Round 1965; 

Paterson 1986; Pinckney 1994; Paterson et al. 1998; de Brouwer and Stal 2001; 

Kelly et al. 2001). Kromkamp et al. (1998) determined that the fluorescence 

signal of microphytobenthic cells is only detectable in the upper 150 [tm. 

Furthen-nore, the fluorescence equipment that was used in this chapter (FMS2) 

has a blue measuring beam; blue light is attenuated more rapidly than other 

wavelengths in sediments (Lassen et al. 1992; MacIntyre and Cullen 1995; 

Kromkamp et al. 1998), therefore the measuring beam will not penetrate as deep 

as other wavelengths. 

Fluorescence techniques are limited to the photic zone and consequently 

only the biomass that is potentially photosynthetically active can be measured. 
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Therefore, an advantage of fluorescence techniques is the avoidance of 

incorporating photosynthetically inactive biomass (Honeywill 2001; Kelly et al. 

2001). 

Having satisfied the above conditions, changes in the in vivo dark 

chlorophyll a fluorescence minimum (F, ) can potentially be used as a non- 

destructive technique to trace the migratory rhythms of microphytobenthos to 

and from the sediment surface both in situ and in the laboratory. This enables 

repeated measurements to be made on the same spot and eliminates many of the 

problems inherent with destructive sampling in highly heterogeneous systems. 

Changes in the minimum fluorescence yield (Ser6dio et al. 1997,2001; 

Kromkamp et al. 1998; Underwood et al. 1999; Honeywill 2001; Honeywill et 

al. 2002; Perkins et al. 2002) at the sediment surface have already been used to 

trace microalgal migrations. The patterns of change in minimum fluorescence 

corresponded to those determined using other techniques, therefore supporting 

the premise that changes in fluorescence relate to changes in biomass at the 

sediment surface. 

4.1.3. Migration patterns 

Microphytobenthic vertical migrations have been discussed as a strategy 

for cells to optimise fitness and competitive ability in the presence of significant 

diel/tidal changes (Garcia-Pichel et al. 1994). Garcia-Pichel et al. (1994) 

discussed how migratory behaviours might be a mechanism to allow organisms 

to follow gradients (e. g. light) or avoid extremes of these to maximise fitness 

therefore conferring an evolutionary advantage. Through the evolution of 

motility, these cells are able to track optimum light levels within the sediments 
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and therefore maximise absorption whilst minimising photoinhibition (Admiraal 

1984). Migration may represent an energetically cheap, rapid and plastic 

response to optimise productivity over photophysiological adaptations (Ser6dio 

et al. 2001). Furthermore, not only may migration maximise the fitness of the 

individual cells, but may also be implicated in maintaining the overall health and 

success of the biofilm. Kromkamp et al. (1998) were the first proponents of the 

micro-migration theory, suggesting that cells sub cycle within the biofilm to meet 

their C02 requirements as well as to avoid damaging irradiances at the sediment 

surface. Such a strategy maintains a high overall productivity for the b1ofilm 

whilst protecting individual cells. It has also been suggested (Round and Happey 

1965; Round and Eaton 1966) that a vertical migration strategy may aid the 

survival of epipelic algal species through the prevention of permanent burial. 

Microphytobenthic communities often thrive under apparently nutrient depleted 

conditions in the surface waters and it has been proposed that downwards 

migration enables cells to enhance nutrient uptake (Happey-Wood and Priddle 

1984). Avoidance of predators has also been discussed as being a driving force 

behind migration and further to this migration may prevent cells entering the 

water column and therefore falling prey to filter feeding organisms. 

The highly visible nature of benthic biofilms means that many anecdotal 

descriptions of migration exist, however, much remains to be elucidated about 

these behaviours and what drives them. The reasons, patterns and cues for 

migration have been widely discussed, yet no universal pattern has been 

described and no universal cue determined. Migratory patterns In microalgae 

were reported as early as 1907 (Fauvel and Bohn) and 1919 (Bracher) and these 

rhythms related to tide and light. Microphytobenthic communities have been 

96 



QWLu 1 nhorg() ,, týjjtioil into rni_ci -ophyloherithic mioration using 

documented many times over to exhibit predictable migrations with diurnal and 

tidal patterns or combinations (Table 4.1). 

Most microphytobenthic migrations have some species-specific 

idiosyncrasies but the most generally described pattern involves the synchronised 

emergence of microphytobenthic species prior to, or at the start of the daytime 

low tide/exposure period and a downwards migration prior to, or at the time 

corresponding to high tide/darkness (Figure 4.1). The expression of migration 

only during daytime low tides has been described as quasi-tidal (Palmer and 

Round 1965). Bi-modal cycles (Figure 4.1) are characteristic of long summer 

daylength, and in winter there will often be only one migration event in a day 

(Round and Palmer 1966). 
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In dark exposure periods biomass is uniformly and randomly distributed 

in the upper mm. of the sediment (Round 1981; Paterson 1986; de Brouwer and 

Stal 2001) whereas in light conditions most of the microphytobenthic biomass is 

located in the top 200 [tm (Paterson 1986; de Brouwer and Stal 2001). de 

Brouwer and Stal (2001) and Paterson et al. (1998) reported the formation of a 

dense biofilm within the first 30 min of light exposure, contradicting the findings 

of Aleem (1950) and Round and Palmer (1966) who found that a2h period of 

exposure was required before cells would migrate to the sediment surface. 

Paterson (1986) demonstrated a linear increase in cells at the sediment surface as 

-2 -I soon as light level increased beyond 0.5 ýtE ms 

Many authors have reported in situ downwards migration to be subject to 

tidal forcing (Faur&-Fremiet 1950; Palmer and Round 1965; Round and Palmer 

1966; Happey-Wood and Jones 1988). This is demonstrated by the wave of 

migration that travels from low shore to high shore preceding the incoming tide. 

However, this is not a ubiquitously reported phenomena with Perkins (1960) 

reporting cells still present on the surface sediments of the Eden Estuary at high 

tide. 

Work to date has demonstrated that migration varies with geographical 

location and taxonomic composition. Round and Palmer (1966) and Happey- 

Wood and Jones (1988) reported the sequential emergence of diatom species 

over the low tide exposure period. In a hypersaline pond, certain cyanobacterial 

species were shown to migrate down in response to increasing light and up as 

light level declines, and those that did not migrate down were reported to have a 

lower pigment concentration to minimise photodamage (Garcia-Pichel et al. 

1994). 
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4.1.4. What drives migration? 

When natural microphytobenthic biofilms are removed to the laboratory 

and sustained in the absence of any environmental cues they often maintain their 

migratory rhythms. This ability has been termed the hold-over effect (Round and 

Palmer 1966) and may help to discern the parameters that drive migration. 

It has been suggested that "migration" to the sediment surface may 

merely be a symptom of capillary action, as the upper layers of the sediment dry 

out. However, the subsequent downwards migration as well as migration 

occurring in sub-tidal/pond communities (e. g. Round 1978) does not support this 

theory. Palmer and Round (1965) hypothesised that the arrival of sub-surface 

water in situ may initiate the downwards migration that precedes low tide, but 

water content data did not support this. Hopkins (1966) demonstrated that under 

certain conditions the arrival of capillary water, signalling the incoming tide, was 

needed before cells can migrate and that the sensitivity of cells to water increased 

with the anticipated time of high tide. 

Palmer and Round (1965) demonstrated that euglenoid cells can be 

induced to migrate downwards by darkness. Such phenomena provide some 

evidence of a light stimulus for migration. Kingston (1999) was one of the first 

authors to manipulate light as a stimulus, and attributed downwards migration, 

often seen over the midday period, as being a response to avoid damaging 

irradiances and photoinhibition (see also Underwood et al. 1999; Underwood 

2002). 

Rhythmic endogenous changes in phototaxy have been reported in 

swimming species such as E. gracilis; Bruce and Pittendrigh 1956; Round and 

Palmer 1966) and it is entirely possible that this phenomenon exists in the 

99 



iloo m ci( pllvtohý: Ilthiý Illiý-'i'l; 1oll Cha )tcl 41 jb(m I)I" 

microphytobenthos. Endogenous rhythms have also been shown to persist in the 

absence of various stimuli (e. g. dark, tide) and rhythmic migrations have been 

shown to persist in laboratory systems for between 3 (Ser6dio et al. 1997) and 21 

days (Paterson 1986). 

Migratory rhythms have been shown to remain tidal under constant light 

conditions in the laboratory, demonstrating that light alone is not sufficient to 

keep cells at the sediment surface (Palmer and Round 1965). Under constant 

laboratory conditions, some microphytobenthic assemblages have demonstrated a 

daily shift to reflect the tides, which became rephased to account for the evening 

low tide (Happey-Wood and Jones 1988). Ser6dio et al. (1997) demonstrated a 

strong endogenous tidal migratory rhythm in cells kept under dark conditions in 

the laboratory. Callame and Debyser (1954) showed that a tidal migration rhythm 

was only maintained for one day in the laboratory if the samples were not wetted, 

and concluded that for any migratory rhythm to remain tidal a water cue was 

needed. 

In contrast, diumal migratory rhythms have been reported by Palmer and 

Round (1965) and Round and Palmer (1966) for cells kept under constant light 

conditions in the laboratory. Happey-Wood and Jones (1988), despite finding 

that the rhythm was primarily tidal, also demonstrated that cells migrate down at 

times of darkness and any endogenous tidal rhythm is rephased according the 

illumination status at the site. 

Palmer and Round (1965) and Hopkins (1966) described diatoms to have 

a self-sustaining migratory rhythm that follows daylength, but is affected by a 

superimposition of a tidal rhythm. To account for patterns in migration, Hopkins 

(1966) developed a model that incorporated rhythms in phototaxy and motility. 
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Motility was shown to only occur at times co-inciding with low tide with the 

strength/direction of the phototaxy determining the migration response. Palmer 

and Round (1965) and Round and Palmer (1966) developed a similar model. 

They suggested diatoms to have a free running 24 h biological clock rather than a 

24.8 h tidal one. It was hypothesised that vertical migration was driven by a 

permanent positive geotaxy, which was overridden by a rhythmic positive 

phototaxy, however, there must be some cue that prevents cells migrating 

downwards indefinitely e. g. anoxic layer (Kingston 1999). 

Wbilst such models provide a suitable framework to describe the most 

general patterns of migration, they are clearly over simplified. Tenris must be 

introduced to account for differential responses to nutrients, dissolved C02, light 

history/conditions over the exposure period, grazing pressure and disturbance. It 

would seem that some form of biological clock controls the migratory rhythms of 

many microphytobenthic species but that the parameters that entrain this clock 

vary. It has been suggested that these migratory rhythms are the main cause of 

short-ten-n variability in intertidal microphytobenthic primary productivity and 

therefore must be considered in any model of microphytobenthic primary 

productivity (Pinckney and Zingmark 1991; 1993). Considering the high level of 

variability described above, it is essential to characterise these migratory rhythms 

for as many sites and microphytobenthic assemblages as possible in order to 

determine if there are generic patterns and to ultimately discern the cues that 

drive migration. 

101 



Laboralol v III cSti-gal Io [I II It I iC III iý-'Iý11-10 IItV; 

4.4.5. Aims 

The fluorescence parameter F, 15 was used to trace microphytobenthic 

migration under controlled laboratory conditions. The aims of the work were to: 

1) Deten-nine the migratory pattems of microphytobenthic cells from the 

Tay and Eden Estuaries 

2) Determine if microphytobenthic migration on the Tay and Eden Estuaries 

is endogenous or driven by external cues (e. g. light, tide) 

4.2. Materials and Methods 

4.2.1. Experimental Design 

Cores were collected from the mid shore region of the Tay (June 1999) 

and Eden Estuary (February and April 2000) and transported to the laboratory. 

15 cores were collected for the Tay and Eden (February) Estuary studies whilst 

49 cores were collected for the Eden (April) study. Cores were placed in the tidal 

tank system (Figure 4.2) and submersed at the time corresponding to the in situ 

high tide. The samples were also darkened to represent the light loss associated 

with turbidity at high tide. The samples were further subjected to an exposure 

period (low tide) and then darkened at the time of sunset (to correspond to 

ambient conditions) followed by a final dark submersion (corresponding to in 

situ) prior to the start of the experiment. At low tide, water was siphoned from 

the tank but the water level was maintained just below the surface of the cores to 

avoid drying out (Figure 4.2). The cores were illuminated with 30OW Halogen 
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lights (-650 ýLrnol M-2 s-1). Table 4.2. shows the times and exposure period for 

each experiment. 

Table 4.2. Experimental times 

I Exposure period I 

Site Time Duration Low tide 

Tay 08: 14 - 13: 35 337 min 10: 27 (133 min) 
(June 1999) 

Eden 08: 12 - 14: 59 407 min 11: 08 (176 min) 
(February 2000) 

Eden 10: 00 - 16: 30 390 min 13: 10 (159 min) 
(April 2000) 

1 

4.2.2. Lens tissue collection 

Lens tissues were sprayed with salt water and placed on the core using a 

standard pattern (Figure 4.3). This enabled all the lens tissues to be placed on 

each core at the same time. A piece of lens tissue from each core was 

immediately removed and placed in 4% gluteraldehyde solution. A piece of lens 

tissue was then removed from each core approximately every hour over the low 

tide period. Pen-nanent slides were prepared from the fixed samples. 

4.2.3. Fluorescence measurements 

Fluorescence measurements were taken approximately once an hour. A 

dark adaptation chamber (Figure 4.3) was placed on the exposed sediment of 

each core and left for 15 min. The FMS2 portable fluorometer was used to 

measure the parameters F0 15 and F 15 FF 115 . (Honeywill et al. 2001) and /" (Genty 

et al. 1989). 
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4.2.4. Pigment determination 

The contact corer device (Honeywill 2001) was used to freeze the top 2 

mm of the core (Figure 4.4). The contact corer (area 2463 mrn 2) is gently placed 

on the sediment surface so that the metal dish makes contact. LN2 is then poured 

into the dish. This is left for approximately 30 s before the whole contact corer 

and frozen sediment is removed. Any sediment deeper than 2 mm is removed 

using an artist palette knife, leaving a flat disc of sediment. The metal dish and 

collar are then removed and the sediment disc wrapped in foil and stored in - 

70T. 

Plastic collar 

Lipped metal 
dish 

Sediment surface 

Figure 4.4. The contact corer (After Honeywill 2001) 

The contact core was later re-cored with a sharp metal corer (area 314 

mm 2) over the area corresponding to where the fluorescence measurements were 

taken. This was then freeze-dried and chlorophyll a content determined using 

HPLC analysis. 
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4.2.5. Light attenuation co-efficients 

Light profiles were taken every 2h on the Eden cores (February 2000; n 

= 5) to determine the attenuation co-efficients for sediment biofilms on the Eden 

Estuary. 

4.2.6. Determining the cue for migration 

Before the cues for migration could be investigated it was necessary to 

determine if there was a difference between the F, 15 values from exposed and 

submerged samples. Samples were dark adapted for 15 min and the F'15 yield 

recorded, the sample was then submerged and the F, 15 yield under water 

recorded. There was no significant difference in the Fý 15 values of exposed and 

submerged samples (t = -1.11, df = 2, p=0.35). Having established this, the 

effect of immersing the samples on the F,, 15 yield as a proxy for biomass could be 

investigated. 

Seven of the experimental cores from the Tay were artificially flooded at 

the end of the experiment, at the time co-inciding with immersion at the site. The 

F, 15 measurements Ih after flooding were recorded. 

Five of the experimental cores from the Eden (February 2000) were 

artificially flooded at the end of the experiment, at the time co-inciding with 

immersion at the site. The F, 15 measurements Ih after flooding were recorded 

and compared to 5 cores that were left exposed. The remaining cores were 

destructively sampled for chlorophyll a. 

The final experiment examining migration on Eden cores (April 2000) 

investigated 2 of the possible cues for migration in greater detail (water and 
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light). Cores (n = 7) were randomly placed in each of 7 tanks with the conditions 

outlined in Table 4.3. 

Table 4.3. Experimental Conditions. Normal low tide taken as light on and water 
off (representing in situ conditions) 

Conditions as low tide Question: 
period begins What stimulates upwards migration? 
Lights on Does light stimulate upwards migration? 
Water (tide) on 
Lights on Is upwards migration stimulated by a 
Water (tide) off combination of water & light? 
Lights off Does water stimulate upwards migration? 
Water (tide) off 
Lights off Is upwards migration a response to an 
Water (tide) on internal cue? 
Conditions as "non-nal" Question: 
low tide period ends What stimulates downwards rrýgration? 
Lights go off Does light stimulate downwards 

migration? 
Water (tide) stays off 
Lights go off Is downwards migration stimulated by a 
Water (tide) goes on combination of water & light? 
Lights stay on Does water stimulate downwards 

migration? 
Water (tide) goes on 
Lights stay on Is downwards migration a response to an 
lWater (tide) stays off linternal cue? 

4.3. Results 

4.3.1. Tay Estuary (June 1999) 

Chlorophyll a and water content (Tay Estuary 1999) 

The mean chlorophyll a content at the end of the experiment was 26.07 

2.47 ýLg chl a g-1 fdw or 0.035 + 0.0012 [tg chl a mm 2. The mean water content 

was 54 +I%. 
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Diatom species composition (Tay Estuary 1999) 

A total of 40 different species were identified, however, the dominant 

species at the time of sampling were Navicula gregaria, Navicula phyllepta and 

Navicula pargeminii which made up approximately 80% of the assemblage. The 

lens tissue sampling technique did not reveal any trends in terrns of sequential 

emergence or peaks in abundance of certain species. 

Changes in F, 15 (Tay Estuary 1999) 

The F, 15 yield significantly changed over the exposure period, increasing 

and then decreasing in the final hour (F6,98 =38.59, p<0.005; Figure 4.5). Using 

the Tukey's test it was determined that after 94 min there was a significant 

increase in F, 15 representing 59 +3% of the total increase. The mean F ('15 yield 

further increased to a maximum of 123 + 11 after 216 min (83 min after the time 

of low tide). A significant decrease in the mean fluorescence yield occurred 

between 274 and 337 min (in the final 63 min before the anticipated time of 

immersion at the site). However, the mean F,, 15 yield at the end of the exposure 

period was still significantly higher than that at the beginning (t = -4.3 1, df = 6, p 

= 0.005). 

7 of the cores were artificially flooded at the end of the exposure period 

and this was associated with a further significant decrease (t=9.41; df=6, p< 

0.005) in the F, 15 yield from 71 +8 to 14 + 2. The mean F, 15 yield after flooding 

(14 + 2) was significantly lower than the mean value at time 0 (29 +3; t=-4.3 1; 

df = 6; p=0.005). 
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The effect of sample number on the co-efficient of variation of F,, 15 (Tay Estuary) 

The effect of increasing the number of samples on the coefficient of 

variation (CV) of F, 15 was investigated using cores from the Tay. It can be seen 

(Figure 4.6A) that as the sample pool increases in size the CV decreases and that 

it also decreases with exposure time (Figure 4.613). The arc sine transformed data 

was not normal. Increasing the sample pool did not significantly affect the CV (H 

= 14.07; df = 13, p=0.369) but time did (H = 50.27 df =6p<0.005). 

Rate of change in F, 15 (Tay Estuary 1999) 

The rate of change in F, 15 significantly varied with time (F5,84 = 35.36, p 

< 0.005; Figure 4.7) The rate of change in the first 34 min of exposure was 0.66 

+ 0.10 fluorescence units min, which was the maximum rate of change 

exhibited over the entire tidal period. Using the Tukey's test it was determined 

that after 154 min the rate of change had significantly decreased to less than half 

that at the start of the exposure period. After 274 min this increase has turned 

into a significant decrease. 

Change in the maximum light utilisation efficiency (FIF,, 15) (Tay Estuary 1999) 

F, IF,, 15 significantly decreased over the exposure period (F6,98 = 52.95, p 

<0.001; Figure 4.8). After 94 min there had been a significant decrease and this 

further decreased after 216 min but remained constant thereafter. After artificial 

flooding there was a significant increase in FIF,, 15 (t = -7.39, df = 7, p<0.0002). 

The FIF,, 15 after flooding did not significantly differ from the FIF,, 15 at the start 

of the study (t = -0.38, df = 19, p=0.71). 
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4.3.2. Eden Estuary (February 2000) 

Light attenuation co-efficients (Eden February 2000) 

The cores were exposed to 654 ýIrnol M-2 S-1 of light energy (PPFD). The 

light attenuation co-efficients did not vary significantly between cores (H = 2.57, 

df = 2, p=0.277) or with exposure time (H = 1.66, df = 3, p=0.646). The mean 

light attenuation co-efficient was 10.38 + 0.8 mm-1. By 443 [tm, 99% of the 

surface light level had been attenuated (Figure 4.9). 

Chlorophyll a and water content (Eden February 2000) 

Chlorophyll a increased between the start and the middle of the 

experimental period but decreased at the end (Figure 4.10). However, this was 

not significant when expressed per weight (F2,8 ý 1.85, p=0.219), per area (F2,8 

1.54, p=0.272) or per volume, (F2,8 = 2.30, p=0.162). There was no significant 

variation between the water content of samples at the start, middle and end of the 

experiment (F2,8 = 2.5 3, p=0.14 1); the mean water content was 44 +1%. 

Diatom species composition (Eden February 2000) 

A total of 14 different species were identified, however, the dominant 

species at the time of sampling were Navicula gregaria and Navicula phyllepta 

which made up approximately 95% of the assemblage. The lens tissue sampling 

technique did not reveal any trends in terms of sequential emergence or peaks in 

abundance of certain species. 
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Changes in F, 15 (Eden February 2000) 

The F, 15 
yield significantly changed over the exposure period (F7,112 ý 

10.35, p<0.005; Figure 4.11). After 59 min there had been a significant increase 

in F, 15 with 46 +2% of the total change having occurred in this time (Tukey's 

test). The F, 15 yield further increased to a maximum of 172 + 14 after 239 min 

(63 min after low tide). There was no significant decrease in the fluorescence 

signal prior to the time of immersion at the site. 

At the end of the exposure period 5 of the cores were artificially flooded 

and 5 were left exposed for I h. There was no significant change in the 

fluorescence signal of exposed cores (t = 1.34, df = 7, p=0.22) but there was a 

significant decrease in the fluorescence signal of cores that had been flooded (t = 

3.60, df = 5, d=0.015). The fluorescence signal after immersion was not 

significantly different than the starting signal at time 0 (t = 1.5 1, df = 4, p=0.2). 

However, the final F, 15 yield of cores that were left exposed were significantly 

lower than the maximum F, 15 (t = 2.46, df = 7, p=0.04) and therefore there was 

a significant decline overall. 

Rate of change in F,, 15 (Eden February 2000) 

The rate of change significantly varied with time (176,98 = 46.72, p< 

0.005; Figure 4.12) with a significant decrease occurring after 119 minutes. After 

303 min the rate of change became negative. Further to this there was no 

significant change in the rate of change. 
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Changes in the maximum light utilisation efficiency (FIF,, 15) (Eden February 

2000) 

F, IF,, 15 significantly decreased over the exposure period (H = 65.5 1, df = 

7, p<0.005; Figure 4.13). The 5 cores that were flooded at the end of the 

exposure period demonstrated a significant increase in FIF,, 15 (t = -4.80, df = 7, 

p=0.002) but this was not evident in cores that were left exposed (t = -1.33, df = 

5, p=0.24). The F 'IF m 
15 value after flooding was not significantly different to 

that from time 0 (t = -0.3 1, df = 7, p=0.77). 

4.3.3. Eden Estuary (April 2000) 

Chlorophyll a and water content (Eden April) 

There was a significant decrease in the chlorophyll a content (F2,7 ý 

13.70, p=0.004) (from 135 + 15 to 87 +2 [tg chl a g-1 fdw) and concentration 

(F2,7 ý 14.92, p=0.003) (from 0.211 + 0.025 to 0.080 + 0.0079) over the 

emersion penod of light and emersed cores (same experimental conditions as 

Tay/Eden February) (Figure 4.14 AB). 

At the end of the experimental period the chlorophyll a content 

significantly varied between treatments (173,7 = 8.37, p=0.010), significantly 

more chlorophyll a was found in the light under water than the dark underwater 

(110 +4 compared to 83 +4 ýtg chl ag1 fdw) (Figure 4.14C). 

There was a significant decrease in the water content of the surface layer 

of the cores that were exposed and in the light from the start to the middle of the 

experiment (F2,7 = 6.96, p=0.022) from 70 +I to 63 +I%. 
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The cue for upwards migration at the start of the low tide period (Eden April) 

The F0 15 yield significantly changed over light and exposed conditions 

(F6,42 = 5.91, p<0.005) (Figure 4.15). Using the Tukey's test it was determined 

that after 210 min there had been a significant increase in Fo 15 representing 72 + 

6% of the total change. The FO 15 yield further increased prior to the time of 

immersion. The shape of the curve was different to those obtained from the Tay 

and the Eden (February) with no evidence of a decline in the F0 15 yield at the end 

of the exposure period. The F, 15 yield also significantly changed over light 

submerged conditions (F6,42 = 5.91, p=0.04) (Figure 4.15). Using the Tukey's 

test it was determined that there had been a significant increase in the yield after 

273 min (which was also the maximum mean F,, 15 value). There was no 

significant change subsequent to this. The FO 15 yield did not significantly change 

over dark exposed conditions (F6,42 = 0.46, p=0.83) (Figure 4.15). The F"15 

yield did not significantly change over dark submerged conditions (F6,35 = 1.30, 

p=0.285) (Figure 4.15). The light and exposed and light and submerged 

conditions exhibited a mean maximum % increase of 139 + 22 and 92 +7 

respectively. There was no significant difference in the % increase between the 

two conditions (t = 1.5 5, df = 8, p=0.16). 

The cue for downward migration at the end of the low tide period (Eden April) 

There was no significant decrease in the F0 15 yield of cores that were left 

light and exposed (172,18 ý 1.78, p=0.197) (Figure 4.16). In the first hour of 

darkening and submersion there was a significant decrease in the Fo 15 yield (F2,18 

= 28.49, p<0.005) (Figure 4.16) with another significant decrease subsequent to 

this; the overall average decrease was 78 +3%. The FO 15 yield of cores that 
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were darkened but left exposed significantly declined in the first hour but there 

was no significant decline subsequent to this (172,15 = 29.72, p<0.005) (Figure 

4.16). The overall average decline was 61 +6%. The F0 15 yield of cores that 

were submerged in the light significantly decreased (F2,18 ý 16.08, p<0.005) 

from 546 + 42 to 352 + 33 (Figure 4.16). There was no significant decline 

subsequent to this and the overall average decline was 51 +4%. Therefore, the 

greatest percentage decline occurred for cores that were darkened and 

submerged. There was no significant difference in the percentage decrease in the 

F, 15 yield of cores that were darkened and cores that were submerged (173,23 ý 

9.62, p<0.005). 

All data surnmarised in table 4.4. 

Table 4.4. Summary of data: The cue for microphytobenthic migration 

Cues for upwards migration Significant increase Total % increase 
Light and exposed yes 139 

Light and immersed yes 92 

Dark and exposed no 

Dark and immersed 
(high tide) 

no 

Cues for dowriwards migration Significant decrease Total % decrease 
No cue 

Light and exposed 
no 

Dark and immersed yes 78 

Dark and exposed yes 61 

Light and immersed yes 51 
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Rates of change (Eden April) 

1) Over the exposure period 

The rate of change in the F,, 15 yield in cores that were light and 

submerged was significantly affected by time (F5,36 = 2.64, p=0.04) with the 

maximum rate of increase occurring in the first hour and subsequently declining 

(Figure 4.17). In cores that were light and exposed, time also had a significant 

effect (F5,36 = 2.64, p=0.04) on the rate of change. In the first 3h the rate of 

increase remained similar but then declined. Cores that were dark and submerged 

(high tide conditions) exhibited an initial rate of change of 0.76 + 0.18 

fluorescence units min-' which significantly declined to -0.03 + 0.15 

fluorescence units min-I over the next hour. Subsequent to this there were no 

significant changes. No significant change with time was detected for cores that 

were dark and exposed. 

2) At the start of the immersion period (corresponding to time in situ) 

Cores were kept exposed and light over the low tide period. Cores that 

were subsequently darkened exhibited a significantly greater rate of decrease in 

the Fý 15 yield in the first hour after being darkened (F2,15 = 33.07, p<0.005). 

However, in the final hour the rate of decrease declined and was not significantly 

different to that before darkening. The rate of decrease also significantly 

increased after cores were submerged (F2,18 = 9.32, p=0.002); there was no 

significant change from this in the subsequent hour. In cores that were darkened 

and submerged, the rate of change altered from 0.14 + 0.17 before immersion to 

-2.99 + 0.22 after (F2,18 = 36.05, p<0.005). The rate of decrease did not 

significantly change in the following hour. In cores that were left exposed and 
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light there was also a significant change in the rate of decrease (F2,18 = 4.7, p 

0.02) from -0.16 + 0.3 to - 1.5 2+0.45. 

Changes in the maximum light utilisation efficiency (FIF,, 15) (Eden April) 

F, IF,, 15 did not significantly change with time when cores were dark and 

exposed, light and exposed or dark and submerged. It did significantly decrease 

from 0.78 + 0.003 to 0.755 + 0.004 in cores that were light and submerged over 

the first hour, but remained unchanged after this (F6,42 = 4.46, p=0.001) (Figure 

4.18). Averaging out the effect of time, cores that were in the light had 

significantly lower FIF,, 15 than cores that were in the dark (F3,185 = 8.92, p< 

0.005). Exposure did not significantly affect FIF,, 15 
. 

F, IF,, 15 significantly increased in cores that were submerged and 

darkened at the end of a light exposed period (F2,18 = 4.71, p=0.023). The 

darkening or immersing of cores respectively had no significant effect on FIF,,, " 

nor was there any change in FIF,, 15 of cores that were left exposed and light 

(Figure 4.19). 

4.3.4 Comparing all 3 sites over a light/exposed low tide period 

The chlorophyll a content was higher in the Eden Estuary in April than it 

was at the Eden or the Tay Estuaries in February (H = 33.07, df = 2, p<0.005). 

The water content was significantly higher on cores from the Eden Estuary in 

April 2000 than cores from the Tay and the Eden in February. The Eden in 

February had the lowest water content over all (F2,29=58.72, p= 0.005). 

All 3 sites had significantly different F, 15 yields at the start of the low tide 

exposure period (F 2,34 = 42.25, p<0.005) and significantly different maximum 
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F, 15 yields (F 2,34 = 67.01, p<0.005). The Eden (April 2000) had the highest F, 15 

yields. All three sites having significantly different values at the end of the low 

tide exposure period (F 2,34 ý 116.27, p<0.005). The rate of change was highest 

during the first hour of exposure on the Tay and Eden in February 1999 but 

remained high for the first 3h for the Eden in April. To consider which site 

demonstrated the greatest level of change, the data were converted to maximum 

% change. Cores from the Tay Estuary and the Eden Estuary (February) had a 

significantly higher total % increase in biomass at the sediment surface (of 375 + 

37 and 320 + 33 respectively) than cores taken from the Eden (April 2000) (139 

22%) (F2,34 = 8.58, p=0.001). All data summarised in Table 4.5. 

4.4 Discussion 

Underwood and Kromkamp (1999) discussed fluorescence techniques as 

being an invaluable tool for non-destructive and rapid sampling. This study has 

further supported the use of PAM florescence as a valuable ecological tool for 

temporal studies into microphytobenthic migrations. The work here describes for 

the first time the patterns of migration on two estuaries that until now have been 

largely unexamined. 

4.4.1. The effect of sample size 

The sampling area of the fibre optic probe has been determined to be 120 

mm 2 (Honeywill 2001) therefore, one would expect variability to be high as a 

result of patchiness (e. g. Maclntyre et al. 1996). Traditionally, the number of 

samples taken should be maximised to account for this, and to minimise the co- 
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efficient of variation. However, on samples taken from the Tay Estuary 

increasing sample size (from 2 to 15), whilst seemingly lowering the co-efficient 

of variation, in fact had no significant effect. This supports the findings of 

Honeywill (2001) but not MacIntyrc et aL (1996) who suggest that in 

microphytobenthic systems a minimum of 5 samples should be taken to minimise 

the co-efficient of variation. Therefore, the number of replicates needed is likely 

to be area specific (Honeywill 2001). The co-efficient of variation significantly 

decreased with time, however, this is most likely attributable to the larger errors 

associated with the lower fluorescence yields at the start of the study (Honeywill 

2001). 

4.4.2. Migratory rhythms of microphytobenthic biofilms on the Tay and Eden 

Chlorophyll a and water content 

The water content was significantly different in all three experiments but 

a significant change was only detected for the Eden (April). The range of total 

chlorophyll a at the sites ranged from 26 ýig (Tay and Eden February) to 96 gg 

(Eden April). The chlorophyll a content in the top 2mm of the Eden Estuary 

sediments (February) did not significantly change with time, though there did 

appear to be a slight increase in the middle of the exposure period. The lack of 

change over the emersion period would indicate that the majority of migrational 

activity occurs within the top 2 mm. 

Chlorophyll a was expressed per weight/area/volume to account for any 

changes that may occur as a result of compaction (Honeywill 2001; Perkins et al. 

submitted). The chlorophyll a content significantly decreased over the light 

exposed period in Eden sediments (April) and this was matched with a decrease 
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in water content. If water was draining from the sediments there may be an 

increase in compaction which might explain the decrease in chlorophyll a 

content, however, one would predict that the concentration would increase as a 

result of drainage, which did not happen. Therefore, this result remains 

unexplained. 

It is important to note for this study that the chlorophyll a content could 

not be correlated with the fluorescence yield. Sampling occurred at a depth 

deeper than the photic zone, which will lower the significance or even cause the 

relationship between chlorophyll a and F, 15 to break down (Barranguet and 

Kromkamp 2000; Honeywill 2001; Honeywill et aL 2002). 

Following migration using F,, 15 

All three experiments exhibited a significant change in the F, 15 yield at 

the sediment surface over time. The rate of change was maximal in the first hour 

for the Tay and Eden (February) but for the Eden (April) the rate remained high 

for the first 3h of exposure before declining. The Tay and the Eden (February) 

both showed a similar pattern of increase, with the mean F, 15 maxima occurring 

after the time of low tide. It took considerably longer for a significant increase to 

be detected in the Eden (April) and the maximum F, 15 yield only occurred prior 

to the time of immersion. Ser6dio et al. (1997) described a maximum increase in 

F, of 400%, the Tay and Eden (February) showed 375 and 320% respectively, 

whereas the Eden (April) was significantly lower at 139%. This could indicate 

that biofilms of higher biomass show less migrational activity but this would 

require further investigation. 
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Considerable variation in the times for biofilm formation have been 

described (see section 4.1.3), from 18 min (Paterson et al. 1998) to 2h (Aleem 

1950). The findings of this study fit in between previous times; over 50 % of the 

total increase occurred after 94 min of exposure on the Tay Estuary and 60 min 

on the Eden (February). However, on the Eden in April it took longer for a 

significant increase to occur (210 min); a time scale that supports the findings of 

Aleern (1950) and Round and Palmer (1966). Within the space of two months, 

there was a clear difference in the migratory patterns on the Eden Estuary. This 

may reflect a change in taxonomic composition, biomass or some other 

enviro=ental variables. 

There was a significant decrease in the F,, 15 yield during the final hour of 

exposure on cores from the Tay. This decrease is indicative of an endogenous 

rhythm entrained to the time of tidal inundation. At the end of the experiment 

some cores were flooded to see if this decline would continue; it did, and the 

final F, 15 yield was significantly lower than the initial value. Making the 

assumption that two F, '5 values are directly comparable, this could indicate that 

cells were deeper at the end of the expenment than at the start, suggesting that at 

the start of the experiment cells were already moving to the surface, further 

demonstrating an endogenous rhythm. 

Whilst there was an apparent decrease in F,, 15 at the end of the low tide 

period for the Eden (February), it was not significant. This would agree with the 

findings of Perkins (1960) and Honeywill (2001) that cells on the Eden do not 

migrate away at the time of high tide. At the time corresponding to tidal 

inundation, cores that were darkened and immersed showed a significant 

decrease in the F, '5 yield, which was not found for cores that were left exposed 

119 



(11ýqjtý2i 4 I. abon'tiolvimc, . sulýallml ilito"Tljicl()P'Ilvtot)crltlll, ý: tw-rotioll usim-, F, 

and light. However, the final F,, 15 yield of exposed cores was significantly lower 

than the maximum F,, 15 values, indicating that there had been some migration 

from the sediment surface. Unlike cores from the Tay, the final F, 15 yield of 

cores that had been darkened and immersed did not significantly differ from the 

start value. This could indicate that cells only start to migrate to the surface when 

they receive a cue (e. g. light/decrease in water content) or at a specific time that 

corresponds to the start of low tide. 

Overall the results showed that cells from the Eden required a cue 

whereas cells from the Tay may have had an endogenous rhythm. 

4.4.3. Discerning the cues for migration (Eden April 2000) 

The Tay microphytobenthic community exhibited an endogenous rhythm 

that could be responsive to external cues (e. g. submersion and darkening) 

whereas the Eden communities were more stimuli driven. However, a difference 

in the migratory patterns on the Eden was seen with time (from February to 

April) and therefore each situation must be considered as a snapshot in time. 

The final experiment was designed to tease apart all of these parameters 

and ask two questions: what drives upwards migration and what drives 

downwards migration? There was no evidence of an endogenous rhythm 

persisting under dark conditions, contradicting the findings of Ser6dio et al. 

(1997). Evidence of migration was only found in light cores (light submerged 

and light exposed) but there was no significant difference in the overall 

percentage increase in F,, 15 on light submerged cores to light exposed cores. The 

results supported the findings of Perkins (1960) that cells can be found at the 

sediment surface during submerged light conditions. Therefore, it was concluded 
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that the upwards migratory response for the microphytobenthic community on 

the Eden in April 2000 was purely light driven. 

The migration models of Hopkins (1966), Palmer and Round (1965) and 

Round and Palmer (1966) all discussed that the response and strength of 

response, of motile organisms might vary; therefore, whilst light may bring cells 

to the surface, light is not necessarily the cue that will drive downwards 

migration. Cells were exposed to a normal day time low tide period (exposed and 

illuminated). In the absence of any change in conditions there was no evidence of 

a downwards migration. Therefore, an endogenously driven downwards 

migration on the Eden was discounted. A significant decline in the F, 15 yield was 

seen with cores that were darkened, submerged as well as darkened and 

submerged. Therefore, both water inundation and light seem to have a key role in 

driving downwards migration. Darkening resulted in a decline of 61 +6% 

compared to 51 +4% of cores that were submerged, which could indicate light 

(or lack of) as having a stronger influence on downwards migration rather than 

tidal inundation alone. A decline of 78 +3% was seen when cores were 

darkened and submerged. 

4.4.4. Changes in the maximum light utilisation efficiency over low tide 

The maximum light utilisation efficiency (FIF,, 15) significantly 

decreased over the exposure period for cores taken from the Tay and Eden 

(February). There are several possible reasons for this: 

QA was not fully oxidising during dark adaptation 

NPQ was not fully reversing during dark adaptation 

Low biomass 
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0 Cells becoming stressed over exposure period 

Honeywill (2001) implicated low biomass as being a potential cause of high 

F, IF,, 15 measures and recorded F,, 15 values of < 150 fluorescence units (FMS2) to 

be associated with unusually high FIF,, 15 
. At the start of these studies the F, 15 

values were within this range. It therefore possible that as the cells migrated to 

the sediment surface the associated increase in F,, '5 resulted in a more accurate 

determination of FIF,, 15 and that the decline in the maximum light utilisation 

efficiency was an artefact of the fluorometer rather than a physiological 

phenomena. However, over a light exposure period there are likely to be several 

stresses for microphytobenthic cells (e. g. photodamage, heat, and desiccation). It 

is therefore also possible that the decline was associated with an increase in 

stress for the population. Cores that were flooded (Tay and Eden February) 

exhibited a significant increase in this parameter, but it is not possible to attribute 

this to a removal of the stresses or the decrease in F,, 15 
. 

The maximum light utilisation efficiency of cores from the Eden (April) 

did not significantly change over the light exposure period. These cores were 

subject to the same, if not more stresses (evidence of dewatering) than the Tay 

and Eden (February), but had a significantly higher F. 15 at the start of the 

experiment (> 150 fluorescence units). Therefore, it is most likely that the 

decreases seen are a consequence of the increasing Fo 15 yield. Cores from the 

Eden (April) that were in the light had significantly lower maximum light 

utilisation efficiencies than cores in the dark. This might be indicative of stress, 

but again the problems associated with a lower F, 15 yield cannot be eliminated. 

There were no significant differences between the maximum light utilisation 

efficiencies of cores that were in the light exposed and light submerged 
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conditions, therefore eliminating desiccation or temperature differences as 

sources of stress in this system. 

4.4.5. Conclusions 

Light is most often cited as being the driving force behind migration and 

this study supports this premise. Light was determined to be necessary to bring 

Eden cells to the sediment surface but not enough to keep cells there. The work 

presented here is one of the first studies using F,, 15 as a way of monitoring 

changes in biomass. Whilst this work supports the findings of some authors 

(compare Table 4.1) it differs to the findings of Ser6dio et al. (1997,2001) who 

described migration to occur in the absence of light. Round (1978) demonstrated 

that a biofilm community from Lake Kinneret, Israel maintained migration in the 

dark, but that a smaller proportion of cells moved than under light conditions. 

The differential responses are most likely attributable to taxonomic variations. 

Round and Palmer (1966) discuss two possible situations of which this study 

provided evidence of both: 

1) Cells migrate down at the end of an exposure period prior to inundation 

2) Cells delay migration until the light intensity is decreased below a threshold 

For the Eden Estuary, the sediment photic depth was determined to be 

443 ýtrn, but cells have been reported to be viable at depths far greater than this 

(e. g. Kingston 1999). Therefore, whilst light may be the parameter that induces 

cells to the surface once they are in the photic zone cells must have some other 

cue to bring them into the photic zone. Such a cue must occur in advance of the 
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low tide to allow the cells sufficient time to migrate (Hay et al. 1993). Round and 

Palmer (1966) first proposed a geotactic response and to date this remains a 

highly plausible explanation. 

4.4.6. Summary 

1) There was a sequential increase in cells at the sediment surface of the 

Tay Estuary over the low tide period and a subsequent decrease prior 

to inundation 

2) Cells from the Tay Estuary showed evidence of an endogenous 

migratory rhythm 

3) There was a sequential increase in cells at the sediment surface of the 

Eden Estuary over the low tide period, but there was no decrease prior 

to the time of inundation 

4) Light was the main factor that controlled microphytobenthic 

migration to the sediment surface of the Eden Estuary 

5) Both darkening and submerging initiated a downwards migration of 

microphytobenthos from the sediment surface of the Eden Estuary 

From the literature it is clear that migration varies with location and 

therefore more work needs to be conducted at more locations. Furthermore, the 

controlled conditions in the laboratory situation are not representative of what the 

cells will experience and the next chapter will examine the migratory behaviours 

of microphytobenthic cells under ambient conditions. 
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5. In situ investigation into microphytobenthic migration 

using F, 15 

Introduction 

The experimental data in Chapter 4 suggested that light may be one of the 

primary factors that influences the migratory response of microphytobenthos. 

However, the light/dark conditions in the laboratory were not representative of 

the ambient situation. The experimental conditions mimicked the tidal control of 

the light exposure period but did not account for the fluctuations in light level 

that may occur within the exposure period. Both the timing of the exposure 

period and variable weather conditions such as cloud cover can have large 

impacts upon the light level that reaches the sediment surface, as well as the total 

daily PAR (Ser6dio and Catarino 1999). 

5.1.1. Migration in response to light level 

The most widely reported consensus is that cells are largely absent at the 

sediment surface during immersion or dark exposure periods. However, as soon 

as sediments are exposed to light there is a linear increase in biomass at the 

sediment surface, notably in the top 200 ýtm. de Brouwer and Stal (2001) 

reported the formation of a dense biofilm after only 30 min of light exposure and 

Paterson (1986) described a migratory response as soon as light levels increased 

beyond 0.5 ýtE M-2 s-1. These results contradicted the findings of Aleem (1950) 

and Round and Palmer (1965) who reported that cells would not appear at the 

sediment surface without a2h light exposure period. 
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irrespective of ambient light conditions, many authors have reported in 

situ downwards migration to be subject to tidal forcing (Faur6-Fremiet 1950; 

Palmer and Round 1965; Round and Palmer 1966; Paterson 1986; Happey-Wood 

and Jones 1988; Ser6dio et al. 1997). This is most obvious on mudflats 

dominated by dense microphytobenthic biofilms where a wave of migration can 

be seen travelling from low shore to high shore, preceding the incoming tide. 

However, this is not a ubiquitously reported phenomena with Aleem (1950) and 

Perkins (1960) reporting cells still present on the surface sediments at high tide 

(See Chapter 4 for a more detailed discussion of microphytobenthic migration 

and their associated stimuli). 

Kingston (1999) expressed concern that much of the literature to date has 

concentrated only on phototaxic endogenous rhythms and anecdotal observations 

rather than direct responses to changing irradiance. Kingston (1999) 

experimentally tested the effect that changing irradiance conditions had on the 

migration of Euglena proxima, determining that cells migrated to the surface 

when artificially darkened. In contrast Palmer and Round (1965,1967) described 

euglenoid cells reburrowing into the sediment when subjected to darkness. The 

responses of diatom cells to changing irradiances has also been the subject of 

recent investigation and cells have been recorded to migrate down into the 

sediment when exposed to high irradiances (see Kromkamp et al. 1998; Perkins 

et al. 2001; Underwood 2002). Therefore, the response of cells to changing light 

conditions must be considered as a plastic response, subject to geographical and 

taxonomic vanation. 
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5.1.2. Aims 

The aims of the work were to: 

1) Determine the migratory patterns of microphytobenthic cells under changing 

ambient conditions 

2) To determine if the taxonomic composition of the biofilm influences the 

migratory response. 

5.2. Materials and Methods 

5.2.1. Tagus Estuary (Portugal) 

Cores were collected at low tide from the mid shore region of Sarilhos 

Pequenos on the Tagus Estuary (April 2001). The site was primarily diatom 

dominated (pers. obs). The exposure period of the core collection site was 

determined to be 9h (560 min). The cores were transported back to the 

laboratory and placed in a tank (Figure 5.1). Tidal tank facilities were not 

available, but cores were sprayed with salt water from the site and darkened at 

the time corresponding to the in situ high tide. The cores remained covered for 

the subsequent overnight period. 

Water tank 
(shallow sides to avoid shading) 

Water level p, HIM-111"111-IM 114- PARS ensor 

Figure 5.1. Experimental design (Lisbon) 
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The following day the tank was moved outside and placed in an area that 

would not be subject to shading over the course of the day. The first fluorescence 

measurements (F,, and Fn; n= 5) were made at 07: 30 (the time that the site 

would be exposed). Fluorescence measurements (F,, 15 and F,, 15) were taken 

approximately every hour until darkness. In all instances the same area of biofilm 

was monitored for the duration of the study. Low tide was at 12: 00. The site 

would have been immersed at 16: 29. Table 5.1. shows the times that 

fluorescence measurements were recorded. 

Table 5.1. Timing of fluorescence measurements 

Time 
Cumulative time 

(minutes) Time 
Cumulative tmie 

(minutes) 
07: 30 0 15: 30 480 
08: 30 60 16: 2 535 
09: 30 120 18: 10 640 
10: 30 180 19: 20 710 

LT 12: 00. 270 20: 15 765 
13: 00 330 20: 451 795 
14: 30 4201 21: 451 855 

3 PAR measurements were taken and averaged approximately every 15 

min using a LI-COR Ll 189 radiometer and recorded as photosynthetic photon 

flux density (PPFD; gmol photons M-2 s-1). The PPFD prior to each dark 

adaption period was always recorded. Irradiance profiles (n = 5) were taken 

every 2h in the upper layers of sediment/biofilm using fibre optic microsensors 

and from these profiles the light attenuation co-efficient (k) was calculated. 
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5.2.2. Colne Estuary (U. K. ) 

Cores were collected at low tide from the mid/low shore region of 

Arlesford Creek (diatom dominated) and the top shore of the Hythe (Euglena 

dominated with sub-surface diatoms (pers. obs)) on the 4 th of May 2001. The 

cores were transported back to the laboratory and placed in a tank (Figure 5.2) in 

a greenhouse. Tidal tank facilities were not available but cores were sprayed with 

salt water collected from the site. 

The following day (5'h of May 2001 = day 1) the cores were dark adapted 

for 15 min and the first fluorescence measurements (F. 15 and FM 15) (n = 10) 

recorded. Measurements were taken approximately every hour until darkness and 

always from the same area of biofilm. Low tide was at 17: 03. The site would 

have been exposed at 13: 40 and immersed at 20: 40. Table 5.2. shows the times 

that fluorescence was recorded. 

Table 5.2: Table of fluorescence measurements 

Time 
Cumulative time 

(minutes) 

IOA5 0 
11: 40 55 
12: 30 105 
15: 00 255 
15M 298 

LT 17: 03 378 
18A7 482 
1456 551 
21 A5 

. 
630 

The experiment was repeated and fresh cores collected several days later 

(7 th of May 2001). The following day (Sth of May 2001 = day 2) the first 

fluorescence measurements (F, and F,, ) (n = 10) were made at 04: 40. 
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Figure 5.2: (A) Experimental set-up. Cores placed in a water bath under 
ambient (greenhouse) conditions (B) MC and Bruno Jesus deploying the Walz 
Dive PAM (C) Diatom, Euglenoid and dark adapted cores 

(B) 
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Measurements were taken approximately every hour until darkness. Low tide in 

the morning was at 07: 04 - the site would have been exposed at 03: 34 and 

immersed at 10: 34. The second low tide was at 19: 40. The site would have been 

re-exposed at 16: 10 and immersed at 23: 10. Table 5.3. shows the times that 

fluorescence was recorded. 

Table 5.3: Table of fluorescence measurements 

Time 
Cumulative time 

(n-finutes) Time 
Cumulative time 

(minutes) 
04: 40 0 14: 00 560 

06: 03 83 15: 00 620 

LT 07: 00 140 16: 00 680 

08: 00 200 17: 00 740 
09: 00 260 18: 05 805 

10: 00 320 19: 05 865 

11: 00 380 20: 05 925 

1 
12: 00 

, 
440 

1 
21: 10 

. 1 13: 00 1 500 1 11 

5 cores from each site were kept under conditions of constant darkness for the 

duration of the day. Fluorescence measurements were taken at the same time as 

the other cores. 

5.2.3. Eden Estuary (U. K. ) 

A low shore diatom dominated (pers. obs) site on the northern shore of 

the Eden Estuary (Guardbridge paper mill site) was selected several days prior to 

the start of the experiment (Figure 5.3). It was selected based upon the presence 

of diatoms as well as good drainage. 
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The site was sampled for the duration of the exposure period for 3 days 

over the penod 9-14 May 2000 (Table 5.4). Fluorescence measurements (F, 15 

and F,, 15) were first taken approximately 20 min after exposure, approximately 

once an hour for the duration of the exposure period and immediately prior to 

submersion (Table 5.6). The fluorescence measurements were always taken from 

exactly the same spot at all times and on all days. To achieve this, a template was 

placed in between two canes that were left at the site in between sampling 

periods (Figure 5.3 B). The measurements were taken approximately 10 cm apart 

2 
and the area sampled was 0.18 m. Each spot was dark-adapted using an opaque 

lid and the fluorescence measurements were taken at the same time as lid 

removal. 

Sediment temperature was logged every 10 min using a Grant probe and 

data logger. PPFD was recorded at least once an hour using a LICOR LI-189 

light meter. 

Table 5.4: Tidal times at the Eden 

Exposure Low tide Immersion Emersion 
Day Date tune time pen-od Weather 

13: 37: 00 
1 09/05/00 09: 55 (222 minutes) 16: 40 405 minutes Sunny, windy 

05: 51: 00 Sunny after 
2 13/05/00 02: 30 (201 minutes) 08: 40 370 minutes dawn 

19: 37: 00 
3 14/05/00 1 15: 45 (232 minutes) 22: 25 1400 

minutes Hazy sunny 

* Days 1,2 and 3 correspond to days 1,5 and 6 in Honeywill (2001). 

132 



In sim inve"Outiorl into Fili(: ]-( hytobcrithic mjL-ratmii 
. .... ..... 

Table 5.5: Sampling schedules in situ Eden 

Day one 
Sample 
Number Time 

Cumulative 
time 

1 10: 22 0 
2 11: 25 63 
3 12: 19 117 
4 13: 14 172 
5 14: 13 

1 

231 

1 

6 15: 15 293 
7 16: 10 

, 
348, 

Day two 
Sample 
Number Time Cumulative time 

1 2: 34 0 
2 3: 32 58 
3 4: 30 116 
4 5: 46 192 
5 6: 45 251 
6 7: 47 313 
7 [ 8: 24 

1 

350 

Dav three 
Sample 
Number Time 

Cumulative 
time 

1 16: 16 0 
2 17: 25 69 
3 18: 16 120 
4 19: 18 182 
5 20: 16 240 
6 21: 15 299 
7 

. 
22: 00 344, 

8 1 22: 23 
. 

3671 

5.3. Results 

5.3.1. Tagus Estuary (Portugal) 

Light attenuation co-efficients (Tagus) 

The light attenuation co-efficients did not significantly vary between cores 

(H = 7.11, df = 4, p=0.130) or with time (H = 6.73, df = 5, p=0.241). The mean 

light attenuation co-efficient was 14.31 + 0.97 mm-1. By a depth of 322 ptin the 

surface light had been attenuated by 99%. Figure 5.4. shows how PPFD changed 

at the depths 100,200 and 300 pm over the course of the day. 
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Figure 5.4: (A) Change in surface PPFD over the day (B) Change in PPFD at depths 
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Changes in Fluorescence parameters (Tagus) 

The F0 15 yield significantly changed over the exposure period (FI 3,56 

12.15, p<0.005) (Figure 5.513). After 120 min, FO 15 had significantly increased 

and this was associated with an increase in the light level from 19 ýtMol M-2 S-1 to 

55 ýtrnol M-2 S-1. F0 15 continued to increase with light level until 470 min when 

F0 15 started to decline, after the time of immersion at the site and prior to the 

decline in light level associated with dusk. However, overall a significant 

positive correlation was found to exist between light level and FO 15 (r, = 0.811, df 

= 12, p<0.005). The FO 15 yield at the end of the illumination period was still 

significantly higher than at the start of the day (152 + 16 compared to 26 + 5). 

The rate of change in FO 15 significantly varied with time (H = 57.34 
, 

df = 12, p< 

0.005) (Figure 5.5Q. The maximum rate of increase occurred between 120 and 

180 min, well in advance of the maximal light level, and a considerable time into 

the exposure period. At this time of day only 10 [tMol M-2 s- I of light would reach 

cells at 200 [trn depth. The transition from a positive to a negative rate of change 

occurred between 420 and 480 min and co-incided with the largest increase in 

PPFD (859 ýIniol M-2 s-1). The maximal rate of decline occurred at the time of 

immersion at the site. 

F, IF,, 15 significantly changed over the course of the day (F13,56 = 23.99, p 

< 0.005) (Figure 5.5D) and the lowest mean value occurred after 640 min and 

was 0.62 + 0.011. No significant negative correlation between PPFD and FIF,, 15 

was found, but there was a subsequent increase towards the end of the day as 

PPFD declined. FIF,, 15 at the end of the day was lower than at the start of the 

day 
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5.3.2. Colne Estuary (U. K. ) 

Day 1 (5/5/01) 

Light conditions (Colne) 

Ambient light fluctuated slightly over the first hour of the study but 

increased sharply between 11: 00 to 12: 11 (15 - 85 min), increasing from 142 to 

21 1760 Rmol in- s- . 
This fluctuated with passing clouds and had declined to 445 

RMO, M-2 s-1 by 16: 00 (315 min). Dusk was at 19: 40 (535 min) with a light level 

of 50 [tMol M-2 S-I which declined to zero shortly afterwards (Figure 5.6A and 

5.7A). 

The Hythe: Changes in Fluorescence parameters (Day 1) 

The F, 15 yield significantly changed over the exposure period (F8,81 ý 

5.48, p<0.005) (Figure 5.6B). After 130 min there had been a significant 

increase (30%) in F,, 15 at the euglenoid dominated Hythe site (t = 2.56, df = 15, p 

= 0.046). This was the maximal F. 15 yield which co-incided with the maximum 

PPFD but occurred prior to the time of exposure at the site. Subsequent to this 

there was a significant decline. Overall the F, 15 yield significantly positively 

correlated with PPFD (r = 0.884, df = 7, p=0.002). The rate of change in F, 15 

changed significantly with time (H = 35.53, df = 7, p<0.005) (Figure 5.6Q. The 

mean maximal rate of change occurred in between 55 to 105 min which was the 

period leading up to exposure time at the site. Subsequent to this the rate of 

change was negative. 

F, 1F .. 
15 significantly varied over the course of the day (H = 23.94, df = 8, 

p=0.002) (Figure 5.6D) with a decrease occurring during the first 55 min which 
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was associated with a sharp increase in PPFD. However, overall no relationship 

was found between FIF,, 15 and PPFD (r = 0.290, df = 7, p=0.448). 

Arlesford Creek: Changes in fluorescence parameters (Day 1) 

The F0 15 yield significantly changed with time (178,81 = 2.62, p=0.013) 

(Figure 5.7B). The only increase in minimum fluorescence yield together with a 

positive rate of change in F, 15 was co-incident with the time of exposure at the 

site. Using the Tukey's test it was detennined that there had been a significant 

decrease in the fluorescence yield the start to the end of the sampling period. 

There was no significant relationship between PPFD and F, 15. The rate of change 

significantly varied with time (H = 17.66, df = 7, p=0.014) (Figure 5.7Q. With 

the exception of between 105 and 255 min the mean rate of change was always 

negative and the maximal rate of decrease occurred in the first 55 min. 

The maximum light utilisation efficiency (FIF,, 15 ) significantly varied 

over the course of the day (F8,81 = 8.72, p<0.005) (Figure 5.7D). FIF,, 15 

sharply declined as PPFD increased (0.639 + 0.01 to 0.58 + 0.01) but 

demonstrated a subsequent recovery back to 0.64 + 0.004, which did not 

significantly differ from the starting value. No significant relationship between 

F, 1F, 15 and PPFD was found. 

Day 2 Colne Estuary 

Light conditions 

Ambient light increased gradually from 0 at 04: 40 to 146 ýLinol M-2 s- 
I 

at 

11: 00 (380 min) and then sharply increased to 1796 at 11: 45 (425 min) (Figure 

5.8A and 5.9A). Subsequently, the light level fluctuated with passing clouds and 

then declined rapidly from 1396 ýtmol M-2 s-1 at 15: 45 (665 min). 
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The Hythe: Changes in fluorescence parameters (Day 2) 

The F,, 15 
yield significantly changed over the exposure period (F16,153 - 

18.90, p<0.005) (Figure 5.8B). There had been a significant increase after 200 

min (of 186 %) which corresponded to an increase in light level from 0- 73 

gniol M-2 S-1 and low tide at 140 min. The maximum mean F,, 15 value (500 min) 

occurred after the time of maximum PPFD and during the period of immersion at 

the site. After 740 min there was a significant decline In F, 15 but there was no 

significant change subsequent to this. The final F,, 15 value was not significantly 

different to that at the start (Tukey's test). Overall, F, 15 and PPFD significantly 

positively correlated (r = 0.571, df = 15, p=0.017). The rate of change also 

significantly varied with time (H = 93.17, df = 15, p<0.005) (Figure 5.8C) with 

the mean maximal rate of change occurring between 140 and 200 min (3.23 

0.34 fum-1). Between 500 and 560 min the rate of change became negative with 

PPFD remaining high over this period. In the final 250 min the rate of change 

was minimal, indicating that littic changc was occurring. 

The maximum light utilisation efficiency (FIF,, 15) significantly changed 

over the course of the day (H = 134.86, df = 16, p<0.005) and significantly 

negatively correlated with PPFD (r =-0.504, df = 15 ,p=0.039) 
(Figure 5.8D). 

F, IF,, 1-5 increased to a mean maximum value of 0.717 + 0.005 after 260 min and 

declined to a mean minimum value of 0.484 + 0.008 at 560 min. This 

subsequently increased to 0.651 + 0.01 at 865 min and remained comparatively 

constant until the end of the study. 
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Arlesford Creek: Changes in fluorescence parameters (day 2) 

The Arlesford Creek samples showed entirely the opposite trend on day 

2, with the minimum fluorescence yield increasing over the course of the day 

(F16,153 = 6.27, p<0.005) (Figure 5.9B). After 440 min there was a significant 

increase in the yield from time 0 and the maximal value was recorded as the final 

reading (332 + 30). The increase in F,, 15 occurred against increasing and 

decreasing light levels and no correlation was found with PPFD. The rate of 

change was detem-lined to significantly vary over the course of the day (1715,144 ý 

4.05, p<0.005) (Figure 5.9Q. The rate of change varied from being negative in 

the first 83 min then became positive, increasing up until 320 min before 

showing a decrease in between 320 and 380 min. The mean maximum rate of 

decrease occurred between 680 and 740 min. 

The maximum light utilisation efficiency (FIF,, 15) significantly varied 

over the course of the day (F6,153 = 32.79, p<0.005) (Figure 5.9D). A significant 

increase occurred after 83 min (0.583 + 0.006 to 0.642 + 0.005). There was no 

significant increase subsequent to this but the maximum mean FIF,, 15 occurred 

after 260 min (0.663 + 0.003). Following this there was a significant decrease to 

0.631 + 0.006 and then to 0.586 + 0.006. Whilst the values following this were 

not significantly lower the lowest mean value was obtained after 620 min and 

was 0.557 + 0.015. Subsequent to this there was another significant increase 

reaching 0.639 + 0.004. FIF,, 15 showed the same pattern of change as the Hythe, 

and also negatively correlated with PPFD (r, = -0.52, n= 17, p=0.03). 
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5.3.3. Eden Estuary (U. K. ) 

Physical measurements 

The sediment temperature changes in the surface layers of the sediment 

followed the daily changes in ambient PPFD (Figure 5.10). On days 2 and 3 the 

microphytobenthic biofilms were subject to rapid changes in ambient light 

associated with sunrise and sunset. On day I the cells were subject to both an 

increase and a decrease in PPFD as well as short-tenn fluctuations associated 

with cloud cover. The maximum PPFD of 1919 [tMol M-2 s- I was attained on day 

I at 13: 00. The greatest range in PPFD occurred on day 3 (0 _I Ogg [tMol M-2 s- 1) 

Eden: Changes in the fluorescence parameters 

On day 1, F, 15 significantly increased over the exposure period (F6,98 ý 

10.86, p<0.00 1) (Figure 5.11 A). After 117 min there was a significant increase, 

with the highest mean F, 15 yield occurring 71 min after low tide (222% > start 

value). The light level was fluctuating over the exposure period and there was no 

evidence of a relationship between F, 15 and PPFD. The F0 15 yield also 

significantly increased on day 2 (H = 84.31, df = 6, p<0.005) despite very low 

light levels at the start of the exposure period (<I PtMol M-2 s-1). After 192 min a 

significant increase had occurred and the mean maximum F, 15 yield occurred 

after 251 min (1135 % increase from the start) (Figure 5.11B). There was no 

significant change subsequent to this, but a decrease occurred in the hour 

preceding immersion, despite further increases in light level. No correlation 

between F0 15 and PPFD was found. On Day 3, the Fo 15 yield significantly 

changed with time (F7,112 = 2.66, p=0.0 14) (Figure 5.11 Q. After 182 min, the 

mean maximum of F, 15 yield occurred (a 79 % increase from time 0). Whilst 
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there was no significant change subsequent to this, there did appear to be a 

decline in the F, 15 yield. Overall the F, 15 yield significantly varied between days 

(H = 51.73, df = 2, p<0.001) and was highest on day 3 during the second 

exposure period (225 + 9). The F, 15 yield was lowest on day 2 (121 + 9) which 

was the day when sampling started prior to sunrise. 

The pattern in rate of change was different on all 3 days; being highest on 

day I (Figure 5.12). On day 1, the rate of change significantly altered with time 

(F5,84 ý 12.79, p 'cýý 0.001) and was highest in the first 117 min. In the final hour 

of the exposure period the rate of change became negative. The rate of change 

also significantly varied with time on day 2 (175,84 = 23.56, p<0.001), increasing 

until the mean maximum rate of increase occurred in between 116 and 192 min 

and was associated with increases in PPFD. However, subsequent to this the rate 

of change significantly declined and, as on day 1, became negative in the hour 

preceding immersion. The rate of increase in the first 3h on day 3 did not vary 

significantly, but subsequent to this became negative and overall there was a 

significant difference between times (F6,98 ý 11.32, p<0.001). The rate of 

change became negative earlier on day 3 compared to days I and 2. 

The maximum light utilisation efficiencies (FIF,, 15) significantly varied 

over the exposure period on all 3 days (Figure 5.13). FIF,, 15 generally declined 

over the course of the exposure period on day I (F6,98 ý 15.6, p<0.001). There 

was an increase in between 63 and 117 min, which may reflect the decline in 

PPFD. The lowest FIF,, 15 value of 0.613 + 0.024 occurred at the final sampling 

time (348 min). On day 2 the maximum light utilisation efficiency remained > 

0.8 during the first 116 min, but subsequent to this demonstrated a steep decline, 

with the lowest value occurring prior to immersion at 350 min (0.663 + 0.010). 
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In contrast to days I and 2, FWFM15 exhibited an increase with time on day 3 (F 7, 

112 = 20.94, p<0.001). The mean maximum F, 1F. 15 occurred at the final 

sampling time (367 min) (0.724 ± 0.006). Overall F, 1F. 15 significantly varied 

between days (H = 89.28 , df = 2, p<0.001). The mean lowest maximum light 

utilisation efficiency occurred on day 1 and was 0.666 + 0.006, the mean highest 

occurred on day 2 and was 0.763 + 0.007 with the value on day 3 (0.695 + 0.003) 

FF 15 occurring in between days I and 2. No correlation was found between /. on 

day I (r =-0.397, n=7, p =0.378). but significant negative correlations were 

determined on day 2 (r = -0.946, n=7, p=0.001) and day 3 (r = -0.862, n=8, p 

= 0.006). Therefore, a decline in PPFD was matched by an increase in the 

maximum light utilisation efficiency and vice versa. 

All data surnmarised in Tables 5.6 and 5.7. 

5.3.4. Migration in constant darkness (Colne Estuary) 

The measurements in the dark were made at the same time as the 

measurements in the light on day 2. Therefore, the data presented below will be 

compared to that already discussed in section 5.3.2. 

The Hythe: Change in fluorescence parameters in dark conditions (day 2) 

Overall the minimum fluorescence yield was significantly higher in light 

cores (i. e. F, 15 compared to F, ) (F1,237 = 20.96, p<0.005) (Figure 5.14A). F, in 

dark cores significantly varied over the course of the day (1716,68 = 7.08, p< 

0.005). In the light and dark cores F, and F, 15 remained similar and increased at a 

comparable rate in the first 260 min. Subsequent to this the fluorescence yield 
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Table 5.6: Summary of Fo 15 data for all 3 estuaries 

Start Max. % increase Final 
Estuary Site F, 15 (Maximum F, 15) F, 15 

Tagus Sarilhos 26+5 2404 152+ 16 
Pequenos (646+82) 

Hythe 284+ 39 30 189+25 
Day 1 (370+37) 

Hythe 226 +33 338 320+ 54 
Day 2 (991 + 108) 

Hythe 246+ 42 200 289+ 22 
Colne Day 2 Dark (740+112) 

Arlesford Creek 398+31 273 +33 
Day 1 398+31 

Arlesford Creek 198+ 16 68 332+ 30 
Day 2 332 +30 

Arlesford Creek 179+9 98 289+ 37 

Day 2 Dark 349+ 54 

Day 1 79+6 222 250 +36 
254 +29 

Eden Day 2 17+4 1135 189+ 13 
210+14 

Day 3 157+ 17 79 199 +23 
281 +28 
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declined in cores that were dark but further increased by 37% in cores that were 

exposed to the light. 

The rate of change did not significantly vary between light and dark 

treated cores (H = 2.29; df = 1, p<0.005). The rate of change in F, under 

constant dark conditions significantly varied over the course of the day (Figure 

5.14C) (H = 49.83, df = 15, p<0.005). The mean maximal rate of increase 

occurred between 83 and 140 min, prior to the mean maximum rate of increase 

under light conditions. The rate of change subsequently became negative 

between 260 and 320 min which was earlier than in the light condition (between 

500 and 560 min). 

The maximum light utilisation efficiency was significantly higher in light 

cores than dark (H= 29.42, df = 1; p<0.005). The maximum light utilisation 

efficiency (FIF,, ) in dark exposed cores did not significantly vary over the 

course of the day (F16,67 ý 0.95, p=0.524) (Figure 5.14E) in contrast to the light 

condition where F, 1F, 15 significantly negatively correlated with PPFD. 

Arlesford Creek: Change in fluorescence parameters in dark conditions (day 2) 

No significant difference was observed in the F,, and F, 15 yield of dark 

and light cores (H = 0.09, df = 1, p=0.760) (Figure 5.14B). Both showed a 

similar pattern of increase over the day (this was significant in dark cores (1716,68 

= 2.38, p=0.007) and also in the light cores; see section 5.3.2. ). The rate of 

change did not significantly differ between treatments (T = -0.26, df = 1, p 

=0.79). The rate of change significantly varied over the day in the dark (H = 

45.03, df = 15, p<0.005) (Figure 5.14D) increasing for the first 140 min in the 

dark, contrasting to the decline that was seen in the light condition (first 83 min). 
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Overall the rate of change fluctuated from negative to positive over the course of 

the day with no clear trend. 

The maximum light utilisation efficiency was significantly higher under 

the light condition (H = 35.04, df = 1, p<0.005). FIF,, significantly varied over 

the course of the day (H = 39.37, df = 17, p=0.001) (Figure 5.14F). The mean 

maximum FIF,, value occurred after 200 min (0.62 + 0.01) prior to the 

maximum value in the light condition, but the mean minimum value occurred at 

the same time as in the light condition 620 min (0.54 + 0.02). 

5.4. Discussion 

5.4.1. Migration under in situ conditions 

Ser6dio et al. (1997) were the first to employ fluorescence to monitor 

temporal changes in biomass. They examined changes on intact sediment cores 

from the Tagus and described an endogenous migratory rhythm under dark 

conditions. In 2001 Ser6dio et al. monitored migration under ambient conditions 

using dark-level chlorophyll a fluorescence, but their sampling design was such 

that each core could only be measured once. In this study the experimental 

design was improved on because the same area of biofilm was measured for the 

duration of the sampling period. On cores from the Tagus Estuary the minimum 

fluorescence yield (F, 15) increased with PPFD over the first 470 min of the 

emersion period, however, subsequent to this F, 15 started to decline prior to the 

time of immersion at the site, and prior to the decline in light level associated 

with dusk. This decline may be indicative of an endogenous downwards 

migratory rhythm entrained to the tides (also described by Ser6dio et al. 1997). 
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However, overall a significant positive correlation was found to exist between 

light level and F,, 15. It is impossible to deten-nine if it is related to incomplete QA 

oxidation during the 15 min dark adaptation period (see General Discussion), is 

merely a co-incidence with an endogenous rhythm matching the PPFD cycle, or 

reflects a real trend. The latter two points could be re-examined by repeating the 

work under different PPFD conditions. On cores from the Tagus, the maximum 

rate of increase occurred in between 120 and 180 min, in advance of the maximal 

light level and a considerable time into the exposure period. At this time of day 

only 10 gMol M-2 s- I of light would reach cells at 200 [tm depth, to effect 

increases in the F,, 15 yield, cells would have to migrate from deeper than this, 

therefore, providing evidence that cells are moving towards the surface 

independently of a light stimulus. The transition from a positive to a negative rate 

of change between 420 and 480 min occurred at the same time as the largest 

increase in PPFD (859 ýtMol M-2 S-1). It is possible that the cells migrated into the 

sediment to reduce their exposure to potentially damaging irradiances. The light 

attenuation co-efficients obtained for this study demonstrated that by moving 

down into the sediment by only 50 [im, the cells would experience half of the 

surface PPFD. To detennine the extent of the influence of PPFD would require 

further manipulation (e. g. examination of days with different low tides, 

manipulation of light conditions over daytime/night-time periods). The maximal 

rate of decline occurred at a time co-incident with the time of immersion at the 

site and may again provide some evidence of a tidally driven microphytobenthic 

migratory rhythm on the Tagus Estuary. 

The decrease in maximum light utilisation efficiency over the course of 

the day in the Tagus cores was likely to be indicative of stress associated with 
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increasing PPFD and temperatures as well as down regulation. The subsequent 

increase in maximum light utilisation efficiency towards the end of the day 

(associated with declining PPFD) would support these hypotheses. The 

maximum light utilisation at the end of the day was lower than at the start of the 

day and it would be interesting to investigate if a total recovery occurred over 

night (see Underwood et al. 1999). The high maximum light utilisation 

efficiencies obtained at the start of the expertmental penod are likely to be an 

artefact of the low Fo 15 values (Honeywill 2001; see Chapter 4 for further 

discussion). 

Sampling on cores from the Tagus started at the same time as exposure at 

the site, but began prior to exposure on cores from the Colne Estuary (Hythe and 

Arlesford Creek). On day I there was a significant increase in F. 15 on the Hythe 

cores prior to the time of exposure at the site, suggesting that migration to the 

sediment surface was either light driven or endogenous (the cells migrate to the 

surface in anticipation of the exposure period). The mean maximum rate of 

change also occurred over the period leading up to exposure. Overall there was a 

significant positive correlation between the minimum fluorescence yield and 

PPFD. However, as discussed for the Tagus, it was not possible to determine if 

this was a genuine light driven migratory pattern. The initial decline in the 

maximum light utilisation efficiency (Hythe day 1) was associated with a sharp 

increase in PPFD. However, subsequent to this the maximum light utilisation 

efficiency increased. It is possible that the cells had previously been stressed or 

that there was a shift in the species composition over this period. Whilst the 

Hythe taxonomic community is primarily euglenoid, diatoms also co-exist here 

(pers. observation). It is suggested that at the start of the sampling period there 
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was a layer of diatoms at the sediment surface, which were sequentially replaced 

by euglenoid species as light levels increased (Perkins et al. 2002; Chapter 6). 

Euglenoid species have been reported to have higher light utilisation efficiencies 

under high light than diatoms (Oxborough et al. 2000) which would account for 

this change. This would however require further investigation (e. g. using high- 

resolution fluorescence imaging). 

Under the same ambient light conditions the diatom dominated biofilm 

(Arlesford Creek day 1) exhibited a markedly different migratory rhythm to the 

euglenoid dominated Hythe: there was a general decrease in F,, 15 over the course 

of the day. The only increase in minimum fluorescence yield and positive rate of 

change in the F,, 15 yield at the sediment surface was co-incident with the time of 

exposure at the site, perhaps providing some evidence of a tidal rhythm. The 

maximum light utilisation efficiency sharply declined as PPFD increased, but 

demonstrated a subsequent recovery. In conjunction with the decrease in F, 15 

over the course of the day it is possible that cells were perhaps migrating into the 

sediment, therefore decreasing PPFD exposure, hence explaining the increase in 

efficiency (Underwood et al. 1999; Perkins et al. 2001). The changes in 

efficiency may also be attributed to taxonomic changes over the course of the 

day (see Chapter 6). 

On day 2 of the study sampling started prior to sunrise, incorporating 2 

low tide periods, to try and disentangle the influence of light driven and 

endogenous rhythms. The microphytobenthos at the Hythe exhibited a more 

obvious migration on this day. Within 200 min there had been a significant 

increase in the minimum fluorescence yield at the sediment surface, after the 

time of the first low tide. Over this period the light level had increased from 0- 
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73 gMol M-2 s-1. As was shown for the Tagus (50 % of the surface PPFD was 

absorbed by 50 ýLrn) the light levels at depth will be very low. Therefore, it is 

unlikely that the initial upward migration is in response to a light cue. The F0 15 

yield continued to increase after the time of immersion at the site, therefore 

unlike the Tagus there was no evidence of an endogenous tidal rhythm. The 

transition from a positive to a negative rate of change in F0 15 at the sediment 

surface occurred between 500 and 560 min, with PPFD still increasing. It is 

possible that the cells were migrating into the sediment to avoid photodamage 

(Kromkamp et al. 1998) or that they had met all of their photosynthetic 

requirements (Perkins et al. submitted) and therefore did not need to stay at the 

sediment surface. There was no evidence of cells re-emerging for the second low 

tide. Again, a significant positive correlation between PPFD and F0 15 was found. 

On the Hythe cores on day 2, in contrast to day 1, a significant negative 

correlation was found between the maximum light utilisation efficiency and 

PPFD. There was a clear pattern in the maximum light utilisation efficiency over 

the course of the day and a hypothetical explanation is presented. There was an 

initial increase for the first part of the study, representing the activation of the 

Calvin cycle and light harvesting complexes to maximise light utilisation and 

overall photosynthetic efficiency. However, as light levels increased sharply the 

maximum light utilisation efficiency started to decline. This decline may be 

indicative of down regulation of primary production, with NPQ activation and/or 

the disassociation of light harvesting complexes from PSII (Perkins et al. 

submitted). 

Arlesford Creek samples showed entirely the opposite trend on day 2 to 

day 1, with the minimum fluorescence yield increasing over the course of the 
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day. The rate of change remained largely positive but did become negative at 

some points; the reasons for these switches were unclear. The increase in 

minimum fluorescence, taken as a general increase in biomass over the course of 

the day, appeared to be largely irrespective of light or tidal state at site. It is 

possible that some changes were occurring in the sediments (e. g. compaction) 

which may have led to an increase in chlorophyll a in the surface layer, or drying 

out which may serve to hold and concentrate cells in a surface layer (Perkins et 

aL submitted). However, this would require further substantiation and 

infonnation relating to the water contents and biofilm structure (LTSEM). The 

maximum light utilisation efficiency showed the same pattern as seen at the 

Hythe (day 2). The reasons for this were discussed above and also negatively 

correlated with PPFD. 

Whilst every attempt was made with the laboratory studies to simulate in 

situ conditions, it is not possible to determine if experimental artefacts occur as a 

result of transporting the cells to the laboratory and cells not being exposed to a 

natural high tide etc. Therefore, for the Eden study the expenment was conducted 

at the site on 3 days, with different tidal/light states. In all instances the cells 

moved to the sediment surface as soon as (days I and 3) and not long after (day 

2) the site became exposed, irrespective of increasing/decreasing irradiances. On 

day 2 (dawn) F,, 15 started to increase when light was barely detectable. Whilst the 

increase occurred in line with the increase in PPFD associated with sunrise, there 

was a decrease towards the end of the exposure penod, suggesting either an 

endogenous tidal rhythm or a physical cue (e. g. subsurface water; see Hopkins 

1966). An obvious decline in F, 15 was also seen on day 3 (dusk) which occurred 

just after low tide and co-incided with decreasing light levels, indicating either an 
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endogenous diurnal rhythm or a light driven migratory response. The results here 

suggested that both light and tidal state influence microphytobenthic migration 

on the Eden (supporting the findings of chapter 4). The lowest F, 15 values 

occurred on day 2 and there are two possible reasons for this: 1) these values 

were more indicative of a true F, with the cells having been naturally dark 

adapted all night (fUll QA oxidation and NPQ reversal) or 2) very few cells were 

present at the sediment surface. If we make the assumption that 15 min of dark 

adaptation is sufficient and accept hypothesis 2, we can conclude that on days I 

and 3 there were more cells at the sediment surface prior to exposure. The Eden 

Estuary has a relatively clear water column compared to other estuaries (Perkins 

1960), therefore light may reach the surface layers of the sediment stimulating 

upwards migration before exposure. 

The pattern of rate of change in F. 15 also varied between days. On days I 

and 3 when the exposure period occurred in daylight, the rate of change was 

highest at the start of the exposure period. However, on day 2 when the cells 

were exposed in darkness, the rate of change progressively increased over time, 

associated with the increase in PPFD. On day 3 the rate of change became 

negative far earlier than on the other days and it is hypothesised that the sharp 

decline in PPFD is the cue for this response. On days I and 2 the rate of change 

only became negative in the hour preceding immersion. Therefore, overall it 

would seem that light is the primary cue for migration (up and down), but in the 

absence of a change in light a tidal rhythm is initiated. The overall lower rates of 

change seen on day 3 may reflect the timing of the low tide (15: 45). The cells 

will already have experienced one light exposure period and therefore may have 

satisfied their photosynthetic requirements (see above), hence not as many 
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cells/species may need to migate. On both day 2 and 3a significant negative 

correlation between PPFD and maximum light utilisation efficiency was found 

and the reasons for such a relationship have been discussed. 

5.4.2. Migration in the absence of any light cues 

Migration was also tracked under conditions of total darkness for the 

Hythe and Arlesford Creek (Colne Estuary) on day 2 using the minimum 

fluorescence yield. When light and dark cores of the euglenoid dominated Hythe 

were compared, the minimum fluorescence yields (F, 15 and F, ) increased at a 

similar rate until the time of immersion, when F,, declined in the dark but F, 15 

increased further in the light condition. These results would suggest that the 

microphytobenthos exhibited an endogenous rhythm for the first part of the day 

(it was not possible to discern if this was entrained to the light/tides) and in the 

absence of any further cues downwards migation was tidally driven. However, 

the results suggested that under favourable (light) conditions the cells can change 

their behaviour. This plastic response supports the hypotheses of Kingston 

(1999), but contradicts his findings that eugelenoid cells migrate to the surface in 

response to decreasing irradiances. The maximum light utilisation efficiency in 

dark cores did not significantly vary over the course of the day, this would 

indicate that the significant variation seen in light exposed cores was light driven 

and that the correlation between FIF,, 15 and PPFD was a genuine trend rather 

15 than an endogenous rhythm in FIF,, . 

In cores from Arlesford Creek the pattern of change in the minimum 

fluorescence yields (FO15 and Fo) under dark and light conditions remained 

similar for the duration of the sampling period. The general increase over the 
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course of the day would suggest a migratory rhythm independent of light and 

tidal influence. Whilst this site would require further investigation it is possible 

that the increase at the start of the day reflects an attempt to maximise exposure 

to lower light levels, with the subsequent increase perhaps reflecting a sequential 

increase in species groups. The maximum light utilisation efficiency also 

significantly varied over the course of the day, showing a similar, but dampened, 

pattern to that of light exposed cores. These results could provide evidence of a 

predictive endogenous rhythm in down regulation and suggests that the cells 

might be taking measures to avoid photodamage, despite a potentially damaging 

migratory behaviour (i. e. remaining at the sediment surface at high light 

intensities). Further to this, it is possible that cells may be sub-cycling at the 

sediment surface (Kromkamp et al. 1998), therefore enabling overall biomass to 

remain high whilst protecting individual cells from prolonged exposure. Such 

hypotheses are purely speculatory but would be worthy of future investigation. 

5.4.3. Future Work 

The variation in the migratory responses between estuaries, as well as 

between days, has confin-ned that generalised migratory trends cannot be 

assumed. Therefore, all examinations of microphytobenthic systems should 

consider these plastic migratory responses when examining other parameters 

(e. g. primary productivity; see chapter 6). The work in this chapter presented 

evidence showing migration to be light and tide responsive. The responses could 

further be examined through artificial manipulations. The only manipulation in 

this study involved permanently darkened biofilms and a natural progression 

would be to examine the artificial lighting of biofilms during the night. A series 
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of experiments could resolve whether or not cells could be induced to migrate 

during the night-time low/high tide. The effects of this experiment would be 

limited by the depth of light penetration and therefore any investigation should 

incorporate measurements of the light attenuation co-efficient (k). 

The in situ migration work on the Eden Estuary provided a unique and 

valuable insight into the temporal behaviours of the Eden microphytobenthos. 

However, the work was limited to the exposure period. The data suggested that 

on certain days the microphytobenthos may start to migrate to the sediment 

surface in anticipation of the exposure period. Light seemed to be the main 

stimulus but as migration also occurred at low PPFDs this would require further 

investigation. 

5.4.4. Summary and Conclusions 

1) The minimum fluorescence yield after 15 min of dark adaption (F, 15) 

has proven to be a useful tool to monitor the migrational activity of 

microphytobenthic communities under in situ conditions as well as in 

situ, and demonstrated migratory patterns to vary between sites/ days 

2) Diatom cells from the Tagus Estuary demonstrated both an 

endogenous migratory rhythm as well as an apparently light 

responsive one 

3) The euglenold dominated biofilm of the Hythe demonstrated an 

endogenous rhythm that was subject to light/tidal cues 

4) The diatom dominated biofilm of Arlesford Creek demonstrated very 

different migratory rhythms on two separate days. The rhythms 

appeared to be largely independent of light and tidal cues 
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5) Cells from the Eden Estuary demonstrated a primarily light driven 

rhythm but with some tidal influence 
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CHAPTER SIX 
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Microscale changes in intertidal biofllms over a diel period 

Introduction 

Steep biological and physical gradients define the surface layers of 

sediment biofilms and it is essential that these are analysed at a scale appropriate 

to the organisms that inhabit this zone (Paterson 1999). The microphytobenthos 

that inhabit the surface layers of the sediments play a key role in the functioning 

of the estuarine ecosystem and given this importance it is essential that their 

biomass is accurately determined. Chlorophyll a is often used as an index of 

microphytobenthic biomass (Blanchard et al. 1996) and since many primary 

productivity calculations are non-nalised to biomass, chlorophyll a is therefore a 

key parameter in models of primary productivity. 

6.1.1. Examining changes in biomass (using chlorophyll a and LTSEM) 

There are many sources of chlorophyll a on intertidal mudflats from the 

microphytobenthos to macroalgae as well as sea grasses, detritus, spores and 

seeds. The constant flux and turnover of sediments means that plant matter will 

be rapidly incorporated into the upper layers of the sediment through burial and 

bioturbation. It is essential that sampling protocols account for this. The 

migration of the microphytobenthos over the exposure period is well recorded 

and produces an enrichment of chlorophyll a at the sediment surface (Pinckney et 

al. 1994; Wiltshire et al. 1997). By sampling at an appropriate scale it is possible 

to separate changes that occur as a result of migration (epipelic forins) from any 

"background" biomass. The sediment chlorophyll a has been separated into 2 
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operational groups: Photosynthetically active biomass (PAB) in the upper 

illuminated layers of sediment and Photosynthetically inactive biomass (PIB) in 

the deeper layers (Kelly et al. 2001). Traditionally sediments were sampled to 2 

mm though depths as large as 5-10 cm have been recorded (Maclntyre et al. 

1996). The incorporation of PIB may dilute or even mask any changes that occur 

as a result of microphytobenthic migration (Wiltshire 2000; Kelly et al. 2001). 

Pinckney and Zingmark (1991) discussed the problems of sampling 

below the photic zone and suggested a method of core freezing and microslicing, 

but were unable to devise a method that did not distort the upper layers of the 

sediment (see Rutledge and Fleeger 1988 for further discussion). Wiltshire et al. 

(1997) pioneered a successful technique that enables samples to be sectioned at 

the ýtm level. The Cryolander sampling device freezes samples in situ under 

ambient conditions, which can then be microscale sectioned on a freezing 

microtome (for further description see Chapter 2). This enables the depth 

distribution of chlorophyll a in intact sediments to be detennined at a resolution 

of 200 gm. Many authors have since incorporated microscale pigment and 

carbohydrate analysis into their work (Taylor and Paterson 1998; Wiltshire et al. 

2000; de Brouwer and Stal 2001; Kelly et al. 2001). 

Taylor and Paterson (1998) published results on microscale sectioning for 

the first time examining microscale changes in carbohydrates, relating the spatial 

distribution in colloidal carbohydrates to diatom biomass. Wiltshire (2000) 

demonstrated the chlorophyll a maxima of diatom dominated sites at low tide to 

occur in the top 200 gm, with up to a5 fold drop in chlorophyll a content in the 

next 200 gm. The chlorophyll a maxima of euglenoid samples also occurred in 

the top 200 gm, but the subsequent decline was less pronounced than the diatom- 
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dominated sites. LTSEM was used to support the trends detected by pigment 

analysis. It has been demonstrated that a third of the biomass in the surface I mm 

undergoes a migration (Pinckney et al. 1994; for further discussion on migration 

see Chapters I and 4). de Brouwer and Stal (2001) presented the first temporal 

examination of microscale depth changes in biomass. Under high biomass 

conditions a significant difference in biomass distribution was found between the 

day and night-time emersion period. In the day, chlorophyll a was concentrated 

in the top 200 gm with a steep depth decline (see also Wiltshire 2000), but 

during a night-time exposure period the depth distribution remained constant. 

Despite a change in the surface colouration of sediments in the daytime exposure 

period, no significant variation in biomass was detected over the low tide period. 

Despite using a coarse conng technique, Pinckney et al. (1994) detected a 

repeatable pattern in the vertical distribution of biomass over time, with the 

chlorophyll a contents highest at midday. Yet despite this inherent variation, 

many models of primary productivity still make an assumption of homogeneous 

chlorophyll a distribution with depth (Barranguet and Kromkamp 2000). 

It is essential to not only consider the depth of sampling but also the units 

of expression. Chlorophyll a is expressed per weight (content) or per area 

(concentration). The units of expression can lead to the over or underestimation 

of biomass at different times in the exposure period and this is exacerbated by 

sampling PIB. When chlorophyll a is expressed as a content, biomass is 

potentially underestimated through the incorporation of deeper sediments with 

less chlorophyll a, but when expressed as a concentration biomass may be 

overestimated through the incorporation of PIB (Kelly et al. 2001). Perkins et al. 

(submitted) modelled changes in biomass that reflect the drying out of the 
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sediments over the exposure period, leading to an increase in concentration but a 

decrease in content. Pinckney et al. (1994) discussed how the uneven nature of 

the sediment surface makes it impossible to sample sections of known volumes, 

the weight of the surface section was always significantly higher, which was 

attributed to the difficulty associated with defining a flat surface. Therefore, they 

made the recommendation that chlorophyll a always be non-nalised to weight. 

It is essential to consider changes in cell distribution with depth. The lens 

tissue technique has been used extensively to monitor changes in species 

composition over time (e. g. Eaton and Moss 1966; Round and Palmer 1966) but 

whilst providing useful taxonomic inforination this technique does not account 

for any non-motile components of the microphytobenthic consortia, subsurface 

cells nor changes in the topography of the sediment biofilm. Paterson (1986) 

pioneered the use of LTSEM to visualise changes in species composition over 

time. LTSEM enables samples to be examined 3-dimensionally and in some 

cases subsurface cells can also be visualised. LTSEM analysis often reveals high 

levels of spatial microheterogeneity, however, the reasons for this are unclear 

(Janssen et al. 1999). 

Photoinhibition has rarely been recorded in intact microphytobenthic 

biofilms (Blanchard and Cariou LeGall 1994; Barranguet et al. 1998; Kromkamp 

et al. 1998; Dodds et al. 1999). It has been hypothesised that the overall 

efficiency of the biofilm is maintained through the vertical cycling of cells at the 

sediment surface (Kromkamp et al. 1998). Therefore, cells are able to optimise 

their exposure to light whilst minimising time spent at potentially damaging 

irradiances (Round and Palmer 1966; Barranguet et al. 1998; Kromkamp et al. 

- Perkins et al. 2001). 19981 
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6.1.2. Investigating the sediment light climate 

Benthic microalgae have adapted to coping with a highly variable light 

climate: a combination of diel/tidal rhythms and the light absorbing properties of 

the sediment/biofilm. The intertidal nature of estuarine mudflats dictates a highly 

changeable light environment; irradiances at the sediment surface may exceed 

2000 VLMOI M-2 S-I on a summer day at low tide, whereas in winter the cells may 

experience days with little or no illumination. Further to this, the nature of the 

sediments dictates a steep gradient in light attenuation. Traditionally, the light 

attenuation properties of aquatic ecosystems were largely studied in the water 

column (e. g. Kirk 1983) but in 1984 Admiraal highlighted the need to quantify 

the light intensity within microphytobenthic biofilm communities. 

Guarini et al. (2000) discussed the factors that complicate any 

examination of the sediment light climate: (1) in fine muds the thickness of the 

photic zone is of the same order of magnitude as the cells themselves, in sharp 

contrast to the pelagic system. (2) the importance of microtopography and the 

fact that the sediment surface is unequally exposed to incident light (3) the strong 

dependence of the light attenuation co-efficient on the highly variable organic 

and water contents of sediments (discussed below). 

Traditionally the light attenuation co-efficients (k) of estuarine sediments 

were calculated by the transmission of light through reconstituted sediments 

settled out onto light sensors (e. g. MacIntyre and Cullen 1995). Given the 

complex architecture that is characteristic of microphytobenthic biofilms it is 

essential to preserve sediment structure to realistically deten-nine the light 

attenuation co-efficients of natural sediment biofilms and associated microscale 

changes in light level. 
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The advent of fibre-optic microsensors (Jorgensen and Des Marais 1986; 

Dodds 1992; KtihI and Jorgensen 1992; Lassen et al. 1992; Ploug et al. 1993) has 

enabled the light climate within sediment/biofilms to be non-destructively 

resolved at the 100 gm level. The most useful sensors are those that detect scalar 

irradiance (spherically integrated radiance from all directions) as this represents 

the light climate to which the cells are exposed at a similar scale, measures of 

downwelling radiance can inaccurately estimate the total quantum flux. 

Biofilms are a matrix of cells, exopolymers, sediments and water. The 

upper layers of microphytobenthic communities can attenuate a large proportion 

of incoming light (Dodds 1992 and references therein). The cuphotic zone depth 

(I% of incident light) is usually less than 2 mm (Paterson et al. 1998) (Table 6.1 

Light attenuation co-efficients). Microphytobenthic biofilm communities are 

highly light absorbing and scattering media with the backscattered component 

increasing with depth (Lassen et al. 1992). The photic zone may vary from ýtm 

(fine muds) to cm (sands) (Jorgensen and Des Marais 1986; Lassen et al. 1992). 

Lassen et al. (1992) and KUM et al. (1994; 1996) demonstrated the phenomenon 

whereby the surface PAR of the sediment was higher than could be expected 

from the incident illumination due to back scattering. 

159 



nlicl - 

Table 6.1: Light attenuation co-efficients 

Author (s) Year k value Sediment/biofilm type k I% depth k I% depth 
(mm-12- (I-nm) (mm) 

Jorgensen & 1988 3-34 Sediment 3 1.54 34 0.14 
Des Marais Cyanobacterial mats 
Lassen et al. 1992 1.2 Sandy 1.2 3.84 - - 
Ploug et al. 1993 2.6-3.3 Cyanobacterial mat on 2.6 1.77 3.3 1.40 

sandy sediments 
Lassen et al. 1994 8.8 Uncolonised silty 8.8 0.52 - - 

sediments 
11.7 Oscillatoria mat on 11.7 0.39 - - 

silty sediments 
3.9-6.5 Anabaena mat on silty 3.9 1.18 6.5 0.71 

sediments 
2.7-5 Diatoms on silty 2.7 1.71 5 0.92 

sediments 
Uhl et al. 1994 1.5-2.5 Pure quartz sand 1.5 3.07 2.5 1.84 
Uhl et al. 1996 4.7 Oscillatoria on silty 4.7 0.98 - - 

sediments 
Uhl et al. 1997 8.8 Uncolonised silty 8.8 0.52 - - 

sediments 
1.4-1.9 Green algal flocs on 1.4 3.29 1.9 2.42 

1 Isandy sediments I 
Kiffil & 2000 10 -7 Cyanobacterial mat 7 

I 
0.66 10 0.46 

lFenchel 
_ 

1 I 1 

I 

This effect is most obvious in sandy sediments (>200% incident PAR at the 

sediment surface) and is considerably reduced in cohesive sediments (Paterson et 

al. 1998). The light field immediately below the sediment surface is highly 

heterogeneous, due to uneven surface topography, burrows and oxygen bubbles 

(Lassen et al. 1992). The spectral distribution has also been shown to vary with 

depth due to the absorptional characteristics of the microphytobenthic 

community (Lassen et al. 1992; Maclntyre and Cullen 1995) with blue light 

being attenuated most rapidly and the absorption maxima matching the 

absorption maxima of chlorophyll a and other light absorbing pigments (e. g. 

carotenoids and bacteriochlorophylls; Jorgensen and Des Marais 1986; Lassen et 
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al. 1992). The shortest (< 400 nm) and longest (> 700 nrn) wavelengths have the 

highest light attenuation co-efficients (Jorgensen and Des Marais 1986). 

Air has a lower refractive index than water which leads to a more forward 

based scattering in wet sands than dry sands. Therefore light penetration has been 

demonstrated to be deeper, with a lower surface reflectance (lower albedo), in 

wet sands (Uhl and Jorgensen 1994). Dry sand therefore has a higher surface 

maxima than wet sand owing to increased reflectance. Diatom-dominated 

sediments have been shown to have even less reflectance than wet sediments and 

decreased light scattering with the absorption maxima coinciding with that of 

chlorophyll a (Ktihl and Jorgensen 1994). 

The shallow euphotic zone, in conjunction with sediment deposition, is 

one of the most likely driving forces behind the evolution/maintenance of 

motility in microphytobenthic cells. Despite a narrow photic zone, 

microphytobenthic communities make significant contributions to the overall 

productivity of coastal marine environments (Jorgensen and Des Marais 1988 

and references therein) and the majority of photosynthesis occurs within the top 

200-400 [trn (Yallop et al. 1994). The rhythmic migrations exhibited by 

microphytobenthic cells (see Chapter 4) will lead to rapid and substantial 

variations in the fraction of incident light that the cells (and their photosynthetic 

apparatus) receive (Ser6dio et aL 2001). Measurements of downwelling 

irradiance on microphytobenthic biofilms provides limited information on the 

light field available for photosynthesis. To determine the true contribution of 

microphytobenthic cells to the estuarine carbon budget it is essential to quantify 

the natural sediment light climate. By examining microscale changes in light and 

chlorophyll a it is possible to model primary productivity at prn depth intervals. 
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6.1.3. Examining primary productivity on intertidal mudflats 

Despite limited periods of light exposure (Ser6dio and Catarino 1999) 

and highly variable temperature conditions (Blanchard and Guarini 1996; 

Ser6dio and Catarino 1999) estuarine microphytobenthos have been recorded to 

contribute up to 1/3 of the total estuarine carbon budget (Sullivan and Moncrieff 

1988; Sundback et al. 1997; see Underwood and Kromkamp 1999 for further 

discussion). Guarini et al. (2000) discussed the "vertical scale compression 

problem" whereby photosynthetic activity is limited to the upper gm. It is the 

problems associated with sampling at this scale that has hindered progress in this 

field compared to pelagic systems as well as the daily changes In photon fluence 

rates, temperatures and the migration of cells in and out of the photic zone 

(discussed above). Therefore, the inherent variation in microphytobenthic 

primary productivity patterns (seasonal and hourly) (Kromkamp et al. 1995; 

Barranguet 1997) complicates any extrapolations/estimations. 

Guarini et al. (2000) examined the behavioural and physiological 

processes that control primary productivity on intertidal mudflats, proposing and 

verifying a simple model of primary productivity and biomass changes over the 

exposure penod. The authors concluded that temperature was the prominent 

feature controlling the dynamics of benthic primary production, but discussed the 

key role of light in controlling the migration of phototrophs to the sediment 

surface. They separated the sediment biofilm into two compartments: surface and 

sub-surface and hypothesised the surface component to be saturated with 

biomass and having a continuous light distribution. 

Pinckney and Zingmark (1991) attributed daily variations in primary 

production to changes in the distribution of biomass related to tidal stage and sun 
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angle but also discussed the possibility of short teryn changes in the photic zone 

as well as variation in light attenuation between different sediments (see 

discussion above). Ser6dio and Catarino (1999) showed hourly variations in 

primary productivity resultant from changes in irradiance and biomass. 

Barranguet et al. (1998) compared the differences in short term primary 

productivity rates and the controlling factors between different sites, determining 

light (and temperature) to be the dominant factor in muddy sediments with cyclic 

migration preventing photo inhibition. Irradiance has been estimated to contribute 

between 30 - 60% of the variability in production, with biomass explaining 30 - 

40 % (Pinckney 1994; Maclntyre et at. 1996). However, patterns in primary 

productivity have also been recorded to occur independently of light and light 

history (Miles and Sundback 2000; Perkins et al. 2001). To accurately examine 

the carbon budgets in estuaries it is essential to sample and model over several 

time periods and account for any changes/variation (Pinckney and Zingmark 

199 t). 
The appropriate methodology for measuring microphytobenthic primary 

productivity is still debated (Underwood and Krornkamp 1999; Barranguet and 

Krornkamp 2000; Perkins et al. 2001). Underwood and Kromkamp (1999) 

criticise some techniques/studies of primary production, for failing to identify the 

species composition or account for short/long term changes in the assemblage. 

Guarini et al. (2000) highlight the need for new concepts in the field of 

microphytobenthic ecology. This study will examine rhythms in productivity but 

will also consider associated changes in biomass and assemblage. 
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6.1.4. Aims of investigation 

The aims of the investigation were: 

DICI anallorls ill rnicrolfllvtobkýflthic blofid 

1) To determine if microscale sectioning (200 ýtm) can be used to detect spatial 

and temporal changes in microphytobenthic biomass over a diel period 

2) To deten-nine how assemblage type influences the spatial and temporal 

distribution of microphytobenthic biomass 

3) To investigate whether there is evidence of cells sub-cycling at the sediment 

surface (Round and Palmer 1966; Kromkamp et al. 1998) 

4) To deten-nine the influence of assemblage/site/time on the light attenuation 

co-efficients of microphytobenthic sediment blofilms 

5) To determine if modelled rates of primary productivity correlate with actual 

rates of primary productivity 

6.2. Materials and Methods 

Diatom and euglenoid-dominated biofilms were sampled in July 1999 

and March 2000 (Table 6-2). Cores were collected at low tide from the mid/low 

shore region of Arlesford Creek (diatom-dominated) and Point Clear (diatom- 

dominated) and the top shore of the Hythe (euglenoid-dominated) (Colne 

Estuary, Essex, U. K). The cores were transported to a laboratory greenhouse and 

placed in a tank containing site water up to, but not submerging, the sediment 

surface. Tidal tank facilities were not available, but cores were sprayed with salt 

water collected from the site to prevent drying out. The cores were allowed to 

settle over-night and sampling started the day after collection. 
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Table 6.2: Sampling schedule 

Year Date Low tide Day Site Taxa 
1999 July 16th 08: 40 1 Arlesford Creek Diatom 

The Hythe Euglenoid 
July 22nd 12: 40 2 Arlesford Creek Diatom 

Point Clear Diatom 
2000 March 23rd. 08: 30 1 Arlesford. Creek Diatom 

The Hythe Euglenoid 
March 30th 13: 30 2 Arlesford Creek Diatom 

II j The Hythe jEuglenoid 

Cryolander cores (n > 3) were sampled and later microscale sectioned for 

pigment/water content analysis (Tables 6.3). Cryo-stubs were collected at the 

same time for LTSEM analysis. Light levels (PPFD) were logged every 10 min 

using a LICOR data logger and averaged for each hour. Fibre-optic light 

microprofiles were taken to detennine the light attenuation co-efficient (n > 5) 

(Tables 6.4). 

Tables 6.3: Cryolander sampling schedule (A) July 1999 and (B) March 2000 

(A) Sampling schedule July 1999 (day I and day 2, both sites) 

Time Cumulative tinie 
(min) 

6: 00 0 
8: 00 120 

10: 00 240 
12: 00 360 
14: 00 480 
16: 00 600 
18: 00 720 

1 20: 00 1 840 
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(B) Sampling schedule March 2000 

Arlesford Creek: Day I 

Time Cumulative time 
(min) 

8: 00 0 
10: 00 120 
15: 00 420 
19: 00 660 

The Hythe: Day I 

Time Cumulative time 
(min) 

7: 00 0 
11: 00 240 
16: 00 540 
19: 30 750 

Arlesford Creek: Day 2 

Time ClImulat've time 
(min) 

7: 00 0 
11: 00 240 
15: 00 480 
18: 00 660 

The Hythe: Day 2 

Time Cumulative time 
(min) 

8: 00 0 
12: 00 240 
16: 00 480 
19-00 660 

Tables 6.4: Light profiling sampling schedule (A) July 1999 and (B) March 2000 

(A) Sampling schedule July 1999 

Day I (both sites) 

Time 
Cumulative time 
(minutes) 

06: 30 0 
09: 25 175, 
12: 45 375 
15: 30 540 

1 

18: 40 730 

Day 2 (both sites) 

Time 
Cumulative time 
(minutes) 

06: 00 0 
08: 001 120 
10: 001 240 
12: 00 1 360 
14: 00 480 
16: 00 600 
18: 00 720 
19: 30 , 8101 
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(B) Sampling schedule March 2000 

Both sites: Day I Arlesford Creek: Day 2 Hythe: Day 2 

Time 
Cumufative time 
(minutes) 

06: 30 0 
07: 40 70 
08: 30 120 
09: 25 175 
11: 45 315 
12: 15 345 
13: 05 450 
14: 50 500 
15: 40 

, 
550 

17: 25 655 
18: 10 700 

1 

18: 50 740 

Time 
Cumulative time 
(minutes) 

07: 00 0 
08: 30 90 
08: 501 110 
10: 00 180 
10: 40 220 
12: 45 345 
13: 45 , 405 
14: 40 460 
15: 40 520 
17: 25 625 

:5 . 
695 

19: 30 1 750 

Time 
Cumulative time 
(minutes) 

07: 30 0 
08: 30ý 60 
09: 20 110 
10: 00 150 
10: 55 205 
12: 55 325 
13: 50 380 
14: 50 440 
15: 55 505 
17: 45 615 
18: 40 670 
19: 45 

, 
735, 

Primary productivity 

Total primary production (ýtg C M-2 h-1) and primary productivity (ýtg C 

(ýtg Chl a)-' M-2 h-') (work by Dr RG Perkins) were measured every 2 h. 

Sediment cores were selected at random (n = 3) and sub-sampled using a mini- 

core (3.14 CM2) (n = 3) (Smith and Underwood 1998). 1 ml of radio-label (37 

kBq 14C-sodium bicarbonate) was allowed to diffuse into each mini core for Ih 

in the dark. Subsequent to this the mini-cores were incubated for Ih at I of 5 

light levels (0 - 800 ýtrnol M-2 S-1 ) using neutral density filters on a halogen light 

source. The incubation was terminated by the addition of 5%f. c. gluteraldehyde. 

Dark controls (n = 3) were incubated for Ih in the dark to correct for dark 

uptake. In addition anapleurotic uptake was corrected for using dead controls, 

which had 5%f, c. gluteraldehyde added prior to the addition of the radio-label. 

After termination, the top 2 mm of biofilm was carefully sliced off and freeze- 

dried and homogenised. This was then sub-divided into 2 samples. The first set 
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of samples were used to deten-nine primary production, the remaining inorganic 

label being driven off over 24 h by the addition of concentrated HCI. After the 

addition of scintillant cocktail (Optiphase Safe, Fisons, Loughborough, U. K) the 

carbon uptake rates were calculated from counts obtained witb a Packard Tricarb 

460C scintillation counter with an internal quench correction. Counts were 

corrected for self-quenching and dark uptake rates were subtracted from light 

uptake rates. Calculations were made using a specific activity of 1.06 and the 

total alkalinity (typically 1.127 mg litre) measured by titration with high purity 

concentrated hydrochloric acid (Parsons et al. 1994). The second sub-sample was 

used to deten-nine biomass (chlorophyll a content) using a spectrophotometer. 

Chlorophyll a was extracted using cold methanol over 24 hours in the dark and at 

4 'C, and samples were corrected for phaeopigments by acidification (after 

Lorenzen 1967). 

Using the chlorophyll a content and light level at depth (detennined using 

k) primary productivity could be predicted using the following equation (after 

Barranguet and Krornkarnp 2000): 

P, = Chl axP,, ý, x x (I -exp (a x E, /P a, )) 

PZ Productivity in depth section z (mg C (mg chl a)-' h-1) 

Chl a= Chlorophyll a content (mg chl ag fdw-1) in depth section z 

Ez Light level at depth z (gmol M-2 s- 1) 

Pmax Light saturated maximum rate of primary productivity 

C( Light limited initial slope of the light response curve (mg C (mg 

chl a)-' h-1) ([, Mol M-2 S-) 
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cc and Pmax were either pre-detennined from ' 4C light curves (June 1999 values 

were used for the July 1999 study) or on 14C light curves taken on the day of the 

study (actual curves were taken on each day in March 2000). 

A coulter particle size analyser was used to detennine grain size. 

6.3. Results 

6.3.1. Diel changes in chlorophyll a 

Changes in the chlorophyll a content (1999) 

The Hythe was the highest biomass (expressed as chlorophyll a content) 

site followed by Point Clear, then Arlesford Creek (F7,138 = 9.10, p<0.005). 

Point Clear was the only site where the chlorophyll a content in the surface mm 

(expressed for the entire surface I mm and as 200 gm depth sections) varied over 

the diel period. There was a general increase towards the time of low tide (12: 40) 

and then a decline. At all sites the chlorophyll a content significantly declined 

with depth, and in all cases > 45 % of the total chlorophyll a in the surface mm 

was found in the top 400 gm. See Table 6.5 for summary. 

Changes in the chlorophyll a content (2000) 

The chlorophyll a content at the Hythe was significantly higher than at 

Arlesford Creek on both day I and day 2 (F7,138 = 9.10, p<0.005). However, the 

chlorophyll a content in Arlesford Creek samples from day 2 was significantly 

higher than on day 1, and did not significantly differ from the chlorophyll a 

content of the Hythe on day 1. The chlorophyll a content (expressed for the 

entire surface I mm and as 200 ýtrn depth sections) decreased over the diel period 
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in Hythe samples on both days. At all sites the chlorophyll a content significantly 

declined with depth, and in all cases > 40 % of the total chlorophyll a in the 

surface mm was found in the top 400 ýtm. See Table 6.6 for summary. 

Overall, there was no significant differences in the chlorophyll a contents 

between years for either Arlesford Creek (H = 0.9, df = 1, p=0.342) or the 

Hythe (H = 0.24, df = 1, p=0.623). 

6.3.2. Diel changes in water content 

The water content significantly declined over the course of day 1 (1999) 

in cores from Arlesford Creek (H=31.45, df = 7, p<0.005) and the Hythe (H = 

23.86, df = 6, p=0.001) (Figure 6.7). The water content also vaned over the day 

in cores from Point Clear but there was no discernible pattern (H = 12.89, df = 6, 

p=0.045). There was no significant change over the course of the day in cores 

from Arlesford Creek on day 2 (H = 14.59, df = 8, p=0.07). In 2000 the water 

content significantly varied in Arlesford Creek cores on day 2 but there was no 

discernible pattern (H = 18.71, df = 3, p<0.005). There was no significant 

vanation in the water contents for any other site/day (Figure 6.7). 

6.3.3. Die] changes in species composition 

Changes in surface assemblage composition at all sites are summarised in 

Tables 6.7. LTSEM images highlight some of the key changes. Over the diel 

period there was generally a taxonomic shift in the diatom biofilm at Arlesford 

Creek from small naviculoid taxa early in the day to larger forms (> 100 ptm; e. g. 

GyrosigmalPleurosigma) in the afternoon, sometimes followed by smaller cells 

170 



1=1 0 
rq 

vI 
-tj 

$: I. Ln 03 

9b 03 

9) Q) C) If) tn U V 9b . . A . 

(=ý --C) = 

I., , 9b 4Q V) =1 
(1) = 

. 
n 

= 
- 

00 
VIC c C) 

vi 
00 

u 
:: L 

? - ý 

ý' u C) 'Zý U o 0 in C: L, 

rq U 
z uo 

r-4 
Cld 
u r. 

L= 

41. ) cn 00 110 
0 
r. ý: -Z En 

-ý z 
,, 

& 
U C) 

Z 

U 

> bj) (D 

U 
a) 

-t. 
" 0 to 

ý ýE- w 
; -) 

r. 
Ln 

C) o 

0 o .=7: ý 
0 
8 

Q) 
7; tt 

CIS 
u cl 

cl, = 



CD 
0 

0 

CN 

CD CD 

9 - - 

c 2 , C) 4) 9 

0 
-i 

0 

C) 

0 CD 

CD 

0 0 
CD 0 0 0 C, 0 0 C) CD 

co cli 

C, j 

CD 
1? 

0 

-9 
ý2 

ý2 

0 9 
0 ý2 

0 
CD cn 
ý2 
a) 'a 

0 
-i ý2 

CD 9 
cD 0 

0 
CD 

CD 
0 c c CD 0 0 
(D V) 

CD 
-ql 

0 
10 

0 
CN 

0 
- 

CD 
C: ) 
CD 
c"i 
r- 

1: 

(D -0 aý 

12 2 
(n 

cil 

L-mpj 5e lqo 6-d 

C> 0 CD 
CD 0 C, 

Cl) C-4 

CD CD CD C) 

N CD 



C14 
>1 
m 
0 

; Eý a) c 

C14 -r 
= Q) 

cU 

(D CD- CD ci -02Q CD 
2m -0 r- 0 U) e clý N '2 o 

(c/. ) ww aDepns u! jua)uoz e llfqdojolqo 

0 
0 

0 

0 
0 
0 

0 
0 
0 

1- 0 
a) 

0 
0 

2E 
c 
C) C'q 

-C3 

z -a () L- 
co 2 

0- Ir- 
2 >, 0m 

C) 

o CL 

-, -u 

Lb 

0)- 

j : ýý 

C> 00 

(D .0 



N 

CD 

CD 

CD 
lp 

Vý, 

CD 

CD 
0 

0 
t2- 

CD 
10 

r 

10 C) 
CD 

C) C) CD C) 0 C) 10 
CD (0 u2 ýt (1) cli - 

Cll 

I<-I-IIII, I, I-I-I-I-I 

0 I? CD 

0 

CD 

0 CD 

0 C, C> CD 
0000 
0 
CN 

co IE5 
E 

C) C) CD 

C) 
00 

co 
(1) 
CD 

0 >N C: 6 co co C'4 L- 

C) 0 66 _0 

_0 E 
0 V) C: ) a) C) co <6 
CD - CD C) < (0 4- 

_-z 

Lr- 0) 
CD 0 C: 
6i 

0 
cn E 

C) CD lp - (. 0 
.0 

CS 
M C) 

CD 

1 

ý6 U) ZD, 
CD CD W 

co -r- -0 - 
L- 

o 

a) - 04 E 
E >N =L 

C) 
0 C) 

't 

c) 
C14 

(D 

L) 
a) C\l E 

CD 
a) CD 
0) C. 1 
C: c) (P CU C) 'n 
(-) -0 C) 

0 
CD 

< 
0) c) 

co c 

0000000 CD CD 0 CD 00 CD 0 CD 0ma 10 0 CD 00 CD 00 CD LO It cli 
t2 

Lý m 10 't CN 

L-mpj e lqo 6TI 



"' - (A) 100 -. (B) 
90- 90 - 

80- 80 - 

70-- 70 - 

ý() z- 60- 

50 50. 

40- 40. 

30- 30. 

20- 20 

10.10 

0 (, 

I. 

06: 00 0800 10: 00 12: 
'00 

14100 16400 18: 00 2000 06: 00 08,00 10,00 12': 00 14'00 16: 00 1800 20: 00 

100 - 

90 - 
(C) 

90 - 
80 - 80 

70 - 

60- 
. 

70-, 

60- 

50.50- 

40.40 

30 
30- 

20- 
20 - 

10- 
10 - 

06: 00 08: 00 10: 00 12.00 14: 00 16: 00 18,00 20: 00 
0 
06: 00 0800 1000 12: 00 14: 00 16: 00 18.00 2000 

'00- 
90 - 

0 80- 

70-, 

co 

(E) 

60- 

'o 
50- 

40 

30 

20 

10 

06: 00 0800 10: 00 12: 00 14! 00 16: 00 18: 
'00 

20: 00 

100- 

80- 

70- 

60 - 

50 

40 

30. 

20. 

10. 

06 00 08,00 1000 12: 00 14ý00 16,00 18,00 2000 

100- 

80 - 
70- 

60- 

50-' 

40- 

30 

20 - 

10- 

ý, 
1 

' 06 
''.... '''', ''' 

00 08: 00 1000 1200 1400 1600 1800 2000 

Time of day 

Figure 6.7: Change in the water content in the top mm over time 
July 1999 (A) Arlesford Creek day 1 (B) the Hythe day 1 
(C) Arlesford Creek day 2 (D) Point Clear day 2 
March 2000 (E) Arlesford Creek day 1 (F) the Hythe day 1 
(G) Arlesford Creek day 2 (H) The Hythe day 2 

0600 08: 00 10: 00 1200 14*00 16: 00 1800 20: 00 



E* 

EZ E ýý - ýe E 5: -0 C) 0 cz . -ý2 

cli 
E ü ý c3 

1; ý 2 -0 -0 2 
C) i 

r- 9b 

E. um Sb 

- m C3 
- Q) 

cö CD U Z OJ) 
-ci 9. 
Q) 

Z: CZ > 

ý L) W- cu 4. CD. 

cli cu Z. 9 bz CD ' , "0 
C) =, , ý; u . 
5ý E 1 ' UE -e 

E 
:1 Z- - :1 -0 L) Im 0 . 

u CD 
U 

c 
(L) Q) 

,u 
CD- 

cu E 
cu 

cu -- ý2 -cý - 
, CD , >, -5 be . 

.-ýZ. 9 ýý 

7ý 75 
' 0 15 2 5 ýý ý: u Z: 

C 

< 

ýý o \ C , 

F CY) 
CF) 

co 

(D 

cu 

(D 
C) 

_0 

12 U) 

cr 
co 

m 
E 

cu 

co 

m 
cu u 

c-. Z-- , cu :i Z' - ci -C ý :j 

WC ý0g. uý . C. 
- -U -ý ý 

CD 2 ý 
ý3 

r 
-0 (D 

r 
n C) - 

u u -0 ur 

äE 
E ni 

-ý m'-, 
lý ý -0 ý n. u 

E 
I ce x l z> cz 4- CD cu r ýM (U .r 

vý cu 

-a ý 5j=9 
12, 

Z0 W -ci , U ZJ C) > 
ý -0 uu C) 

CD x 421 cu 
Mr 

553 G -2 c2. >, > 

cJ 

ý_i _a 0ý 
. cu 

u 
Z 

gl 
CD x m ci CD 

cn 

= .2 w 72 
5 

n. >, > 
ý -0 ýUU 

i CU E *ö CD -, : E -0 
x 

_c 
Q) - -C) 4- 

ýc ýý ým - :15: . 
ý, 

_ý Z- 
u cn 
u a. 
- cz Z L2 
tj) 
' " ýý zi ý, 'E-e F-- 

ci Lij 40- ý5-, 5 Gn E C) , 
11 

IT, 



C) 

(Z 

0- 

0 OJD > 
o 

to .=Vý E5 
, 

-0 o ,,. 
- - ý: ý: ýý . 5.. . 

C/I C3 ý Q 
C> 7ý 4. 

'o 
5"- 

ý0 -, 

u ý: = tý " 
. 

u 

mE Cý- u2 -a -F 2 
14 cu 

cu ý0 
9 
>, Cýs 

ýa 5 mu9.4L Q - 
ca 

, ý, c 1>1i ým C's 
as CIS u 

C'I u U 

ýc uu 
-S-- -0 0,20 U 

CY) 
0) 

cu 

CD -0 

. -0 lýý 
.e zý 

ý2 

< LZ 25- 

cu 
CD -0 eU ce 
CD 

x 
C) .- ý'E2 z2 , 

j-- 2 
0 u 

' i- 
0 

< 
9, 

,'EýeZ, 
- A -9 ig- 

o < > 

ý 2 i IC ,. bz Eý z -a - C) U. ý9 
u- 

. 5: 
G) U t)Z 

l 

r- 
u A ý �u "2= u 

(D 

07 2 Cý 
ýi 

- 9b 

ý- e 
:E--:, 

ý 
2 

C L 
E ( 

- 
L) -. = cn (L) u Cd 

EI 
, 

zi 

CU 
Z 
CU c) 

CD- m C) U 

zý cu 0 

ýD - '-" uýE, 
0 _c z. -, ; _ý 

2 
18 'E 

.<ý: 
d 0- Z: 

1 1 
ýz 

4 - ,um 'ý c) 

4 ri 

9 
(L) 

.E 

m 



;3 C) 
0 
CN 

cu 
R 

(D 

7, 

CD 

cu 
ý4 
(D 
a) 

C) 

_0 

Co 

-0 E 

U) cu 

CD 

Mý> 
CD 
CD 

, E-m 
a) r- cu .. -m ýn ci 

-2 . 
cl 

m-- Co 
. . 

ý, 
lý (Z >, 

mu ý 
u 

Z, 

ý, :i .u -2, Z .2 cu > 

bh 'Z - ý u _Z, 

33 
cj 

CD 
E .-Z, 

0 E 2 
0 r_ ý r- Qi ý - 0 :Zý ýý rzý j. 2 

CL E 

m 4- 

40 

< 

C> 

-ci "a "Ci 

vi 

CD ce zi 

rA cu 

ý 

r_ 
ýI 0 (U -c; . 

2 zý E 

at- 

-M 
Ilt 3 11; 

1 

m 

1 1 u -0 - 
öJo -Z, 

-->, > 

21, ': -: 1 
-= 7z = -0 "2 ý0 :1 

t E C. ) :J > 
< -ci u 0u -0 

(A u 

7ý 0 

"C, C, 
r-Urz m 

17ý u -0 _Z rý m 

C> 
tD]) "Z, 4, 

ua 
1- 2E 'V 0u0 ý; - . 

tDJ) 
ýý . 

8ý cd 

-0 - 
5 sz- 

Z- * 

< "Ci 12. u Z. u 1-1 

0 
lp 

0 

ý :3E ý- 
r- -a ý0 . 

CD 
CD 



CD 

E ý2 E 

Ö, 0 Q) 

.. 
CZ " ý -= Z: = "zý 5 

�ý 12 CD 
E 

-5 
u5 

- 5 c. 0 c2. 3 7E 

u 11 = 

's � E '. ' > - CD 

.. ,ý , u 
c3. ' , 

cu 

E 5: 1 

Z0 Z- -ý: C'> 

C) E -0 
cu 

:: u 
tm- -ý2 ný 0 CD >, ti 

-0 
8' 73 

-, i 

(U M- 11 0 
c-. 

EE 31 Z 
'; C. 

, 

> 
cn -a 9. C, 1 2ý 

0. ýA 

U "c -C = u ý, 

im : 
= 

CD 
Q) 
u 
, -; , . E (D 2ý: ý, 

uZ ýa 4- -, 5 . :: Z 

C> 

a C 
0 
N 
N 
>1 
m 

R 

(D 

r 

_0 
c 
cu 
I -X: 

_0 

cm cu 
m 
E 
a) 
C/) (n co 
(1) 

CD 
n 

u 
CD 

CD 
CD ci _C) -12 -- -1-- > Z. u u u vi 

E E 9-- U c) -0 o e g- , . -2 ý 1 

ý0 :1 -c) u < > 

73 

CD 

l:; ý -ý4 ;-m Q) Q) 

ýý >ý ýý ýu u -1-- ' 

EI 40, 

ýn- E ýý 

En 

00 

bi) cu 
92. Q) CA m U 
u 

z3 

QJ 

e 

h- rA 

u 

ý4 
CD 

. ' C, 1 1 



( hapLi i)cla ILt)H in. rnieiopIi Eobcntc hnfl1n 

in the evening (Figure 6.8). The Hythe biofilms demonstrated a clear shift in taxa 

over the day, from Euglenoid cells and small diatoms to larger cells (Figure 6.9). 

Later in the day, cyanobactena and diatoms moved above the euglenoid layer 

(Figure 6.9). At Point Clear there was no biofilm on the sediment surface at 

sunrise but sub-surface cells were evident moving towards the surface. By mid- 

morning a dense biofilm, several cells thick, had forined (Figure 6.10). The 

complex microstructure of microphytobenthic biofilms is highlighted in Figure 

6.11. 

6.3.4. Diel changes in sediment light climate 

Surface ambient light levels (July 1999) 

On the 16 th of July 1999 (day 1) ambient light level increased slowly 

from 44 ktMol M-2 s-1 at 06: 00 to 350 gMol M-2 s- 
I 

at 11: 00. Subsequent to this 

there was a large increase up to the maximum PPFD of 1250 gniol M-2 S-I at 

12: 00. The light level decreased but retumed to the maximum level at 15: 00 

(Figure 6.12). Subsequent to this, light levels declined until the end of the study 

(60 ýIrnol M-2 s-1 at 20: 00). The light levels recorded on day 2 were considerably 

lower than day 1, with a maximum of 570 gMol M-2 s-1 (compared to 1250 gmol 

M-2 s- I on day 1). This was attained at 15: 00. The light level had fluctuated from 

20 gino, M-2 S-I at the start of the day to 400 gMol M-2 s- I at 11: 00, further 

fluctuating to the maximum PPFD at 15: 00 before declining to 20 ýtrnol M-2 S-I at 

20: 00 (Figure 6.12). 
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Figure 6.8: Change in taxonomic composition 

at the surface of the Arlesford Creek biofilm 

(1999) (A) (B) (C) Sediment surface 

dominated by small naviculoid forms but 

larger cells evident sub-surface and also 

starting to emerge (D) (E) 09: 00 Sediment 

surface a mixture of larger cells with smaller 

cells in between (F) (G) 15: 00 Sediment 

surface dominated by naviculoid forms as 

larger cells move down into the sediment. 

Large cells still evident sub-surface. Scale bar 

in gm. 



Figure 6.9: Change in taxonomic composition at the surface of the Hythe biofilm (1999) 
(A) (B) (C) (D) 06: 00 One cell thick euglenoid layer at the sediment surface with smaller 
diatoms occupying spaces. Larger diatoms migrating to the sediment surface and 
emerging in synchrony (E) (F) 10: 00 Euglenoid cells dominate the sediment surface with 
smaller diatoms and cyanobactena forming a sub-surface layer (G) (H) 16: 00 Diatoms 
have moved above the eugleoid layer and patches of cyanobacteria are evident. (1) (J) 
18: 00 Larger cells found in patches With surface dominated by smaller naviculoid forms 
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Figure 6.10: Change in taxonomic composition at the surface of the Point Clear 

biofilm (1999) (A) 06: 00 No cells evident at the sediment surface but sub-surface 

cells visible (B) 12: 00 One cell layer of diatoms, surface dominated by larger cells 

e. g. Pleurosigma sp. (C) (D) Assemblage still dominated by larger forms but some 

smaller cells evident in between cells and a well developed matrix of EPS (E) 18: 00 

Surface still dominated by larger diatoms and also patches of cyanobacteria are 

evident (F) 20: 00 Surface dominated by larger forms but sub-surface cells evident. 
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Figure 6.11: It is essential to measure 

microphytobenthic b1ofilms at an 

appropriate scale (A) Large scale fracture 

face of biofilm does not fully reveal the 

fine scale detail (B) shows the size 

variation of the microphytobenthos (C) 

Cells are intimately associated and 

position within the biofilm is highly 

dynamic (D) Cyanobacteria sometimes 

form sheets. Scale bar in [tm 
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Light attenuation co-efficients (July 1999) 

The light attenuation co-efficient (k mm-1) of sediment biofilms from 

Arlesford Creek on day I significantly increased over the day (F4,12 ý 10.05, p= 

0.001) (Figure 6.13). The light attenuation co-efficients from the Hythe (day 1) 

also increased over the day, but the effect was not significant (F 4,12 = 2.88, p= 

0.07) (Figure 6.13). The changes in PPFD (ýtrnoj M-2 S- 1) with depth are shown in 

Figure 6.14. 

On day 2 the light attenuation co-efficient of sediment biofilms did not 

vary over the course of the day for either Arlesford Creek (F 7,24 ý 1.29, p= 

0.296) or Point Clear (F 7,18 ý 1.49, p=0.233) (Figure 6.13). The changes in 

PPFD with depth, over time, are shown in Figure 6.15. 

When the data were compared for all sites the Hythe had the highest light 

attenuation co-efficient, followed by Arlesford Creek on day I then Arlesford 

Creek on day 2 and finally Point Clear, which had the lowest light attenuation 

co-efficient (F3,88 = 28.19, p<0.005). Post-hoc analysis revealed the differences 

to be significant between all sites, and both days in the case of Arlesford Creek 

(Table 6.8). 

Table 6.8: Summary of mean light attenuation co-efficients (1999) 

Day Site Mean k (mm-1) + SE 
I Arlesford Creek 12.34 0.61 

The Hythe 15.08 1.1 
2 Arlesford Creek 7.43 7.43 

FP-oint Clear 8.881 1 

Ambient light levels (March 2000) 

The light levels recorded in 2000 were lower than on both days in 1999 

(Figure 6.12). On day I the light level increased from 27 VtMol M-2 S-1 at 07: 00 to 

172 



E 
E 

LLI 

24- 
(A) 

22- 

20- 

18- 

16- 

14- 
- 

12- 

10- 

8- 

6- 

4- 

2- 

0 
06: 00 

24- 
- (B) 

22- 

20- 

18- 

16- 

14- 

12- 

10 - 

8- 

6- 

4- 

2 

0 
06: 00 

Low tide 08: 40 

08: 00 10: 00 12: 00 14: 00 16: 00 18: 00 20: 00 

Low tide 13: 00 High tide 19: 40 

08: 00 10: 00 12: 00 14: 00 16: 00 18: 00 20: 00 

Time 

Figure 6.13: Change in the light extinction co-efficient (mean , 
SE) over the day 

(A) Arlesford Creek (square) and the Hythe (circle) Day 1 1999 
(B) Arlesford Creek (square) and Point Clear (circle) Day 2 1999 



1) 
0 

I-. 

clj 

1-2 

g 

Mi 

MS 

MS I 

0 

r. IIII-iI r--r--Tý IIII 
C) 0 

PPFD 

8 

8 
00 

8 
(0 

8 

S 
c'J 

S 

8 
S 

S 

m 

7M 

< CD 
CD 

IP 

�i (A 

>ý Z 

V :: L CD 

12. Z0 

CD 

týQ "s ýM 
rA 



-1Z) 

03 
0 

s 
lam 

CD 

N 

V 
(-) 

0 

4 

, 0,. -Z, 

E 
E 
=L 

-0 C> u 

89 
E 

'tp 

u W) 

43 

q- , -0 

PPFD 



( l1q)lLi () Dfti 'L at ri nn' 

a maximum of 312 ýtniol M-2 s-1 at 12: 00. Subsequently this declined to darkness 

at 18: 00. On day 2 the light levels were lower than on day 1, ranging from 12 

ýtrnol M-2 S-1 at 07: 00 to a maximum light level of 108 VtMol M-2 s-1 at 11: 00. This 

subsequently declined to darkness at 18: 00. 

Light attenuation co-efficients (March 2000) 

The light attenuation co-efficient (k mm-1) of sediment biofilms from the 

Hythe on day I significantly increased over the day (Fj 1,32 = 6.53, p<0.005) 

(Figure 6.16). The light attenuation co-efficient (k mm-) of sediment biofilms 

from Arlesford Creek on day I significantly increased over the day (Fj 1,33 = 

11.48, p<0.005) (Figure 6.16). The changes in PPFD with depth for both sites 

are shown in Figure 6.17. 

On day 2 the light attenuation co-efficient (k mm-) of sediment biofilms 

from the Hythe significantly decreased in the first h (F 11,38 = 2.34, p=0.026) but 

Tukey's post-hoc analysis did not reveal any further significant changes. 

However, it is possible that there was an overall decrease in the light attenuation 

co-efficient (Figure 6.16). The light attenuation co-efficient (k mm-) of sediment 

biofilms from Arlesford Creek on day 2 increased in the first 2h but no 

significant change was detected at any point in the day (F, 0,45 = 0.78, p+0.646) 

(Figure 6.16). The changes in PPFD with depth for both sites are shown in Figure 

6.18. 

When the data were compared for all sites, Arlesford Creek on day 2 had 

significantly lower light attenuation co-efficients than all other days (F3,191 

19.80, p<0.005) (Table 6.9). 
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Table 6.9: Summary of mean light attenuation co-efficients (1999) 

Day Site Mean k (mm- 
1) 

+ SE 

I Arlesford Creek 13.16 0.99 
The Hythe 12.58 1 

2 JArlesford Creek 1 7.07 1 0.28 
iThe Hythe 1 13.94 1 0.63 

There was no significant difference in the light attenuation co-efficients 

for the Hythc in between 1999 and 2000 (171, log= 2.20, p=0.141) but the light 

attenuation co-efficients for Arlesford Creek were significantly lower in 2000 

compared to 1999 (H = 4.14, df = 1, p=0.042). 

6.3.5. The relationship between light attenuation co-efficient and site 

parameters 

No significant correlations were found for any day, site or year between 

chlorophyll a content and light attenuation co-efficient. For all of the ArIcsford 

Creek data the r, value was -0.401 (df=19, p=0.07). No significant correlation 

was found between water content and light attenuation co-efficient. 

6.3.6. Predicted and measured rates (14C) of primary productivity 

The PPFD at each depth interval was calculated, and using the 

chlorophyll a depth profiles, the predicted rates of productivity in each depth 

section may be modelled (Barranguet and Kromkamp 2000). 
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Predicted and measured rates (I 4C) of primary productivity (1999; Perkins) 

In 1999, > 94 % of the total primary productivity was estimated to come 

from the surface 200 [tin of the sediment from all sites. These predicted rates of 

primary productivity for Arlesford Creek and the Hythe significantly positively 

correlated with PPFD (Arlesford Creek day 1: r=0.99, p<0.001; Arlesford 

Creek day 2: r=0.94, p<0.001; The Hythe: r=0.97, p<0.001). No significant 

trend was seen for Point Clear (Figure 6.19; NB only depth section 0- 200 ptin 

shown). 

The measured rates of primary productivity as detennined from 14C 

measurements (mg C (mg Chl a)-' h-) in Arlesford Creek biofilms significantly 

declined over the course of the day on both days in July 1999 (Day 1: F1 (7,23) ý 

2.78, p<0.05 and day 2: F1 (7,23) = 3.00, p<0.05). On Hythe biofilms (July 

1999) the rate of pnmary productivity at 12: 00,14: 00 and 16: 00 was 

significantly lower than at the start of the day (F 1(7,23) = 2.69, p<0.05). Biofilms 

from Point Clear however, had a significantly higher rate of primary productivity 

at 16: 00 (F 1 (7,23) = 16.70, p<0.001) (Figure 6.19. NB only depth section 0- 200 

ýtrn shown). No correlations were determined with ambient PPFD or biomass. 

Predicted and measured rates (I 4C) of primary productivity (2000) 

In 2000 the proportion of predicted total primary productivity occurring 

in the surface 200 gin of the sediment increased over the incubation period (both 

sites, both days), with associated decreases in the deeper layers. There was no 

significant correlation between PPFD and predicted rate of primary productivity. 

Measured productivity showed similar trends to 1999 (morning 

maximum) but the values were at least an order of magnitude lower. The rate of 
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Figure 6.19 Actual (open) and predicted (solid) primary roductivity rates (top 
hP 

200 gm) for A: Arlesford Creek, 16' ; B: The Hythe, 16' ; C: Arlesford Creek, 
23 rd and D: Point Clear, 23rd July 1999 (mean ± s. e., n= 3). Arrows indicate time 
of low tide at site 

Figure courtesy of Dr R. G. Perkins 



( () 

primary productivity (mg C (mg Chl a)-' h-1) in Arlesford Creek biofilms had 

significantly declined by 09: 00 (F, (3,12) = 209, p<0.001). A significant decline 

from a. m. to p. m. was also evident on day 2 for Arlesford Creek biofilms (17, (3,12) 

= 157, p<0.001). In contrast to all other times, primary productivity 

significantly increased between 08: 00 and 14: 00 on day I at the Hythe (F, (3,12) ý 

34 1, p<0.00 1). However, on day 2 at the Hythe the rate of primary productivity 

significantly decreased after 09: 00 (F, (3,12) = 152, p<0.001). 

No correlations were determined to exist between measured rates of primary 

productivity and modelled rates of primary productivity. 

6.3.7. Sediment grain size analysis 

At all sites the greatest proportion of sediment particles were < 63 [tm 

(Figure 6.20/ Table 6.10). 

Table 6.10: Particle sizes along the Colne Estuary (all values expressed as a 

Summary < 63 ý3 
- 125 1 125 - 500 > 500 

Arlesford Creek 88.4 6 5.6 0 
The Hythe 94.7 3.4 1.9 0 
Point Clear 70 14.9 13.6 1.5 

6.4. Discussion 

6.4.1. Can microscale sectioning can be used to detect spatial and temporal 

variations in biomass over a diel period? 

In all instances apart from the eugl enoid -dominated Hythe (day 1 2000) 

the chlorophyll a content significantly declined with depth, with biomass always 
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significantly higher in the top 0-200/0-400 [tm. The % of total chlorophyll a (in 

the top mm) found in the top 400 [tm varied from 40-60%. Therefore, as 

sampling depth increases so does the dilution factor of the chlorophyll a content. 

Chlorophyll a was expressed as a total in the upper I mm and in 200 [tm depth 

sections to compare coarse and fine scale sampling. 

PAM fluorescence techniques have been used to assess relative changes 

in biomass in the sediment surface layers (Chapters 4 and 5; Ser6dio et al. 1997, 

Underwood et al. 1999; 2001; Barranguet and Kromkamp 2000; Honeywill 

2001; Perkins et al. 2001; Honeywill et al. 2002). Using fluorescence 

parameters, diel/tidal rhythms in microphytobenthic migration have been 

detected and one of the principal aims of this study was to investigate if 

microscale changes in chlorophyll a could be used to detect such rhythms. 

Significant changes in the chlorophyll a content of samples from Point 

Clear (day 2,1999) and the Hythe (days I and 2,2000) over the die] period 

occurred. At both sites the trends were detected at both the coarse (I mm) and 

fine scale (ýtm) level and therefore no advantage was associated with fine scale 

sectioning. 

6.4.2. How does assemblage type influence the spatial and temporal distribution 

of microphytobenthic biomass? 

The patterns of change in chlorophyll a did vary between sites and with 

assemblage type. Several of the sites provided evidence of patterns characteristic 

of either a tidal/diumal rhythm, but these were not significant. However, the 

chlorophyll a content significantly changed over time in cores from Point Clear 

(diatom dominated; 1999) and the Hythe (euglenoid dominated; 2000). 
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The patterns at Point Clear (increasing at the start of the day and then 

fluctuating with a general decline towards the end of the day) could be indicative 

of an endogenous diumal rhythm. The maximum chlorophyll a content, when 

expressed in the surface mm, occurred at 10: 00 (160 min before low tide) and 

slightly later at 14: 00 (80 min after low tide) when expressed in the surface 200 

gm. This pattern may indicate a general movement of biomass towards the top 

200 ýtm prior to low tide. 

The number and timing of samples for the Hythe in 2000 did not enable 

the discrimination of tide/light as a cue for downwards migration. When the 

chlorophyll a content was examined at the ýtrn scale, changes were detected in 

the depth sections 0-200,200-400 and 400-600 ýtrn on day I and 0-200 and 200- 

400[tm on day 2. Therefore, whilst the chlorophyll a content did not vary in the 

deeper sections, there was still enough variation to be detectable in the top nim 

overall. This indicates that in the deeper layers there is either a constant 

background biomass (i. e. PIB component or a discrete taxonomic layer e. g. 

cyanobacteria), or that cell movement through these layers is constant and 

therefore overall biomass does not change. 

It can take between 5-10 min to freeze the sediment surface using the 

Cryolander technique, which limits the number of samples that can be collected. 

It is therefore possible that with a greater number of samples more significant 

patterns/trends may have emerged. However, the overall findings were consistent 

with de Brouwer and Stal (2001) who failed to detect any diurnal rhythm in 

chlorophyll a in the surface layers of the biofilm. It is possible that cells sub- 

cycle/migrate at a scale smaller than micro-slicing can resolve, or that a balance 

exists between migration in and out of the surface layers (sub-cycling). 
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Chapter 6 Diel variations in micropliLlobenthic biot-ilms 

Whilst the Cryolander technique (Wiltshire et aL 1997) and subsequent 

cryo-slicing represents an advance in microscale analysis, there are still inherent 

problems. The microscale slicing technique requires a great deal of skill as well 

as judgement, and care must be taken. One of the key problems is the 

determination of the surface (Figure 6.21). 

.......................... ... .......................... 
A Water/EPS layer 

IT Biofilm surface layer 

m 
m Sub-surface sediment/biofilm layer 

Figure 6.21: The surface layers of a cryolander sample 

A discrete surface layer of water is often visible as a layer of ice and a judgement 

must be made as to when the surface starts, the uneven nature of the surface also 

complicates this judgement. It is therefore possible to under/over estimate 

chlorophyll a in the 0-200 gm layer and the large error bars associated with 

microscale sectioning represent these problems, as well as the spatial variation 

that is characteristic of microphytobenthic biofilms. 

6.4.3. Do cells sub-cycle at the sediment surface? 

Migration initiates a temporary stratification of microphytobenthic cells, 

which occurs in the upper layers of the sediment/biofilm (Paterson 1995; 

Paterson et al. 1998) and can vary with conditions/time (Round and Palmer 

1966). Taxonomic differences have been recorded with regards to cellular 

position within the biofilm (Underwood and Kromkamp 1999) and a more subtle 

sub-migration at the sediment surface has also been suggested (Round and 
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Palmer 1966; Kromkamp et al. 1998), with individual species groups cycling up 

and down within the biofilm. Sequential migrations to and from the sediment 

surface are well-recorded (e. g. Palmer and Round 1965; Round and Palmer 1966; 

Happey-Wood and Jones 1988; Janssen et al. 1992; Garcia-Pichel et al. 1994). 

LTSEM analysis for this work supported these findings, showing a sequential 

emergence of diatom/euglena species that might also be indicative of sub-surface 

cycling in response to changing light/nutrient/C02 requirements. 

There was a taxonomic shift in the diatom biofilm at Arlesford Creek, 

from small naviculoid fonris early in the day, to larger forrns (> 100 gm; e. g. 

GyrosigmalPleurosigma sp) in the afternoon. The Gyrosigma species seemed to 

emerge at the same time, before flattening out onto the sediment surface 

therefore responding to the same cue or entrained to the same biological clock 

(also seen at the Hythe). The larger size of these cells makes them easier to 

identify at depth and subsurface cells were clearly visible prior to emergence at 

the sediment surface and would be photosynthetically active prior to their 

appearance. At 15: 00 on day 1 (1999) the surface PPFD was 1250 ýtrnol M-2 S-1 

and the depth at which 10% of the surface PPFD occurred was 147 ýim, which 

equates to 125 ýtrnol M-2 S-1. 

The reduction in photosynthetic activity recorded in the afternoons might 

be attributed to a taxonomic shift. The Hythe biofilms demonstrated a clear 

taxonimic shift over the day. The euglenophyte, Euglena deses, is a common 

intertidal species, particularly in the summer months, and has been recorded to 

favour high irradiances. Diatoms have been demonstrated to occupy deeper 

layers within the biofilm (Underwood 1994; Paterson et al. 1998) and the images 

in this study support this premise. However, some diatoms do stay at the 
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sediment surface, occupying the spaces in between euglenoid cells leading to a 

maximisation of all available space by phototrophic organisms. Point Clear was 

the only site whereby the change in chlorophyll a seemed to be complemented by 

an increase in cells at the sediment surface (as viewed under LTSEM). Whilst 

there was a sharp decline in chlorophyll a in the surface layers of the Hythe 

(2000), a biofilm was still visible both to the naked eye and under LTSEM. 

Whilst the biofilm appeared green towards the end of the day, it was seen to 

contain primarily diatoms, therefore the decline in biomass might reflect the shift 

in species. However, the green colour would suggest that the euglenoid cells 

were still within the photic zone and would therefore hypothetically still be 

sampled at 200 gm. Cyanobacteria were recorded below the diatom layer, 

supporting the findings of Ploug et al. (1993) and Yallop et al. (1994). This 

vertical positioning as well as the capacity for cycling of position has clear 

implications on primary productivity. 

LTSEM is a valuable tool for characterising the structure and taxonomic 

composition of microphytobenthic biofilms but it is essential to appreciate that it 

is a qualitative technique. The matrix of EPS that characterises 

microphytobenthic biofilms often prevents taxonomic assessment apart from 

basic classifications (e. g. naviculoid or by size). Very often LTSEM analysis 

concentrates on the surface layer, but in this study, and other studies, the biomass 

may be concentrated in the top 400 ýtrn and cells are photosynthetically viable 

below the sediment surface. Therefore, LTSEM images do not represent all of 

the photosynthetic community. Whilst the fracture face can provide some 

resolution of sub-surface cells, the number seen clearly do not correlate with 

what would be expected from chlorophyll a content. 
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6.4.4. How does assemblage type/site and time influence the light attenuation 

co-efficients of microphytobenthic sediment biofilms? 

In 1999 the Hythe had the highest light attenuation co-efficient followed 

by Arlesford Creek and then Point Clear. In ecological ternis, light penetrated 

further into Point Clear biofilms, followed by Arlesford Creek and finally the 

Hythe, where the light was attenuated most rapidly with depth. At all sites > 70 

% of particles were < 63 gm, but the Hythe had the highest proportion of 

sediment particles < 63 Vm, followed by Arlesford Creek and then Point Clear. 

Therefore, the sedimentary characters of the site seem to influence the light 

attenuation co-efficient. However, this would require further investigation and 

more rigorous testing with additional consideration of biological variables (these 

will be discussed in greater detail below). 

In contrast to 1999, the light attenuation co-efficients of Hythe and 

Arlesford Creek biofilms did not differ throughout day I in 2000 (however, the 

light attenuation co-efficients for the Hythe were significantly higher on day 2). 

The light attenuation co-efficients of Arlesford Creek also significantly varied 

between years and overall the results prove that constant k values cannot be 

assumed for any one site or between years. Therefore light attenuation co- 

efficients clearly must be considered at both a temporal and spatial scale and a 

constant photic depth can never be assumed. 

Most studies assume a constant light attenuation co-efficient over an 

hourly time scale (supporting this, no change in the light attenuation co-efficient 

was seen on day 2 in July 1999). However, on day I the light attenuation co- 

efficients for Arlesford Creek significantly increased over the course of the day 

and whilst non-signifi cant, the light attenuation co-efficients for the Hythe 
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demonstrated a similar trend. This was accompanied by a significant decrease in 

the water contents (both sites) and the highest values of PPFD were also obtained 

on this day. It is therefore most probable that the sediments were drying out and 

compacting, therefore increasing bulk density and attenuating the light more 

rapidly, but no significant correlation was detected. The changes in the light 

attenuation co-efficient has clear implications for modelling primary productivity 

and suggests that light attenuation co-efficients should be taken at several time 

periods rather than assuming a constant value. Whilst non-signIficant, the light 

attenuation co-cfficients of both sites decreased slightly at the end of the day and 

it is possible that a more subtle change in biomass/taxonomic composition 

occurred at this point but it is impossible to speculate further. In 2000, general 

increases in k were seen for all sites (with the exception of the Hythe (day 2) 

which significantly decreased) and may be associated with core compaction over 

the course of the study. 

Light attenuation co-efficients for any site/date did not significantly 

correlate with chlorophyll a or water content. The highest light attenuation co- 

efficients were found for the Hythe, which also had the highest biomass, and it is 

possible that a dense biofilm attenuates light more strongly than sediments. 

However, a negative correlation between biomass and the light attenuation co- 

efficient was almost significant for Arlesford Creek and therefore the vanables 

that control the light attenuation co-efficient are still unresolved. It is possible 

that the differences in light attenuation co-efficients may reflect the different taxa 

at the respective sites, and that the structure and nature of the biofilms at the 

Hythe (densely populated euglenoid biofilms with diatoms occupying the small 

spaces in between the euglenold cells) dictates the high light attenuation. 
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Chapter 6 Diel variations in micropliNtobenthic biofilnis 

With few exceptions, 90 % of the surface PPFD was always attenuated by 

400 gm, and in many cases occurred before 200 gm. This has clear implications 

on the rate of primary productivity within the surface layers of the biofilm. 

However, using an arbitrary 10 % depth (or I %) does not yield any information 

on the available PPFD at depth, and against a backdrop of fluctuating irradiances 

over the course of a day it is essential to express PPFD as gmol rn-2 s- I rather 

than % of the surface PPFD. On day I in 1999 the maximum PPFD was 1250 p 

Mol M-2 s-', yet by vertically moving only 79 gm, cells from Arlesford Creek 

could reduce their PPFD exposure by 50%, only a cell length for some species 

(Figure 6.22). This distance was even less for the Hythe. Microphytobenthic cells 

have a variety of photoprotective responses and can down regulate electron 

transport at high PPFD but migration may represent an alternative response. 

- 

- 

E 

FlPFD (ý nd M2 s -) 

Figure 6.22: Change in PPFD with depth at 15: 30 in Arlsford Creek sediment biofilms 
(Day 1 1999). Sub-surface cells at 79 pm reduce their PPFD exposure by 50% 

1 

Perkins et aL (submitted) demonstrated the diatom Staurophora 

amphioxys to exhibit both a photophysiological and behavioural response to 
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increasing PPFD; first an apparent decrease in the cross-sectional area of the 

thylakoid membranes and then a downwards migration at PPFD > 600 ýImol M-2 

s-1. The differential responses of taxa to high light intensities may lead to 

structured biofilm communities, and may help maintain high primary 

productivity rates (for the whole biofilm), despite potentially damaging light 

intensities. 

An increase in the surface maxima relative to the downwelling PPFD has 

been described by many authors (Lassen et al. 1992; Kiffil et al. 1994,1996) but 

was not seen in this study. This may be attributed to the dense biofilms, sediment 

characteristics (see section 6.1) or the sampling technique. Determining the 

sediment surface is a key aspect of microscale analysis and one that is seldom 

discussed in the literature. The LTSEM images demonstrated the highly 

heterogeneous nature of the sediment/biofilm. Figure 6.23 shows a Gyrosigma 

cell emerging through a naviculoid layer and opens the question where does the 

surface start? This question is particularly relevant when considering cells such 

as GyrosigmalPleurosigma sp. that are as large as the sampling interval (100 

ýjm). In reality sampling will start somewhere between the two extremes and is 

not possible to determine without correlative microscopic examination. 

Figure 6.23: Gyrosigma Sp. emerging (Arlesford Creek 1999). Scale bar = 50 
pm. Arrows indicate possible biofilm. surface. 
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This study addressed depth changes in PPFD with no quantification of the 

spectral variation. Direct measures of spectral scalar irradiance have been shown 

to significantly differ from incident irradiance in microphytobenthic biofilms 

(KUhl and Jorgensen 1994) and therefore future studies should account for this 

variation. The absorption characters of the diatom and euglenoid biofilms will 

differ according to the pigment suite of the respective groups. Future work 

should examine these changes and relate to changes in the surface taxa over time 

(e. g. the switch from diatoms to Euglenoid cells with increasing PPFD). 

6.4.5. Do modelled rates of primary productivity correlate with actual rates of 

primary productivity? 

Microphytobenthic primary productivity showed a diel pattem for both 

Arlesford Creek and the Hythe, with a morning maxima in productivity declining 

over the afternoon with a brief increase before nightfall. There was no evidence 

of a tidal rhythm on any of the days. These patterns did not reflect changes in 

biomass or diel changes in PPFD. However, the rates of productivity were at 

least an order of magnitude higher in July to March, possibly reflecting ambient 

light conditions. Furthermore, day 2 in 1999 had comparable PPFDs to 2000 and 

biomass was comparable between years and therefore not the reason for the 

lower rates of productivity in March. When primary productivity was modelled, 

the patterns largely corresponded to short term changes in ambient light. This is 

logical considering the general lack of variation in chlorophyll a and a and P,,,, 

(Perkins pers. comm). Therefore, the model is biased towards light and due care 

must be taken in modelling primary production/productivity rates. The die] 

pattems obtained using 14 C make sense ecologically. Cells have no way of 
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predicting changes in PPFD over the diel period, and further to this are restricted 

to a tidally controlled light period, therefore cells are likely to have evolved to 

photosynthesise as soon as there is sufficient light (coinciding with the morning 

in this study). Once cells have satisfied their photosynthetic requirements there 

can be a down regulation, which in this study may also have served as a 

protective mechanism against the afternoon PPFD maximas. The increase in 

production before nightfall is likely to build up carbon reserves for the night. 

6.4.6. Implications of study 

Modelled pnmary productivity rates were biased towards trends in light 

level and due care must be taken in using primary productivity models. Whilst 

the data in this model accounted for depth changes in chlorophyll a and light 

some models assume either constant biomass in the surface layers of the 

sediment or a constant light climate. Therefore, models of primary productivity 

may grossly over/under estimate productivity rate. The changes in the light 

attenuation co-efficients over the diel period also demonstrate that future studies 

should not only account for depth related changes in PPFD but also changes in 

the depth of penetration related to biomass or sediment changes (e. g. drying 

out/compaction). 

Chapter 5 used F, 15 to follow migration patterns for Arlesford Creek and 

the Hythe and showed both a light/tidal rhythm which was absent in this study. It 

is possible that the changes in fluorescence (associated with changes in biomass) 

were occurring over a shorter depth than microscale slicing can resolve. As 

discussed above, the first depth section may be > 200 ýtm and whilst the 

sampling depths of the FMS2/dive PAM measuring beams remain unquantified; 
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a sampling depth of 150 ýtm has been proposed (Kromkamp et al. 1998). It is 

further possible that the assemblages were responding to different conditions in 

the respective studies as the migratory response has been shown to to be plastic. 

The increasing use of fluorescence to estimate primary production rates 

from the ETR/relative ETR (see chapter 1) may be fatally flawed through the 

assumption of constant PPFD in the upper biofilm layers. The vertical 

stratification of cells within the biofilm, shown in this and other studies, makes it 

impossible to predict the light climate that all cells are exposed to. Perkins et al. 

(2001; 2002) demonstrated F,, 'IF,, ' to deviate from the expected inverse 

relationship with PPFD, owing to cells migrating into the sediment and not being 

exposed to the surface PPFD, therefore leading to an overestimation of ETRmax- 

The daily changes in taxa at the sediment surface (from both endogenous 

migration and in relation to ambient light) suggest that changes in productivity 

could be indicative of different taxa. Therefore, where possible, taxonomic 

changes should be monitored however, the disadvantage to this approach is that 

measurements are generally destructive. 

6.4.7. Future studies 

Where possible, future work should increase the number and times of 

sampling to provide a more detailed examination of changes in biomass/light 

attenuation co-efficients. It is possible that with more data points some genuine 

trends relating light attenuation co-efficient with biomass might be discerned. 

This relationship could also be tested by laboratory manipulation of biomass on 

artificial b1ofilms. 
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Many of the biological changes in this study were hypothesised to occur 

as a result of changing environmental conditions (e. g. light level, drying out etc) 

and future work could manipulate these variables to test these hypotheses. 

Wiltshire et al. (1997) demonstrated that short-terrn changes in ambient light 

(vertical shading) can alter biomass distributions and artificially exposing the 

samples to different light conditions would allow a more rigorous testing of these 

hypotheses (chapter 7). 

Whilst changes in biomass were detectable using both coarse and fine 

scale depth intervals, the shallow photic depths clearly demonstrate that fine 

scale sampling is essential if we are to accurately model the phototosynthetically 

active component of the system. Even sampling to I mm incorporates PlB, 

therefore underestimates PAB and increases the error associated with many 

models of primary productivity. 

It is not possible to discern if the changes in taxa are the result of a 

sequential emergence, or sub-cycling to maximise overall biofilm primary 

productivity whilst minimising photodanige to individual cells. This would have 

to be investigated on live samples under a microscope using a method to 

track/identify cells (e. g. dye) but the results detailed here would suggest this to 

be a worthwhile investigation. 

6.4.8. Summary and conclusions 

1) Microscale sectioning can be used to detect spatial and temporal changes in 

biomass in some microphytobenthic biofilms 

2) The temporal patterns in biomass distribution were different between a 

diatom dominated and euglenold dominated biofilm 
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3) There is a sequential change in taxa at the sediment surface of both diatom 

and euglenoid dominated biofilms which may represent a sub-cycling of cells 

at the sediment surface and support the hypotheses of Round and Palmer 

(1966) and Kromkamp et al. (199 8) 

4) Light attenuation co-efficients vary with assemblage/site and also over a 

short-terin, diel periods. The reasons for the differences are likely to be a 

combination of the physical characters of the site (e. g. particle size, drainage) 

as well as the biological properties of the microphytobenthic biofilm. All 

future studies must consider variations in the light attenuation co-efficients. 

5) Modelled rates of productivity did not correlate with actual rates of primary 

productivity. The modelled rates followed changes in PPFD, whereas the 

actual rates demonstrated morning and evening maximas in rates of primary 

productivity. 
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CHAPTERSEVEN 

WHAT IF DIATOMS COULDN'T MOVE? INVESTIGATION INTO THE 
PHOTOPHYSIOLOGICAL IMPLICATIONS OF A NON-MOTILE 
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7. What if diatoms couldn't move? Investigation into the 

photophysiological implications of a non-motile benthic existence 

Introduction 

Light has been implicated as a key variable influencing the migrational 

response of microphytobenthic communities and has been hypothesised to cause 

more subtle sub-migrational changes within the upper layers of the biofilm 

(Round and Palmer 1966; Kromkamp et al. 1998). It has been postulated that 

microphytobenthic cells can position themselves within the upper layers of the 

sediment biofilm to be at an optimum light level, migrating to deeper layers to 

avoid potentially damaging irradiances (Kromkamp et al. 1998; Perkins et al. 

2001,2002; Underwood in press). Therefore, biofilms may attain higher levels of 

primary productivity than is theoretically possible based upon the cells present 

and may explain why photoinhibition is rarely recorded in intact biofilms 

(Blanchard and Cariou-LeGall 1994). 

7.1.1. Microphytobenthic responses to a changing light environment 

Light is rapidly attenuated within the upper layers of the sediment 

(Chapters 4 and 6) and therefore cells will experience a steep gradient of light, 

sometimes over the whole cell length (e. g. Gyrosigma, Pleurosigma and other 

cells >1 00 ýtm). Irrespective of size, cells will only have to travel a short distance 

to effect major changes in ambient light conditions and therefore a migrational 
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response to changing irradiances may be used in addition to a photo ysiol ogical 

one. 

When exposed to high light many photosynthetic organisms, including 

some species of diatoms, have evolved a means of dissipating surplus light 

energy to avoid damage to the photosynthetic apparatus. All photosynthetic 

organisms contain carotenolds (Frank and Cogdell 1996) which are in intimate 

association with the antenna and reaction centre, pigment proteins and are 

involved in energy transfer from light to chlorophylls. However, carotenoids also 

have a vital role in photoprotection, being able to rapidly quench the excited state 

of chlorophyll, therefore preventing the fonnation of the highly reactive singlet 

oxygen species. Excess light energy can lead to the formation of toxic oxygen 

species (Horton et al. 1996). Non-photochemical quenching (NPQ) mechanisms 

have been identified as being essential processes for energy regulation within the 

antennae complex. These processes are still not fully understood, but are defined 

as being the quenching of chlorophyll fluorescence through non-photochemical 

processes (Taiz and Zeiger 1998). Krause and Weis (1991) revealed that a large 

proportion of the excitation events in the antennae system are quenched through 

conversion into heat. Whilst this may seem wasteful, it is now broadly believed 

to act as a safety vent to prevent over excitation. The molecular mechanisms 

behind NPQ are not fully understood, but the pH in the thylakold lumen is 

believed to be one controlling factor (Horton et al. 1996). The pH increases with 

proton concentration (from the splitting of H20 and Q3 transfer). If 

photochemistry is not working quickly enough to utilise the protons there will be 

an increase in pH. This increase is hypothesised to switch on the Xanthophyll 
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cycle in higher plants and green algae and the Diadinoxanthin cycle in diatoms; 

the de-epoxidation of diadinoxanthin to diatoxanthin (Olaizola and Yarnornoto 

1994) (or Violaxanthin to Zeaxanthin in higher plants/green algae: PRindel and 

Bilger 1994). Diatoxanthin is less effective than diadinoxanthin at energy 

transfer and therefore serves as a protective mechanism in high light (Robinson 

et al. 1997). 

7.1.2. The use of PAM fluorescence in microphytobenthic systems 

In 1997 Ser6dio et al. pioneered the use of pulse modulated fluorescence 

techniques on sediment biofilms with a view to measuring biomass. A linear 

relationship has been described between minimum fluorescence (F, ) and 

microphytobenthic biomass in the laboratory and in situ (Ser6dio et al. 

1997,2001; Barranguet and Kromkamp 2000; Honeywill 2001; Honeywill et aL 

2002). The minimum fluorescence yield is used because it has been determined 

to be the least sensitive parameter to temperature/irradiance fluctuations 

(compared to F,,, F,, 'and F,; Scr6dio et al. 2001; Perkins et al. 2001). Minimum 

fluorescence also showed the least species specific variation (Ser6dio et al. 

2001). To measure F, in sediment biofilms, a dark adaptation period of 15 min 

has been suggested (Kromkamp et al. 1998; Honeywill 2001; Honeywill et al. 

2002; see previous chapters for a more detailed discussion). 15 min was 

determined to be long enough to result in a stable level Of QA oxidation, but not 

long enough for substantial changes in biomass to occur at the sediment surface. 

However, in certain instances 15 min has been recorded as insufficient time for 
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the total recovery of photosynthetic efficiency (Perkins et al. 2001) and the 

implications for the minimum fluorescence yield are unknown (Honeywill 2001). 

Furthermore the prevailing light conditions/hi story may affect this time for 

recovery. 

A true measure of the minimum fluorescence yield can only be measured 

when (1) QA is fully oxidised and (2) NPQ is fully reversed. Maximum 

fluorescence yield occurs when NPQ is fully reversed. It has been hypothesised 

that some species of diatoms can maintain their trans-thylakoid proton gradient 

under prolonged dark conditions; therefore diatoxanthin is not converted back to 

diadinoxanthin (Perkins pers. comm; Consalvey et al. in prep). The maintenance 

of NPQ in the dark has implications pertaining to measuring fluorescence. Less 

light energy will reach the reaction centre and therefore proportionally less of the 

measuring beam will reach the reaction centre. As a result both the minimum and 

maximum fluorescence yields will be lower. Excitation using far-red light drives 

electron transport through to PSI, but does not drive photochemistry at PSII, 

therefore adaptation with far-red light (as an alternative, or in addition to dark 

adaptation) should result in the dissipation of this proton gradient, thus reversing 

NPQ and resulting in the complete oxidation Of QA- 

PAM fluorescence measurements in intact biofilms are further 

complicated by possible migrations of cells in or out of the photic zone during 

any dark-adaptation period (Perkins et al. 2002). The depth of penetration of the 

fluorescence measuring beam has been estimated to be 150 ptm (Kromkamp et al. 

1998) and using the vertical velocities determined by Hay et al. (1993) it is clear 
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that cells can travel further than 150 ýtm in 15 min. For example Gyrosigma 

spencerl'i may travel 170 ýim in 15 min. 

Despite this, changes in F, (Ser6dio et al. 1997,2001) and F, 15 

(Honeywill 2001; Chapters 4 and 5) at the sediment surface have already been 

used to trace microalgal migrations. The patterns of change in minimum 

fluorescence corresponded to those detennined using other techniques, therefore 

supporting the premise that changes in fluorescence relate to changes in biomass 

at the sediment surface. Whilst these studies have demonstrated the ecological 

applications of PAM fluorescence as a tool to follow migration, it is essential to 

examine parameters such as F,, F, F,,, F,, ' as well as F, IF,, and F, 'IF,, 'in 

greater detail and to be able to separate out the behavioural and 

photophysiological factors that influence the fluorescence ýqeld. Therefore, the 

general aim of this chapter was to examine the effects of light (and associated 

temperature) on the fluorescence yields of non-migratory vs. migratory 

microphytobenthic assemblages (Figure 7.1). 

Microphytobenthic photosynthetic activity is increasingly being 

examined using PAM fluorescence techniques through calculations of ETR 

(Hartig et al. 1998; Krornkarnp et al. 1998: Barranguet and Krornkarnp 2000) but 

Perkins et al. (2001; 2002) have since voiced concerns about the validity of these 

measurements. Relative electron transport rate (rETR) is derived from Fq'IF,, 'x 

PPFD/2 (Genty et al. 1989; Hofstraat et al. 1994; Kromkamp et al. 1998). 

However, as has been discussed (Chapter 6) the sediment light climate is highly 

variable, complicating the measurement of PPFD, not only because the light 

levels that the cells are exposed to may be different from the surface irradiance, 
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Chapel - 

but also because cells can change their light environment by migrating. 

Therefore, cells in microphytobenthic assemblages may have higher efficiencies 

than would be expected from the surface PPFD leading to an overestimation of 

rETR (Perkins et al. 2001,2002). 

7.1.3. Hypotheses 

Whilst fluorescence has proven to be a valuable ecological tool (Chapters 

4 and 5; Ser6dio et al. 1997,2001; Barranguet et al. 1998; Kromkamp et al. 

1998; Honeywill 2001; Perkins et al. 2001,2002; Honeywill et al. 2002) much 

remains to be elucidated about the envirom-nental variables that may affect the 

fluorescence yield. Therefore, the aims of this chapter were to test the following 

hypotheses: 

1) Temperature will have a significant effect on F,,, F,, and F, IF,, 

2) F, F,, 'and Fq'IF,, 'will vary with light level 

3) Exposure to light will lead to a significant increase in the minimum 

fluorescence yield and significant decreases in the maximum fluorescence 

yield and the light utilisation efficiency, with the largest changes 

occumng at the highest light level 

4) Continued exposure to light will lead to further changes in F', F,, ' and 

Fq'IF,, ' 

5) NPQ will be highest in high light conditions 

6) Treatment with far-red light will lead to a decrease in F, and an increase 

in F,, and F,, IF,,, 
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7) The patterns of change in the fluorescence yields will significantly differ 

between a migratory and a non-migratory biofilm 

8) 15 min of dark adaptation will lead to a significant decrease in the 

minimum fluorescence yield and significant increases in the maximum 

fluorescence yield and light utilisation efficiencies 

9) The light utilisation efficiencies of a migratory biofilm will be 

significantly higher than a non-migratory biofilm under high light 

10) Light history will significantly affect the fluorescence yields. 

7.2 Materials and Methods 

Three experiments were designed to test these 10 hypotheses and a 

protocol was developed to create an artificial biofilm to restrict migration. 

7.2.1. Creating an artificial non-migratorybiofilm 

Surface scrapes were collected from an area (2 M2) of diatom-dominated 

biofilms on the Eden Estuary (identified by the characteristic golden brown 

colour) and transported to the laboratory. The surface scraped sediments were 

placed under halogen lights (- 200 gMol M-2 S-I ) to concentrate motile cells at the 

sediment surface and these cells were collected by lens tissue (Eaton and Moss 

1966). The lens tissues were suspended in filtered seawater, homogenised and 

filtered to produce a diatom-nch solution. 50 ml aliquots were filtered onto glass 

microfibre filters (Whatman GF/F 47 mm). Plastic cores were filled with a layer 

of sand, and additional sediment (cohesive sediment from the same site) wrapped 
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in plankton netting was placed above this. The microfibre filter artificial biofilm 

was placed on top. The plankton netting prevented the transfer of cells but 

enabled the movement of nutrients, as well as preventing the filter paper from 

drying out. Individual filter lids were constructed for each core so that each was 

exposed to its own light climate. The FMS2 fibre-optic probe was inserted 

through a hole in the lid. The cores were levelled so that the fibre-optic probe 

would always be the same distance from the artificial biofilm (4 mm, after 

Honeywill 2001) (Figure 7.2). 

Some of the fluorescence parameters measured in this chapter are not defined in 

the literature and therefore the definitions outlined below will be used: 

Fluorescence 
term 

Description 

F, Fluorescence yield prior to the saturating beam in the dark adapted state 
F,, Fluorescence yield during application of the saturating beam in the dark 

adapted state 
F, F,, -F,, 
F, IT Maximum light utilisation efficiency (Genty et al. 1989) 
F, 15 Fluorescence yield prior to the saturating beam after 15 mins dark adaptation 

(Honeywill 2001) 
F" 15 Fluorescence yield during application of the saturating beam after 15 mins 

dark adaptation (Honeywill 2001) 
F, 15 F,, ') - F,, " 
FVIF, 

n 
15 Light utilisation efficiency after 15 mins of dark adaptation (FIF,,, after 

Genty et al. 1989) 
F' Fluorescence yield prior to the saturating beam in the light (or far-red light) 

adapted state 
F, n' Fluorescence yield during application of the saturating beam in the light (or 

far-red light) adapted state 
Fq' F,, '- P 
F, 'IF, n' Light utilisation efficiency in the light adapted state 
F,, 1IR Fluorescence yield prior to the saturating beam in the far-red adapted state 
F, n 

FR Fluorescence yield during application of the saturating beam in the far-red 
adapted state 

Fq FR F7 - 
TR 

F, IF, n Light utilisation efficiency under far-red light (FIFn after Genty et al. 1989) 
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7.2.2. Experiment 1: The effect of different light intensities and temperatures on 

fluorescence parameters in a non-migratory biofilm 

Artificial biofilms were created (Winter, 2000) and placed in the dark 

(representing night/immersion) ovemight (12 h) to acclimatise. The samples 

were randomly assigned to a 10 or 20 'C water bath under a Halogen light 

(Figure 7.3). The experiment was conducted in a 10 'C cold room; therefore the 

10 'C bath was at ambient temperature but the 20 T bath was heated by two 

tropical aquarium heaters. The water was constantly circulated to minimise any 

temperature increases as a result of the lights. The cores were pen-nanently 

emerged to prevent cell loss into the water column. To maximise light intensity, 

the water baths were surrounded by foil. 

After the ovemight period, and at the time co-inciding with the start of 

the exposure period at the site, the first fluorescence measurements (F,, and F,, ) 

were taken and the maximum light utilisation efficiency (FIF,, ) calculated 

(FMS2). The cores were then exposed to one of 4 light regimes 

(Dark/Low/Medium/High light) (n = 4) for the duration of the low tide period (6 

h) (Figure 7.3; Table 7.1). 

Table 7.1: Four different light regimes 

PPFD ( 
-tmol m-2 s- f) 

Temperature Dark Low Medium High 
Low (I O'C) 0 5 90 300 
High (20 OC) 0 5 

. 
120 370 

Each core was exposed to its own light by means of a filter lid. The fluorescence 

yield before the saturating beam (F, in the dark samples and F in the light 
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rrr Uk Ilmol ms) 
Temperature Dark Low Medium High 
Low (I O'C) 0 . 5 90 300 
High (20 'C) 0 5 120 370 

(B) 

F. F F' F' F' F' F Light (low/medium/high) sainples F. F, 
ý, 
' F. ' F., ' F,. ' 1. 
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1 

Figure 7.3: (A) Artificial biofilm cores were assigned to I of 2 water baths and left over 
night to acclimatise. They were then assigned to I of 4 light intensities (n = 4) (B) The 
minimum and maximum fluorescence yields (F,, and F. ) were recorded after the night- 
time/acclimation period and subsequently once an hour for the duration of the study 
(Experiment 1) 

Artificial diatom biofilms 

20 'C 10 OC 

Fo Fo Fo Fo Fo Fo Fo I 
Dark samples Fm Fm Fm Fm Fm Fm Fm J 
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samples) and maximum fluorescence yield during the saturating beam (F,, in the 

dark samples and F,,, ' in the light samples) were taken once an hour for the 

duration of the exposure period in situ. The light utilisation efficiency (FIF,, or 

Fq'IF,, ') and NPQ were also calculated each hour (see Chapter 2). 

7.2.3 Experiment 2: The effect of different light intensities on the fluorescence 

parameters of a migratory and non-migratory biofilm 

Intact sediment cores and artificial biofilm filters were collected/created 

and maintained as described in section 7.2.1. (Summer 200 1). The WaIZTm Dive 

PAM was used for this experiment. Fluorescence measurements were taken 2h 

prior to the anticipated time of exposure in situ (F, and F,, ) (Figure 7.4). The 

results from section 7.2.2. suggested that incomplete QA oxidation/NPQ reversal 

was occurring and therefore the effect of far-red light as a possible pre-treatment 

was investigated. The samples were exposed to far-red light for 2h and the 

minimum (FF"') and maximum (F,, FR) fluorescence yields recorded. The cores 

(sediment/artificial) were then exposed to one of 4 light regimes 

(Dark/Low/Medium/High light: Table 7.1. ) (n = 4) for the duration of the low 

tide period (6 h). After 1.5 h the fluorescence yields were recorded (F' and F,, ' 

on the light adapted cores and F, and F,, on the dark cores). Each core was then 

dark adapted for 15 min and the fluorescence yields recorded (F, 15 and FM 15). 

This was repeated every 1.5 h over the exposure period (Figure 7.4). 
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Figure 7.4: The cores (filter and sediment) were left over night to acclimatise. 
The minimum and maximum fluorescence yields (F,, and F) were recorded 
after the night-time/acclimation period. The cores were subsequently exposed to 
far-red light for 2h and the minimum and maximum fluorescence yields (F,, and 
F) were recorded. The cores were then exposed to one of 4 light regimes 
(Dark/ Low/ Medium/ High light) for the duration of the low tide period (6 h). 
After 1.5 h the samples were dark adapted for 15 min and the fluorescence 
yields were recorded (F,, 11 and F,, "). This was repeated for the length of the in 
situ low tide exposure period (Experiment 2). 

7.2.4. Experiment 3: The use of far-red light as an alternative means of adapting 

cells to obtain true measures of F. and F,,, 

Negative NPQ values were still obtained after 2h of far-red adaptation 

and therefore longer periods of treatment were investigated. Intact sediment 

cores and sediment surface scrapes were collected from a diatom-nch area of the 

Eden Estuary (Summer 2001) and transported to the laboratory. The cores were 

placed in a 10 'C water bath (but not submerged), illuminated for the remainder 

of the low tide period and subsequently darkened at the time corresponding to 

immersion at the site and overnight. They were routinely sprayed with filtered 

seawater to avoid dessiccation. Artificial biofilms were created (see above) and 
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placed in the I O'C water bath (but not submerged) and left in the dark overnight 

( 12 h) to accl i mati se. 

Minimum and maximurn flLlorcsccnce measurements (1-,, ancl Nvere 

taken from all cores (sediment/filter) at the end of the dark period. The cores 

were then exposed to light (halogen light source; mean light level 338 ýtmoj M-2 

s-) for the length of the low tide exposure period and fluorescence measurements 

recorded after 6 and 7h (Fý 15 an d F,,, 15) 
. The parameters F,, 15 and F,, 15 were 

recorded to ascertain if migration was occurring over the light exposure period 

(Honeywill 2001). The cores were then divided into two groups: group I was 

F,, Fý15 F,, 15 F,, 45 F,, 75 Fý135 Fo1425 

Fý F 15 Fý15 FM 45 FM 75 FM 135 Fm 1425 

Low fidc exposure period 

FO F0 15 F0 15 F0 30 F0 60 Fa 120 F61410 
F. F 15 FM 15 FM 30 FM 60 FM 120 FM1410 

t 
T=O 

Figure 7.5: The cores (filter and sediment) were left over night to acclimatise. The 

minimum and maximum fluorescence yields (F,, and Fm) were recorded after the night- 
time/acclimation period. The cores were subsequently exposed to light for 6h and then 
dark adapted for 15 min to record the minimum and maximum fluorescence yields 
(F 

0 
15 and FM 15) 

. 
After a further 1h of light the minimum and maximum fluorescence 

yields after 15 min of dark adaptation (F,, 15 and F,,, 15) were recorded again. The cores 
were then either darkened or exposed to far red light and the minimum and maximum 
fluorescence yields recorded over a 24 h period (Experiment 3) 

placed under conditions of constant darkness and group 2 was illuminated with 

far-red light. The minimum and maximum fluorescence yields were recorded 

approximately once an hour for a total sampling period of 1410 min (Figure 7.5). 
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Table 7.2. summanses the 10 hypotheses and the experiment that corresponds to 

each hypothesis. 

7.3. Results 

7.3-1. The effect of different light intensities and temperatures on fluorescence 

parameters in a non-migratory biofilm 

Hypothesis 1: Temperature will have a significant effect on F,,, F,, and F, IF,, 

After 12 h in darkness the F, and F,, yields and F, IF,, were significantly 

higher under the low temperature condition than under the high temperature 

(Table 7.3). However, within the temperature conditions there were no 

significant differences between cores. 

Table 7.3: The effect of temperature on fluorescence yield under conditions of 
darkness (n = 16) 

Temperature Fluorescence 
Parameter 

Mean + SE Significance 

Low (10 'C) Fý 242+19 T=2.22 
High (20 'C) 191 + 13 p=0.03 
Low (10 'C) Fý 926+64 T=3.54 
High (20'C) 661 +38 p=0.0013 
Low (10 'C) FIF,, 0.74+0.006 T=2.74 
High (20 'C) 0.71 +0.009 p=0.009 

After the 6h experiment the overall F'yields (W = 17160, p<0.005) and 

F, ' yields (W = 16763, p<0.005) were still significantly higher under low 
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temperature conditions. However, there was no significant differences in FIF,, 

(W = 14862, p=0.4) or NPQ (W = 15348, p=0.09) between temperatures. 

Hypothesis 2: F', F,, 'and Fq'IF,, will vary with light level 

Overall F' was significantly different between light treatments in the low 

temperature tank (H = 51.46, df = 3, p<0.005), with the medium light condition 

exhibiting the highest F' values (Figure 7.6A). F,, ' also significantly varied 

between treatments (173,116 = 47.24, p<0.005). Post-hoc analysis revealed F,, 'to 

be significantly lower for the high light treatment and highest under the medium 

light condition (Figure 7.6B). FqIF,, ' significantly differed between treatments, 

being lowest in high light, followed by medium light (H = 100.58, df = 3, p< 

0.005) (Figure 7.6Q. NPQ was significantly different between treatments, and 

was higher under high light conditions (H = 64.93, df = 3, p<0.005) (Figure 

7.6D) (Hypothesis 5). 

F' was also significantly different between light treatments in the high 

temperature tank (H = 41.0, df = 3, p<0.005) with the medium light condition 

exhibiting the highest F' values (Figure 7.7A). F,, ' also significantly varied 

between treatments (173,116 = 35.65, p<0.005). Post-hoc analysis revealed F,, 'to 

be significantly lower under high light than all other treatments (Figure 7.713). 

Fq'IF,, ' significantly differed between treatments, being lowest in high light and 

then medium light (H = 92.15, df = 3, p< 0005) (Figure 7.7Q. NPQ was 

significantly different under the high light conditions (H = 63.61, df = 3, p< 

0.005) (Figure 7.7D) (Hypothesis 5). 
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Hypothesis 3: Exposure to light will significantly affect the fluorescence yields 

There was no significant difference between F, and F'when the samples 

were exposed to light at either temperature (Figures 7.6 and 7.7). However, under 

low temperature conditions and after 60 min of high light F,, 'was significantly 

lower than F,, (T = 2.38, df = 7, p =0.04). No significant change occurred under 

the high temperature condition. 

In the low temperature tank the light utilisation efficiency significantly 

declined after 60 min under medium (T = 6.72, df = 6, p=0.005) and high light 

conditions (T = 12.53, df = 6, p<0.005). Under the high temperature condition a 

significant decline only occurred under high light conditions (T = 5.66, df =6, p= 

0.0013). 

Hypothesis 4: Continued exposure to light will lead to further changes in F, F,, ' 

and FqIF,, ' 

Under the low temperature condition, F' and F,, ' did not significantly 

change in any light condition over the measurement penod (Figure 7.6). FqIF,,, ' 

significantly decreased over the light period under medium (F5,24 = 9.23, p< 

0.005) and high light (F5,24 ý 10.41, p<0.005) conditions. A significant increase 

in NPQ was determined under the high light condition (H = 64.93, df = 3, p< 

0.005). 

As at the low temperature condition, F' did not significantly change 

under any light condition over the measurement period at high temperature 

(Figure 7.7). However, F,, ' significantly decreased over the illumination penod 

in the high light treatment at high temperature (175,24 = 5.29, p, = 0.002). FqIF,,, ' 
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significantly decreased over the illumination period under the medium (H = 

10.93, df = 5, p=0.05) and high light (F5,24 = 9.57, p<0.005) treatments. The 

calculated values of N-PQ significantly increased over the exposure period under 

the high light treatment (175,24 = 3.98, p=0.009). 

The changes in each of the fluorescence parameters over the light exposure 

period at both high and low temperatures are summansed in Table 7.4. 

7.3.2. Investigating the effect of light on a migratory vs. non-migratory biofilm 

The filters and cores were randomly assigned a light regime and the 

fluorescence yields in each sample group were compared prior to the start of the 

study (after 12 h darkness). In sediment cores and artificial biofilm filters there 

was no significant difference in FO, F,,, or F, 1F, between treatment groups prior 

to the start of the study. The fluorescence yields after 2h of far-red light were 

FR FR 
also compared and there was no significant difference in F. , F. or FV/FnFR 

between treatment groups. Therefore any subsequent change could be attributed 

to the treatment. 

Hypothesis 6: Treatment with far-red light will lead to a decrease in F, and an 

increase in F,, and FIF,, 

Significant changes in the fluorescence Yields occurred over the 2h far- 

red period (Figures 7.8 and 7.9). In the intact sediment cores there was a 

significant increase in the light utilisation efficiencies over the far-red period (T 
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Figure 7.8: Change in the fluorescence yield prior to the saturating beam in 
(A) cores and (B) artificial biofilm; the fluorescence yield during the saturating 
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= -6.81, df = 18, p<0.005). There was no significant difference in the F,, yield 

after 2h under far-red conditions and whilst F,, declined in almost all samples 

during the 2h of far-red exposure the decrease was not significant (T = 1.86, df = 

29, p=0.07). In artificial biofilms, the F, Yield significantly declined in the 2h 

far-red exposure period (T = -2.86, df = 29, p=0.0077) but Fm did not 

significantly change over this period. Overall there was a significant increase in 

the light utilisation efficiency (T = -10.70, df = 18, p<0.005) 

Hypothesis 7: The patterns of change in the fluorescence yields will significantly 

differ between a migratory and a non-migratory biofilm 

Subsequent to the far-red adaptation period and in the first 90 min of 

treatment the F, F, 15 
, 

F,, ' and F,, 15 yields increased in the natural and artificial 

biofilms (Figures 7.8 and 7.9). However, none of the changes were significant 

and no significant changes were detected over the course of the experiment. 

The light utilisation efficiency (FqIF,, ) declined in the 90 min after the 

far-red exposure period. In sediment cores the decline was significant in the dark 

(T = 3.5 1, df = 3, p=0.04), medium (T = 4.14, df = 3, p=0.026) and high light 

(W = 26, p=0.03). In the artificial biofilm filters the decline was significant at 

low (T = 3.05, df = 5, p=0.028), medium (T = 6.39, df = 4, p=0.003) and high 

light (T = 7.72, df = 4, p=0.015). The dark adapted light utilisation efficiency 

(F, IFM15) from sediment biofilms significantly declined only under the high light 

condition (T = 3.72, df = 4, p=0.02). In bic, film filters significant declines in 

F, IF,, 15 were observed in dark (T = 4.54, df = 5, p=0.0062), medium (T = 2.57, 

df = 5, p=0.05) and high light (T = 4.14, df = 4, p=0.014). Subsequent to any 
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initial change F, 7'IF,, ' and FIF,, 15 remained fairly constant. FIF,, 15 only 

significantly declined in dark filters (F3,12 = 7.22, p=0.005). FIF,, 15 only 

declined significantly in high light cores (173,12 = 5.95, p=0.01) and dark 

artificial biofilms (F3,12 = 6.14, p=0.009). 

Table 7.5. summarises the main changes that occurred over the treatment period. 

Hypothesis 8: 15 min of dark adaptation will lead to significant changes in the 

fluorescence yields 

In the light treated cores the minimum fluorescence yield significantly 

declined in sediment biofilms during the 15 min of dark adaptation but no 

changes were seen in the artificial biofilm filters. The maximum fluorescence 

yield did not change during the 15 min of dark adaptation in sediment biofilms, 

but significantly increased in artificial biofilm filters. The light utilisation 

efficiency significantly increased in both the sediment and artificial biofilm after 

15 min of dark adaptation (Table 7.6). 

Table 7.6: Change in the fluorescence parameters (A) Intact sediment b1ofilm 

and (B) Artificial biofilm filter 

(A) Fluorescence Was there a change in the 15 Before dark After dark 
parameter min dark adaptation penod? adaptation adaptation 
P> F, 15 Yes, decline 522+34 471 +37 

W= 858, n= 47 p=0.002 
Ftn, > F,, 15 

No 1530+ 103 1495+ 121 
W= 644, n= 46 p=0.260 

Fq 'IFn '> FVIFM 15 Yes, increase 0.65 + 0.006 0.68 + 0.003- 
1J W= 109, n= 47 p<0.005 

1 
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(B) Fluorescence Was there a change in the 15 Before dark After dark 
parameter min dark adaptation period? adaptation adaptatio 
P>F,, 15 No 397+20 394+ 16 

W= 562, n= 47 p=0.992 
F,, ' > F,, 15 Yes, increase 939+45 1074+38 

W= 151, n= 48 p<0.005 
Fq / Fm f> FIFn 15 Yes, increase 0.57+0.01 0.63+0.005 

W= 50, n= 48 p<0.005 1 

Hypothesis 9: The light utilisation efficiencies of a migratory biofilm will be 

significantly higher than a non-migratory biofilm 

FF 15(W= Overall FqIF,, ' (W =II IS, n= 47, p<0.005) and '/ m 1113, n 

= 48, p<0.005) were significantly higher in cores than in the artificial b1ofilm 

(See Table 7.6). 

Hypothesis 2: F, F,, ' and Fq' IF,, will vary between light treatments & 

Hypothesis 10: Light history will significantly affect the fluorescence yields 

In the sediment biofilms, F' and F,, ' were significantly higher in high 

light than under low and medium light (173,59 = 3.11, p=0.03 and F3,59 = 2.68, p 

= 0.05 respectively) (Figure 7.8). However, after 15 min of dark adaptation F, 15 

and F,, 15 did not significantly vary between light treatments (Figure 7.9). In 

contrast to the sediment biofilm, F' did not vary between light treatments in the 

artificial biofilms and neither did F, 15 (Figure 7.8 and 7.9). In the artificial 

biofilm, Fm' was significantly higher at low light but no other significant 

differences were detected (F3,60 = 2.91, p=0.04). After 15 min of dark 

adaptation, F,, 15 did not significantly vary between light treatments. The light 

utilisation efficiencies were significantly lower in the high light regime in both 
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the sediment (H = 34.68, df = 3, p<0.005) and the artificial biofilm (H = 51.92, 

df = 3, p<0.005). After 15 mins of dark adaptation the maximum light 

utilisation efficiencies (FIF,, 15) still differed between light treatments in both the 

sediment (F3,59 = 11.06, p<0.005) and the artificial biofilm (F3,60=1 1.06, p< 

0.005). 

7.3.3. Can far-red light be used as an alternative means of dark adapting cells to 

obtain true measures of F, and F,,? 

The minimum fluorescence yields did not significantly change over the 

light exposure period in artificial biofilm filters and whilst there was a decrease 

in the maximum fluorescence yield this was not significant (Figure 7.10). 

However, the minimum fluorescence yield significantly increased in cores over 

the light exposure period (F2,27 = 8.74, p=0.001). The increase in the maximum 

fluorescence yield in sediment cores was not significant (F2,27 = 2.89, p= 0.07). 

The light utilisation efficiencies significantly declined over the light exposure 

period in filters (172,27 = 33.77, p<0.005) and in cores (H = 19.86, df = 2, p< 

0.005). 

Hypothesis 6: Treatment with far-red light will lead to a decrease in F, and an 

increase in F,, and FIF 

In the artificial biofilm filters there was an apparent increase in the 

minimum fluorescence yield in the dark and a decrease in the far-red condition 
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far-red conditions, demonstrating a tn-phasic increase. The patterns of change 

were significant in the dark (1716,68 = 3.89, p<0.005) and in far-red (1716,68 = 

22.62, p<0.005). Overall, the light utilisation efficiencies were significantly 

higher under far-red conditions (T = -8.69, df = 4, p<0.005). 

7.4. Discussion 

Over the course of a low tide exposure period, microphytobenthic cells 

will experience a highly variable light environment (related to ambient 

conditions and depth changes of cells within the sediment/biofilm) and 

associated changes in temperature. The influence of these variable parameters on 

primary productivity has been investigated (see Whitney and Darley 1983; 

Kromkamp and Limbeek 1993; Blanchard and Guarini 1996; Blanchard et al. 

1997; Guanni et al. 1997; Kingston 1999; Ser6dio and Catarino 1999; Perkins et 

al. 2001; Ser6dio et al. 2001) but the effect of light and temperature on the 

fluorescence yields (with a view to using parameters such as F, 15 to determine 

changes in biomass) requires closer attention (Honeywill 2001; Scr6dio et al. 

2001). Changes in fluorescence yields have been used to make inferences about 

changes in biomass, under controlled laboratory conditions and also in situ 

(Ser6dio et al. 1997,2001; K-romkamp et al. 1998; Underwood et al. 1999; 

Honeywill 2001; Honeywill et al. 2001; Perkins et al. 2002; Chapters 4 and 5). 

Whilst the scale of these changes clearly show the migration of 

microphytobenthic cells the effects of parameters such as light (and temperature) 

on the fluorescence yield has been highlighted as requiring further attention 
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(Perkins et al. 2002). Therefore the aims of this chapter were to examine the 

effect of light (and temperature) on the PAM fluorescence yields of 

microphytobenthic communities and to consider the implications of using 

parameters such as F,, 15 under in situ conditions. 

Hypothesis 1: Temperature will have a significant effect on fluorescence yield 

The minimum fluorescence yield has previously been described to be 

virtually invariable under a wide range of temperatures representative of in situ 

(Ting and Owens 1994; Scr6dio et aL 1997). Overall, the minimum fluorescence 

yield has been described to be the least sensitive over the temperatures 10 - 35 

'C and therefore recommended as being the most reliable parameter to trace 

changes in the chlorophyll a content at the sediment surface (Ser6dio et al. 

2001). Some species-specific differences have been recorded (Ser6dio et al. 

2001) and attributed to fundamental differences in the photosynthetic apparatus 

(the discussion of which is outwith the scope of this study). In this study the 

minimum/maximum fluorescence yields as well as the maximum light utilisation 

efficiencies, were all apparently affected by temperature and hypothesis I was 

accepted. 

The same volume of diatom solution was added to each filter paper to 

create an artificial biofilm. Since the stress of filtering cells was undeten-ninable 

the cells were left to acclimatise over night (divided between the water baths). 

During this period significant differences in the fluorescence parameters F,, F,, 

and FIF,, occurred, with all variables being significantly higher at the lower 

temperature of 10 'C. Therefore, even a temperature difference of 10 'C can 
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affect the fluorescence yield. This has considerable implications over a natural 

exposure period where large temperature fluctuations occur in the upper layers of 

temperate estuarine sediments (Ser6dio and Catarino 1999). At the end of the 

study the P and the F,, ' yields were still significantly higher at the low 

temperature condition but there was no longer a significant difference in F, 'IF,, ' 

between temperatures. It is therefore possible that the stress of the experimental 

treatments had a stronger effect than temperature. The reasons why the results of 

this study differ from Ser6dio et al. (2001) may be attributable to taxonomic 

variation and this should be addressed in future studies. 

Hypothesis 2: F, F,, 'and Fq'IF,, will vary with light level 

F'was significantly higher in the medium light treatment (-100 ýtrnol M-2 

s-) than at all others. Whilst this might seem contradictory to what is expected 

(highest F' with the highest PPFD) the result may be explained by NPQ 

processes. At higher light intensities NPQ will be activated, and therefore less 

light energy will reach the reaction centre, thus explaining the lower fluorescence 

yields when NPQ is activated. F,, ' was always lowest under high light, again 

indicating an activation of NPQ. Fl'/F,, 'was significantly lower under high light, 

reflecting the decrease in F, ' however, cells can afford to have a lower light 

utilisation efficiency because of the increase in PPFD. 

The acceptance of hypothesis 2, and the variation of these light adapted 

fluorescence parameters with PPFD clearly demonstrates that these parameters 

cannot be used to quantify biomass/trace changes in biomass over time. 

Therefore to use PAM fluorescence in this capacity requires that the samples be 
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treated in some way to remove any PPFD effect (i. e. dark adaptation, supporting 

the assumptions of all previous workers). This will be discussed in greater detail 

below. 

Hypothesis 3: Exposure to light will lead to a significant increase in the 

minimum fluorescence yield and significant decreases in the maximum 

fluorescence yield and light utilisation efficiency with the largest changes 

occurring at the highest light level 

Despite the fact that some increases were seen in the minimum 

fluorescence yields of samples going from dark to light conditions, none of the 

increases were significant. Theoretically an increase in the minimum 

fluorescence yield should occur, but it is possible that the activation of NPQ 

processes may mask any increase. It is further possible that the statistical test was 

not powerful enough. The problems associated with the statistical analysis of 

fluorescence data will be discussed in greater detail below. The F,, ' yield 

significantly decreased when exposed to high light (low temperature only), 

suggesting that NPQ processes had been activated. Associated with this decline 

was a decrease in the light utilisation efficiency (FqIF, '). Therefore hypothesis 3 

was accepted for light exposure leading to decreases in the maximum 

fluorescence yield and light utilisation efficiency. 
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Hypothesis 4: Continued exposure to light will lead to further changes in F, F, ' 

and Fq 'IF,, 

Hypothesis 4 could be accepted in part. Over the subsequent light 

exposure period, P did not change at either temperature. F,, ' declined at high 

light but the change was only significant at low temperature. However, the light 

utilisation efficiency (FqIF,, ') significantly declined over the light period under 

both medium and high light, and at both temperatures. A decrease in the light 

utilisation efficiency may represent stress (e. g. associated with the increased 

PPFD or a photoprotective down regulation). In the natural system, cells are able 

to migrate away and may be replaced by new cells therefore maintaining a high 

overall efficiency for the biofilm (Kromkamp et aL 1998). It is hypothetically 

possible that by removing the ability to migrate, there will be a decrease in the 

overall rate of primary productivity, but this would require further investigation. 

The mathematically derived NPQ significantly increased over the 

exposure period under high light conditions. The progressive increase in NPQ 

may be indicative of several processes being activated in succession. The shapes 

of the NPQ curves were different at low and high temperatures. Under the low 

temperature condition the NPQ response was bi-phasic, increasing gradually and 

then more steeply after 4h of light exposure. The shape of the NPQ response at 

high temperature was more linear. The variation in the NPQ response curves may 

indicate different NPQ pathways at the different temperatures. The evidence of 

NPQ suggests that the "stable" F' yields represented a balance between 

increasing NPQ and an increase in the size of the QA Pool in a reduced state. 
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Hypothesis 5: NPQ will be highest at high light levels 

Migration and NPQ processes are complementary photoprotective 

mechanisms in diatoms and other microphytobenthos. NPQ processes are 

activated as light level increases and it is hypothesised that as light passes a 

threshold some microphytobenthic species will then migrate into the sediment to 

effect a decrease in their ambient light level (Perkins et aL 2001; 2002; 

submitted). In this study, the level of NPQ was demonstrated to increase with 

PPFD and there was an associated decrease in the light utilisation efficiency. 

Therefore, hypothesis 5 was accepted. 

In expenment 1, at both temperatures, the mathematically derived NPQ 

was highest under high light conditions therefore supporting the suggestions 

made above. However, some of calculated values for NPQ in the low light 

conditions were negative because F,, ' was higher than the initial value of F,,. 

Therefore, the F,, yield was not a true maximum. This phenomenon was 

attributed to the maintenance of NPQ in the dark (Perkins pers. comm. ). When 

cells receive a small amount of light the Calvin cycle starts the dissipation of the 

proton gradient, the reversal of NPQ and therefore an increase in the maximum 

fluorescence yield. Far-red light principally drives PSI and therefore is 

hypothesised. to speed up the oxidation Of QA as well as to reverse the proton 

gradient that maintains NPQ (Perkins pers. comm; Consalvey et al. in prep). 

Therefore, a far-red treatment was investigated as a means of achieving true 

measures of F, and F,,. 
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Hypothesis 6: Treatment with far-red light will lead to a decrease in F, and an 

increase in F,, and FIF,, 

A short period of far-red treatment was investigated in experiment 2. In 

both artificial and natural biofilms there was a significant increase in the light 

utilisation efficiencies after a2h far-red treatment when compared to the light 

utilisation efficiencies after 12h of darkness. This does provide some evidence 

that diatoms are able to maintain their proton gradient during prolonged periods 

of darkness. The minimum fluorescence yield did decline, but no change was 

seen in the maximum fluorescence yield and therefore the effect of a longer 

period of far-red adaptation was investigated. 

Initially changes in the fluorescence yields over a "low tide" light 

exposure period were examined. Changes in the artificial biofilms will be 

discussed first. After 6h of light exposure (prior to dark/far-red adaptation), there 

was little change in the minimum fluorescence yield from artificial biofilms, but 

a decrease in the maximum fluorescence yield (and an associated decrease in the 

maximum light utilisation efficiency). This indicated that NPQ was activated 

over the light exposure penod and that the 15 min dark adaptation period was 

insufficient time for complete reversal, providing evidence that diatoms may be 

able to maintain their transthylakoid proton gradient in the dark. 

At the end of the light exposure period the samples were either 

completely darkened or exposed to far-red light. The minimum fluorescence 

yield increased during the dark treatment, suggesting that the reversal of NPQ 

had a stronger effect on the minimum fluorescence yield than QA oxidation, 

which would lead to a decrease in the minimum fluorescence yield. Both the 
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minimum and maximum fluorescence yields increased to values greater than 

those achieved after the first overnight dark adaptation period. There are two 

possible reasons for this: (1) there was an increase in biomass over the light 

exposure period, (2) the increased light climate over the exposure period altered 

the balance between NPQ and the oxidation state Of QA (with reference to the 

light climate preceding the over night dark period). Over the entire dark exposure 

period the maximum fluorescence yield decreased, reducing the maximum light 

utilisation efficiency. There are two possible reasons for this: (1) NPQ may have 

been reactivated (2) the cells may have become stressed due to an increase in 

temperature, exacerbated by the insulating properties of dark lids. 

Application of far-red light to artificial biofilms increased the maximum 

fluorescence yield and maximum light utilisation efficiency. The increase in 

maximum fluorescence under far-red conditions was slower than in the dark, but 

at the end of the study the yields were comparable. However, the minimum 

fluorescence yield decreased, indicating a shift in the equilibrium between NPQ 

reversal and QA oxidation (see discussion above). The initial rates of increase in 

maximum light utilisation efficiency were comparable between dark, and far-red 

conditions, but after 75 min in the dark the efficiency started to decline whereas 

under far-red conditions the yield increased, and to a value greater than that 

achieved after the overnight dark adaptation. After 1020 min of far-red, the 

maximum fluorescence yield and maximum light utilisation efficiency started to 

decline. Possible reasons for a decline were discussed above. 

Changes in the fluorescence yield at the sediment surface have been used 

successfully to monitor changes in biomass in the photic zone (Ser6dio et al. 
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1997; Kromkamp et al. 1998; Honeywill 2001; Perkins et al. 2001; Chapters 4 

and 5). The increase in the fluorescence yield (FO 15 and F,, 15) of light exposed 

sediment cores was indicative of a migration of microphytobenthic cells to the 

sediment surface. However, the decline in F,, 15 in the non-migratory assemblages 

demonstrated that F,, 15 cannot be used to quantify biomass. These findings would 

appear to validate the assumptions of Ser6dio et al. (1997; 2001) and Honeywill 

(2001) that F,, may be the most reliable parameter to use when examining 

changes in biomass. However, care must be taken, as the steady value taken as F, 

is the result of a fine balance between the level Of QA oxidation and NPQ 

activation. The factors that control this balance are unquantified and therefore 

whilst F. is a valuable tool to infer relative changes in biomass it cannot be used 

to calculate biomass. 

As with the artificial assemblage, the decline in the maximum light 

utilisation efficiency over the light exposure period may be indicative of 

incomplete reversal of NPQ (in 15 min dark adaptation). However, this change 

may also reflect a taxonomic shift. Round and Palmer (1966), Paterson (1986), 

Happey-wood and Jones (1988) have all recorded the sequential emergence of 

species groups over the low tide exposure period. 

At the end of the light exposure period and on darkening/exposing the 

sediment cores to far-red light, both the minimum and maximum fluorescence 

yields decreased. A decrease in both parameters is indicative of a migration of 

biomass away from the sediment surface and may reflect an endogenous 

downwards migration, co-inciding with the end of the low tide period or a 

response to darkening/far-red. Therefore, migration affects the minimum and 
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maximum fluorescence yield. Under conditions of darkness the maximum light 

utilisation efficiency briefly increased, possibly representing a reversal of NPQ 

or a reversal of a stress response to the light conditions. However, an overall 

decline was seen in the maximum light utilisation efficiency and it is possible 

that the cells were experiencing some fonn of stress (e. g. then-nal) or that this 

reflects an endogenous rhythm (see chapter 5). In contrast, the maximum light 

utilisation efficiency increased for the duration of the far-red exposure period, 

possibly representing a more complete reversal in NPQ. The recovery of the 

maximum light utilisation efficiency was tri-phasic; with an early accelerated 

increase and then a brief stable period, followed by a second stage of increase. 

The pattern was different to the artificial biofilm filters and this may represent 

taxonomic differences. 

Migration initiates a temporary stratification of microphytobenthic cells 

within the upper layers of the sediment/bio film (Paterson 1995; Paterson et al. 

1998) and taxonomic differences have been recorded with regards to cellular 

position within the biofilm (Underwood and Kromkamp 1999; Chapter 6). 

Different groups of microphytobenthos have different light utilisation 

efficiencies (Oxborough et al. 2000) and photoprotective processes have also 

been shown to vary with diatom species (Perkins et al. submitted). Therefore 

changes in the maximum light utilisation efficiencies of a biofilm may reflect a 

change in the vertical distribution of species groups (Perkins et al. 2002). 

Over the light exposure period the maximum light utilisation efficiencies 

were higher in the natural sediment cores than the artificial b1ofilm assemblages. 

There are two possible reasons for this: (1) taxonomic variation between the 
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artificial and natural assemblage (2) cells in the sediments were receiving less 

light because of the rapid attenuation of light in the surface sediment/bio film than 

those in the artificial biofilms. The lens tissue sampling method for the artificial 

biofilms only includes the motile fraction of the community; it is possible that 

episammic forms may have contributed to the overall fluorescence yields of the 

natural assemblage and therefore account for the difference in the light utilisation 

efficiencies. However, motile forms dominate biofilms on the Eden Estuary 

(pers. obs. ) and therefore hypothesis 2 is the most probable reason for any 

difference. These higher light utilisation efficiencies further demonstrate that the 

estimation of relative electron transport rate (rETR) from FqIF,, ' x PPFD/2 

(Hartig et al. 1998; Kromkamp et al. 1998: Barranguet and Kromkamp 2000; 

Underwood in press) may be falsely high in intact sediment biofilms, supporting 

the findings of Perkins et al. (2001; 2002). 

The work in this study demonstrates that care must be taken with all 

fluorescence measurements and that far-red adaptation should be considered as a 

treatment prior to measuring F, and F,, in microphytobenthic assemblages, 

especially for the consideration of parameters such as maximum light utilisation 

efficiency and NPQ. 

Hypothesis 7: The patterns of change in the fluorescence yields will significantly 

differ between a migratory and a non-migratory biofilm 

No clear trends over time were evident with the fluorescence yields of 

either the artificial (non-migratory) or natural (migratory) biofilm. The minimum 

fluorescence yields were comparable to previous studies and therefore it would 
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seem that the microphytobenthic assemblage samples were less migratory than 

those seen previously. This may reflect a shift in species and would require 

further investigation, but at this stage the hypothesis 7 must be rejected. 

The light utilisation efficiencies of natural and artificial b1ofilms 

significantly declined after 90 min of treatment. However, there was evidence of 

recovery in the natural biofilms during a 15 min dark adaptation period in 

samples from the low and medium light condition. This was not found in the 

high light condition and therefore light history did significantly affect the light 

utilisation efficiency. In artificial biofilms cells from the medium and high light 

conditions did not recover and this may reflect the inability of cells to migrate 

into the sediment, therefore cells in the artificial biofilm were receiving more 

light than cells in the sediment biofilm. 

Hypothesis 8: 15 min of dark adaptation will lead to a significant decrease in the 

minimum fluorescence yield and significant increases in the maximum 

fluorescence yield and light utilisation efficiencies 

No decline in the minimum fluorescence yield was found in the artificial 

biofilm but there was a significant decrease in sediment cores, suggesting QA 

oxidation or migration. As no decline was seen in ar-tificial biofilms, migration 

may be implicated as the most probable reason, but further investigation is 

necessary. There was an increase in the maximum fluorescence yield in the 

artificial biofilm but no change was seen during 15 min of dark adaptation in the 

sediment cores. It is possible that migration was occurring in the sediment cores, 

therefore obscuring any increase associated with NPQ reversal. Regardless, in 
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both natural and artificial biofilms the light utilisation efficiency increased after 

15 min of dark adaptation, suggesting some level of recovery. However, in the 

sediment biofilms the change in the light utilisation efficiencies may also reflect 

a taxonomic change related to cells migrating away from the surface. The 

hypothesis was accepted in part but the changes were attributable to cell 

behaviour rather than photophysiology. 

Hypothesis 9: The light utilisation efficiencies of a migratory biofilm will be 

significantly higher than a non-migratory biofilm 

The measurement of light utilisation efficiencies for the determination of 

rETR in intact biofilms (e. g. Hartig et aL 1998; Barranguet and Kromkamp 

2000) has been criticised (Kromkamp et al. 1998; Perkins et al. 2002). One of 

the main criticisms is that it is not possible to accurately deten-nine FqIF,,, ' or 

PPFD in intact biofilms. Subsurface cells can contribute to the fluorescence 

signal as well as sub-cycle at the sediment surface, therefore having a higher 

Fq'IF,, ' than would be expected from the light history. Overall, the light 

utilisation efficiencies were significantly lower in artificial biofilms suggesting 

(1) that the cells were receiving more light than sediment biofilms and that a 

form of down regulation was occurring in response to the higher light intensities 

and (2) that the cells were stressed or a combination of these factors. Hypothesis 

9 was accepted. 
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Hypothesis 10: Light history will significantly affect the fluorescence yields 

The different light regimes significantly affected some of the 

fluorescence parameters measured and the response was different in the sediment 

biofilm to the artificial biofilm. In the sediment biofilm, P and F,,, ' were 

significantly higher in high light than low and medium light, as would be 

expected. However, after 15 min of dark adaptation the yields F,, 15 and F,, 15 did 

not significantly vary between light treatments. Therefore, 15 min may be 

sufficient time to remove any light history effect on the minimum and maximum 

fluorescence reld. However, it is also possible that the cells migrated down in 

this time therefore reducing the fluorescence yields. In contrast to the sediment 

biofilm, P and F, 15 in the artificial biofilm did not vary between light 

treatments. The cells in the filter would be exposed to more light than the cells in 

the sediment and therefore NPQ may be activated leading to a reduction in the 

fluorescence yields at the higher lights. Fm'was significantly higher at low light 

and it is possible that NPQ led to a decrease in the maximum fluorescence yield 

of higher light samples to levels below that at obtained at low light. However, 

this is speculative and would require further work. After 15 min there was no 

significant difference in the F" 15 yield between light treatments and therefore 15 

min may be sufficient time to remove any light history effect. Therefore the first 

part of the hypothesis could be rejected and supports the assumptions of 

Kromkamp et al. (1998) and Honeywill (2001) that 15 min is sufficient time for 

dark adaptation. However, the light utillsation efficiencies were significantly 

lower in the high light regime in both the sediment and the artificial biofilm, both 

before and after 15 min of dark adaptation. Therefore, whilst 15 min of dark 
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adaptation was sufficient time to remove any light history effect on F, 15 and F,, 15, 

it was not sufficient time for the recovery of FIF,, 15 

7.4.1. The problems with statistical analysis of fluorescence data 

Statistical differences between treatments/times were not always detected 

despite consistent patterns being evident from the raw data. This is most likely 

attributable to the small scale of the changes and the large vanations between 

samples, reflecting the heterogeneity of the microphytobenthic system. This was 

most apparent in experiment 3 (the far-red investigation) where clear trends were 

emerging but the variations in the fluorescence yield prevented these from being 

detected statistically. Future work may benefit from increasing the number of 

samples, however, these are often limited by space. However, many papers that 

use fluorescence to examine the kinetics of photosynthesis do not use statistical 

analysis. 

7.4.2. What if diatoms couldn't move? 

The success of microphytobenthic communities is often attributed to the 

evolution of motility (see Chapter I for further discussion). Previous chapters 

have shown migration to be a common phenomena and a variety of techniques 

have been utilised to examine these microphytobenthic migrations. The 

experiments in this chapter examined the removal of that migrational ability; to 

not only examine how motility complicates our examination of these systems, 

but also to consider the implications of a non-motile existence. If one considers 
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only the photophysiological implications (the removal of motility would also 

lead to perynanant burial of cells in intertidal mudflats) it has been demonstrated 

that increases in light intensities lead to an increase in photoprotection (as seen 

by increases in NPQ) which may ultimately lead to a reduction in overall 

productivity. However, Perkins et al. (submitted) demonstrated the ability of 

atleast one microphytobenthic species to respond to increasing PPFD firstly by 

altering the photosynthetic apparatus (to reduce absorption) and then by 

migrating into the sediments to effect a decrease in light intensity. Therefore 

microphytobenthic cells have a clear advantage over land plants and other algae; 

and one which may explain the reasons why microphytobenthic communities are 

one of the most productive in the world. 

7.4.3. Conclusions, future work and implications 

The light intensities in this study were comparatively low relative to that 

which cells will experience in situ and future work should examine the effect of 

higher light intensities. It is difficult to artificially achieve high light intensities 

without dramatically altering the temperature, but relatively constant PPFD can 

be achieved on a sunny day and therefore the study could be repeated under 

ambient light conditions. 

The design of the artificial filter biofilms is an advance in this field and 

will enable future studies to compare migratory (natural) vs. non-migratory 

(artificial) systems. Both light and temperature history significantly affected the 

fluorescence yield of several microphytobenthic communities. Estuarine 
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sediments are subject to rapid and large temperature and light level fluctuations 

over the low tide period, therefore when using fluorescence as an ecological tool 

to trace migration, the role of light and temperature history should be considered. 

The results presented in this chapter support previous work that light adapted 

fluorescence parameters cannot be used to examine biomass change. However, 

15 min of dark adaptation was shown to remove the effect of light history on the 

minimum and maximum fluorescence yields and therefore can be used to follow 

changes over time under fluctuating light conditions. 15 min was not always 

sufficient time for a total recovery of light utilisation efficiency and therefore 

care should be taken extrapolating these figures to rETR. By comparing non- 

migratory (artificial) and migratory (natural) biofilms the influence of migration 

on the fluorescence yields was also examined. The results indicated that some 

migration away from the sediment surface did occur over the 15 min dark 

adaptation period. The main conclusion of this work is that PAM fluorometry 

cannot be used to quanti biomass in microphytobenthic systems, but that the 

parameter F, 15 can be used to trace relative changes over time, therefore enabling 

scientists to remotely examine microphytobenthic migration and enabling a 

greater number of repetitions than is possible using destructive sampling 

techniques. 

See Table 7.7. for summary of hypotheses 
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(Icncral Discussion 

8. General Discussion 

The formation of transient microphytobenthic biofilms over the low tide 

exposure penod was first recorded nearly 100 years ago (Fauvel and Bohn 1907); 

and the importance of the microphytobenthos in ecosystem functioning is widely 

documented (Chapter 1). The microphytobenthos are the dominant group of 

primary producers on estuarine mudflats, yet despite their recognised importance 

much remains to be elucidated about the structure and function of 

microphytobenthic biofilms. To date much of our knowledge has been 

constrained by the nature of the system and the scale of the organisms. However, 

recent advances in sampling techniques have meant that the system can now be 

examined both at the large (ecosystem mapping by remote sensing) and micro- 

scale. The transient nature of microphytobenthic biofilms also dictates that it is 

essential to measure short-term changes in the physical and biological properties 

of the system. The work presented in this thesis has examined the system at the 

micro-scale (ýtm) considering temporal and spatial variation. 

8.1 Fonnation of microphytobenthic biofilms 

Any non-reactive solid that is immersed in an aquatic environment will 

accumulate inorganic, organic and biotic matter on its surface (Henschel & Cook 

1990) and microbial cells can firmly attach to almost any submerged surface in a 

moist or aquatic environment (Characklis & Marshall 1990). Many of the earlier 

reviews on biofilms concentrated on those attached to a solid, impermeable and 

generally non-porous substratum (see Characklis & Marshall 1990). However, as 

has been outlined in this thesis microphytobenthos have become adapted to 
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living on, as well as moving through, fine cohesive sediments. The ability of the 

microphytobenthos to migrate makes such aggregations variable in both space 

and time. Therefore, the traditional definition of biofilms being fixed to a 

substratum do not hold true in sedimentary systems and the formation of 

microphytobenthic biofilms can be examined over several time scales: 

9 Pnmary development as cells colonise a new area 

0 Secondary development as cells migrate to the sediment surface to 

photosynthesise 

9 Tertiary development as cells sub-cycle within the biofilm. 

Therefore, microphytobenthic biofilms are not necessarily fixed in time and 

space. Epipelic cells are able to respond to changing environmental conditions, 

therefore having a selective advantage over non-motile species. 

Underwood and Paterson (1993) monitored the development of a 

microphytobenthic biofilm after the application of biocide. In this study a storm 

disturbance event was simulated and is a more realistic simulation of the natural 

situation. The formation of a primary biofilm was examined and it was 

demonstrated that the system recovered over a very short period of time (days). 

The work suggested that biological changes occur more rapidly than physical 

ones but that the physical changes were dependent upon the biological changes. 

This was further demonstrated in a more controlled laboratory investigation. 

Significant positive correlations were shown between chlorophyll a (biomass) 

and colloidal carbohydrate/water and sediment stability. These findings further 

demonstrate the pivitol role of microphytobenthos in the functioning of the 
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estuarine intertidal ecosystem. Future studies could be developed to monitor the 

effects of such an event further up the food chain (e. g. the effect on invertebrates 

such as Hydrobia uIva etc). The source of the recolonising algae was unclear and 

would also warrant future investigation. Future work could also examine whether 

or not the incoming cells are migratory (epipelic vs. episammic) and how long it 

takes for a migratory rhythm to resume. Accounting for this has clear 

implications regarding changes in primary productivity and sediment stability 

(through the exudation of EPS) after such an event. 

The short-terrn formation of transient microphytobenthic bjofilms at the 

sediment surface was examined using a variety of invasive and non-invasive 

techniques (these will be discussed in greater detail below). Six different sites 

were investigated and the migratory rhythms were found to differ at all sites; 

under controlled and ambient conditions. 

Scr6dio et al. (1997) traced the migratory rhythms of microphytobenthos 

from the Tagus Estuary using dark-adapted minimum fluorescence. It was 

determined that the cells had an endogenous (following diumal/tidal cycles) 

migratory rhythm that persisted for several days and in the absence of any 

light/tidal cues. In this study the minimum fluorescence Yield after 15 min of 

dark adaptation (F,, 15) was used to trace migration on cores from the Tagus. An 

endogenous rhythm was also shown, but there was additional evidence that the 

rhythm was light responsive. From an ecological perspective it makes sense that 

the organisms express an endogenous rhythm that is entrained to predictable 

environmental variables (e. g. daylength and tides) but also that this response is 

plastic to respond to changing conditions. It is this plasticity that will enable the 

cells to shift their endogenous rhythm. The microphytobenthic population at the 
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Hythe showed a clear example of a plastic response. Cells under ambient light 

conditions and in the dark demonstrated a similar pattern of biomass increase at 

the start of the day but in the absence of any further cue, cells in the dark 

migrated back into the sediment, whereas cells exposed to light continued to 

migrate to the sediment surface. Future studies could examine how plastic these 

responses are by attempting to manipulate these rhythms e. g. by artificially 

altering daylength/water cover. Two contrasting patterns were observed for 

Arlesford Creek on two different days, but neither trend seemed to follow a 

diurnal rhythm and therefore the effect of other vanables must also be considered 

(e. g. nutrient limitations, sediment water content, taxonomic differences). 

The repeated measurements at a site on the Eden over 3 days clearly 

demonstrated the time scale over which clear variations in migratory patterns can 

emerge. The in situ results supported those found under controlled laboratory 

conditions that light is one of the driving forces behind migration to the surface. 

However, light was not always enough to keep cells at the sediment surface and 

therefore downwards migration may be endogenous (as seen on the Tay) or 

triggered by combination of tide and light. 

Diatom (Arlesford Creek) and euglenold (Hythe) dominated sites were 

compared and clear differences in the migratory rhythms were detected 

(euglenoid site = endogenous and light driven / diatom site = no clear rhythm). 

Future investigations should attempt to investigate this further, comparing 

functionally diverse groups as well as taxonomic variations at the species level. 

Perkins et al. (submitted) showed a clear difference in the migrational response 

of two diatom species under changing light conditions with one, Staurophora 
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amphioxys, migrating into the sediment at high irradiances and another, 

Pleurosigma angulatum, staying at the surface. 

Whilst microphytobenthic populations show a general increase in 

biomass at the sediment surface over a low tide exposure period, subtle 

differences between populations/sites have been shown, particularly in tenns of 

whether or not the cells remain at the sediment surface towards the end of the 

low tide period. Therefore, all future studies into microphytobenthos must take 

this variation into account (e. g. all investigations into microphytobenthic primary 

productivity should consider migratory induced variation in the surface biomass 

to successfully incorporate PAB into primary productivity models). Many studies 

have attempted to map biomass distribution at the ecosystem level (basin scale), 

but the time involved in sampling often means that short term changes in 

biomass such as those shown here are overlooked (e. g. BIOPTIS). There is huge 

potential for error in estimating microphytobenthic biomass and future studies 

need to incorporate microphytobenthic movements into ecosystem models (e. g. 

the HiMoM project which is the second stage of BIOPTIS). 

The above studies used fluorescence to trace changes in the distribution 

of chlorophyll a (Ser6dio et al. 1997; 2001; Barranguet et al. 1998; Kromkamp 

et al. 1998; Perkins et al. 2001; Honeywill et al. 2002) and the advantages and 

disadvantages of this technique will be evaluated below. Chlorophyll a is only a 

proxy measure for biomass and accurately determining chlorophyll a 

content/concentration in sediments has been a challenge for benthic workers. 

Wiltshire et al. (1997) developed the Cryolander to sample at a microscale level 

(ýtm) which has been a huge advance in the field. The Cryolander was used in 
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this study-to monitor the primary development of a biofilm as well as short term 

changes associated with microphytobenthic migration. 

A significant increase in the chlorophyll a content of the surface sediment 

layers was described in the laboratory study (Chapter 3) and was attributable to 

cells settling out from the water column. In both diatom and euglenoid b1ofilms, 

biomass was always concentrated in the upper 400 ýtm of the sediment. In most 

instances, no significant change in the chlorophyll a content of the sediment 

surface was seen over the course of a day (supporting the PROMAT project). In 

light of the migratory patterns observed using changes in minimum fluorescence, 

this would indicate that the majority of migration occurs within these layers. 

PAM fluorescence only samples to 270-150 ptrn (Ser6dio et al. 1997 and 

Kromkamp et al. 1998 respectively) and therefore even fine-scale sectioning is 

not fine enough. Future studies should employ fluorescence and cryolanding in 

conjunction to examine this in geater detail. 

At the time of low tide there may be little variation in biomass at the 

sediment surface but it has been hypothesised that subtle sub-migrations may 

occur. The general lack of photoinhibition in microphytobenthic biofilms has 

been attributed to photophysiological adaptations and the migrational strategy. It 

has been hypothesised that the overall efficiency of the biofilm is maintained 

through the vertical cycling of cells at the sediment surface (Kromkamp et al. 

1998). Despite a lack of variation in the chlorophyll a content in the surface 

layers of the biofilm, the sequential emergence of diatom/euglena species was 

recorded in this study. This might be indicative of sub-surface cycling in 

response to changing light/nutrient/CO2 requirements. Changes in the taxonomic 

composition of the surface layers of a biofilm have also been shown using High 
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Resolution Fluorescence Imaging and is further evidence that cells sub-cycle 

(Perkins et al. submitted). 

8.2. Sediment biofilm light climate 

Fibre-optic sensors were constructed and these were deployed over a diel 

period for the first time. The light attenuation co-efficient (k) was determined to 

vary with site. Reasons for the variation between sites were not determined, but 

are likely to reflect the geological characters of the site as the site with the 

highest k values also had the greatest proportion of particles -- 63 ýtm. Generally 

the highest k values were also associated with highest biomass. To accurately 

account for PPFD in primary productivity models therefore requires that k be 

calculated for each site, and for each study, as k was demonstrated to vary from 

year to year. 

In all cases, 90% of the surface PPFD had been attenuated by 400 ýtm, 

and in many cases this occurred before 200 ýtm. There are clear implications for 

the depth of light penetration on migration. During daylight hours cells migrating 

from deeper than 200 ýim will be experiencing no or very little light; therefore 

light will only act as a stimulus for cells in the photic zone. Cells that respond to 

light will either pennanently reside in the photic zone or will have an additional 

endogenous geotactic response to bring them into the photic zone. 

The light attenuation co-efficient, k, was also shown to significantly 

change over the day. This has never been previously reported and has far 

reaching implications. On the basis of these findings not only must k be 

determined for each site but also monitored over the course of a day to accurately 

model changes in PPFD with depth over time. The changes in k seemed to 
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largely be-determined by drying out and compaction of the sediments as would 

be expected, however, more subtle changes were also occurring and may relate to 

taxonomic and/or structural (e. g. cell layering) changes within the biofilm. 

8.3. Appraisal of main microphytobenthic sampling techniques used 

8.3.1. PAM Fluorescence 

The linear relationship shown to exist between minimum fluorescence 

and microphytobenthic biomass in the laboratory and in situ has been the basis of 

several studies into microphytobenthic migration (see Ser6dio et al. 1997,2001; 

Honeywill 2001). In this study changes in F,, 15 at the sediment surface followed 

the broadly expected patterns of microphytobenthic migration and proved to be a 

valuable remote sensing tool. 

However, the limitations of the technique must also be considered. Whilst 

the linear nature of the relationship between chlorophyll a and dark level 

minimum fluorescence has been shown (Ser6dio et aL 1997; Barranguet and 

Kromkamp 2000; Honeywill 2001; Scr6dio et al. 2001; Honeywill et al. 2002) 

the slope and intercept of the line are open to variation (Ser6dio et al. 1997). 

Therefore the chlorophyll a content per se cannot be inferred from this 

technique. Furthen-nore no inference can be made with reference to changes in 

the depth distnbution within this zone. In a situation with identical biomass the 

distance of cells from the surface, as well as their orientation, may alter the 

relationship between F, 15 and biomass (Figure 8.1 A, B and C). Also in a 

situation of high biomass (Figure S. ID) there are additional questions relating to 
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the effect of self shading on the fluorescence yield; cells near the surface may 

potentially exhibit NPQ whilst cells deeper in the sediment have no need. 

Sediment surface 

'51 (D CD CD CD (D CD CD C) CD C) 

A) B) C) D) 

The dark level minimum fluorescence, F, is subject to variation and 

several idiosyncrasies that seem specific to microphytobenthos. F, can be 

affected in two opposing directions by non-photochemical quenching (NPQ; see 

chapter I and 7) and the photochemical system. NPQ is a strategy evolved to 

cope with potentially damaging irradiances (e. g. the conversion of diadinoxathin 

to diatoxanthin). Diatoxanthin is less efficient at transferring energy and 

therefore plays a vital role in preventing photodamage. The presence of 

diatoxanthin may additionally affect the fluorescence yields, as not all of the 

measuring beam will strike the reaction centre. Therefore, if diatoxanthin is not 

converted back to diadinoxathin during the dark adaptation period, a decrease in 

F, could be falsely attributed to a downwards migration. NPQ can be measured 

but there are problems inherent with measuring a true F, and furthermore the 

time lag inherent in measuring F,, and F,, ' complicates measurements of NPQ 

for motile species. In addition it has been shown that diatoms are able to 

maintain a proton gradient in the dark (Caron et al. 1987; Ting and Owens 1993; 

Schreiber et al. 1995), therefore NPQ will remain switched on. This phenomenon 

was shown to be dependent upon light conditions as well as time in the dark, and 
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may therefore have unpredictable effects on the fluorescence yield that is taken 

to be F,. Treating cells with far-red light was shown to significantly increase the 

light utilisation efficiency and therefore may enable the more accurate 

measurement of minimum/maximum fluorescence yields. 

NPQ must be fully reversed and the QA Pool must be completely oxidised 

to get a true measure of minimum fluorescence. An inherent assumption of the 

15 min dark adaptation period is that it is sufficient for this to occur (Kromkamp 

et al. 1998; Honeywill 2001). In this study 15 min was deten-nined to be 

sufficient to remove the effect of light history on the minimum and maximum 

fluorescence yields, but not enough time for complete recovery of the light 

utilisation efficiency. The maximum light utilisation efficiency (FIF,, ) may be a 

reliable indicator of the state of oxidation of the QA pool; a high FIF,, being 

indicative of complete oxidation (Genty et al. 1989). Therefore, any decrease in 

F, IF,, may be indicative of incomplete oxidation, which would result in an 

elevated minimum fluorescence yield. However, the overall influence of this may 

be minor when one considers the natural variability of F0 15 around similar 

F, IF,, 15 (Ser6dio et al. 1997,2001; Honeywill 2001). Further to this FIF,, 15 has 

been demonstrated to both increase and decrease with increasing Fo 15 (Honeywill 

2001). 

The parameter a* represents the absorptional cross section of PSII and 

may alter with changing light levels and therefore is a further factor that may 

affect the fluorescence yield. Hopkins (1966) described the diatom Suriella 

gemma to show chloroplast contraction prior to downwards migration as well as 

in response to increased water content, darkness and strong light. 
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The balance between all these parameters and their respective effects on 

the fluorescence yields are still not clear, clearly further work is required to 

resolve these questions. However, Ser6dio et al. (1997) concluded that any effect 

on F, will be comparatively small compared to the large variations seen as a 

result of migration. 

A dark adaptation time of 15 min was selected by Kromkamp et al. 

(1998), Honeywill (200 1) and Honeywill et al. (2002) aiming to achieve the fine 

balance between achieving a true measure of minimum fluorescence but also 

limiting the effect of cells dramatically changing their position. Kromkamp et al. 

(1998) estimated that 75% of the signal detectable by PAM fluorescence 

techniques emanates from the upper 150 [tm of the sediment. By considering the 

theoretical distance that cells might travel (Table 8.1) it can be seen that cells 

could travel greater than 150 pm in 15 min, therefore one cannot assume that the 

same population of cells will be present before and after dark adaptation. The 

data obtained in Chapter 7 suggested that some cells did migrate away during the 

15 min dark adaptation period. 

Table 8.1: Theoretical distances travelled 

Distance travelled 
gm 

Speed I min 15 mins I hour Notes 
GIM S-1) 

Happey-wood 2.5 150 2250 9000 Horizontal 
and Jones (19 8 8) 9 540 8100 32400 
Hay et al. (1993) 4.7 282 4230 16920 Horizontal 

0.17 10.2 153 612 Vertical 
0.19 11.4 171 684 Vertical 

Hopkins (1963) 0.28- 116.8 ] 252 1 1008 Vertical 
Harper (1977) 0.25 1 115 225 ] - --I 900 Vertical 1 
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Despite all the inherent sources of error the patterns described were characteristic 

of those found using other techniques, and therefore one can conclude that 

changesin F, 15 can be used to detect relative changes in biomass at the sediment 

surface. Whilst fluorescence measurements can only detect a fraction of the total 

productive biomass it is sufficient to be able to follow proportional variations in 

community productive biomass, in the upper layers of the sediment surface 

(Ser6dio et al. 2001). 

There is a high level of spatial heterogeneity in microphytobenthic 

biofilms and one of the key advantages of fluorescence techniques is that they 

are remote; therefore enabling repeated measurements to be made at the same 

spot. To examine the taxonomic changes associated with the fluorescence 

changes would require destructive sampling and therefore must be carefully 

considered in expenmental design. The High Resolution Fluorescence Imager 

(Oxborough and Baker 1997; Oxborough et al. 2000) enables the fluorescence 

yields of individual cells to be examined, however, it is not possible to maintain 

cells at ambient conditions when using the imager and therefore its application is 

limited. 

PAM fluorescence is also used to estimate rates of primary productivity 

from rETR (e. g. Hartig et al. 1998; Kromkamp et al. 1998: Barranguet and 

Kromkarnp 2000). The problems associated with this approach have been 

highlighted in the literature (Perkins et al. 2001; 2002). The work in this study 

demonstrated that when cells lose the ability to migrate they have a significantly 

lower light utilisation efficiency than cells in sediment (cells in sediment are 

exposed to less light), therefore demonstrating how the determination of rETR 

can be inaccurate (Figure 8.2). 
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Overestimated because cells are at a lower 
PPFD than that measured at surface 

rETR = PPFD/2 x Fq 'IF,, 

Over estimated because of 
sediment light attenuation 

Figure 8.2: Possible errors in the calculation of rETR 

8.3.2. Cryolanding 

The Cryolander technique (Wiltshire et al. 1997) was a clear advance in 

the field of microphytobenthic sampling. It has enabled the deten-nination of the 

fine scale distribution of microphytobenthic biomass within the surface mm to be 

discerned at a scale never before possible. It has been shown that the majority of 

biomass is found within the surface 400 Vtm. Therefore, any sampling technique 

that examines at depths greater than this will be diluting the chlorophyll a 

content. This has strong implications regarding the comparison of biomass 

between sites. The Cryolander samples at a scale relevant to the organisms and it 

is therefore recommended that all laboratories sample at this scale. 

In ten-ns of monitoring changes in biomass however, no clear advantage 

was seen using the cryolander compared to coarser sampling at I mm. Overall, 

very little change was seen in the chlorophyll a content of the surface layers of 

the sediment over the course of a diel cycle (supporting the findings of de 

Brouwer and Stal 2001). This lack of apparent migrational activity contradicted 

the findings based upon PAM fluorescence and the most probable reasons were 

discussed above (depth of the measuring beam < depth of first slice). It is not 

possible to section at depths < 200 ýtm because the slicing depth would be 
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smaller than many of the microphytobenthic cells. There is also user error 

inherent in the sectioning technique and to sample at even smaller depths would 

increase this; therefore this technique is at the edge of its capability. It is possible 

that advents in technology (e. g. laser) may lead to being able to section more 

accurately, and therefore over a smaller depth section. 

The spatial heterogeneity on intertidal mudflats is a well described (see 

Honeywill 2001) and characteristic phenomenon. It is therefore necessary to take 

as many samples as possible (Maclntyre et al. 1995) to reduce the co-efficient of 

variation. However, cryolanding can take between 10-15 min depending upon 

experience and prevailing conditions (e. g. sediment water content, wind). If one 

person is taking samples it will take approximately I hour to collect between 4- 

6 samples, yet examining changes in minimum fluorescence and LTSEM images 

has shown that considerable changes in species composition and biomass can 

occur in this time and therefore a trade off must be made between the number of 

samples and time of sampling. 

8.3.3. Light microprofiling 

Fibre-optics were successfully deployed during the course of this study 

and the results have far reaching implications. It was not possible to determine 

changes in the spectral composition, and future studies should take this into 

account. Changes in spectral composition with sediment depth may yield 

information about the taxonomic structure of the biofilm and may also explain 

the layering of the microphytobenthic community. 

Future studies should attempt to use fibre-optics to deten-nine the depth of 

the PAM measuring beam (the fibre-optics were not sensitive enough in this 
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study). The changes in k over the course of the day may also affect the 

detennination of F, 15 and this is an avenue that future studies should pursue. 

Ar-. 'O" 

Figure 8.3: Where is the surface? 
Arrows indicate possible classification of surface 

8.3.4. Determination of the sediment surface 

All of the above techniques require the accurate determination of the 

sediment surface. However, the uneven surface topography, as well as changes in 

structure associated with the migration of microphytobenthic cells to the 

sediment surface often make it impossible to determine where the surface is, and 

even so no definition exists as to what constitutes the surface (Chapter 6) (Figure 

8.3). 

Therefore, it is unlikely to ever be possible to section exactly 200 gm, to measure 

the fluorescence yield exactly 4 mm. from the surface, or to determine where to 

start measuring the light attenuation co-efficient. However, identifying the 

sources of error goes someway to explaining why some relationships are perhaps 

weaker than might be expected and also provides a challenge for the future. 
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8.4. Summary 
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1) Microphytobenthic cells are capable of rapid colonisation/recolonisation 

with the biological changes (biomass increases) occurring more rapidly 

than the physical (stability increases) 

2) The fluorescence parameter F, 15 can be used to monitor short term relative 

changes in biomass at the sediment surface but cannot be used to quantify 

biomass 

3) Migratory rhythms differ between site and assemblage composition and 

therefore all future studies into microphytobenthic functioning must take 

these changes into account 

4) Migration was shown to be under the influence of light, tides, endogeny or 

a combination thereof In the cases where no obvious rhythm was discerned 

it is possible that the cells were under the influence of factors not yet 

considered (Figure 8.4) 

5) The light attenuation co-efficient (k) varies with site, assemblage and also 

over time. Microphytobenthic primary productivity models may be limited 

by the inaccurate determination of the sediment light climate 

6) The use of PAM fluorescence to determine rates of primary productivity is 

limited by the inaccurate determination of the sediment light climate and 

the light utilisation efficiency 

7) Microscale sectioning (ýtm) showed a concentration of chlorophyll a in the 

top 400 ýtm representing the photosynthetically active biomass 

8) It was not possible to detect clear migratory patterns using microscale 

sectioning 
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Figure 8.4: What drives microphytobenthic migration? Solid lines indicate cues 
determined in this work and dotted lines represent hypothetical cues. The black box 

represents cues as yet undetermined 
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9) LTS-EM analysis provided evidence that cells sub-cycle at the sediment 

surface over the course of a diel period 

Figure 8.5 presents a conceptual summary of the work in this thesis. 

8.5. Final conclusions 

The rapid colonisation and development of microphytobenthic biofilms 

demonstrated the potential resilience that these systems have to climate change; 

and explained the reason why transient microphytobenthic biofilms are able to 

thrive in the constantly changing and stressful depositional system of estuarine 

intertidal mudflats. 

When cells migrate to the surface they form stratified communities, these 

might be compared to rainforests and the canopy layer. Trees at the top will get 

more light than the shrub species underneath. However, whilst trees and plants 

have to adapt or grow to fit their environment, microphytobenthos can simply 

move (akin to a tree being able to turn itself upside down). Sub-cycling in 

response to light has been suggested by many authors (Round and Palmer 1966; 

Barranguet et al. 1998; Kromkamp et al. 1998; Perkins et al. 2001,2002) and 

may go some way to explaining the success of microphytobenthic species in 

what may be considered a highly stressful environment, with stresses including 

high PPFD, desiccation and potential C02 limitations. The long-term 

maintenance of the vertical migration strategy is most certainly the main reason 

why microphytobenthos have evolved to play a pivotal role in the structure and 

functioning of estuarine inter-tidal mudflats. 
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