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Stellingen
behorende bijhetproefschrift van E.H.S.vanDuin,1992.
Sedimenttransport,lightandalgalgrowth inthe Markermeer.
Atwo-dimensional waterqualitymodelforashallowlake.
1. Devoorlopige conclusie van de Commissie Uff, dat de kans op het optreden
van tijdelijke bloei van blauwalgen, met name Oscillatoria agardhii,in de randmerenvaneentoekomstige Markerwaard zoutoenemen invergelijking met de
huidigesituatie inhetMarkermeer,wordtdoordeuitkomstenvanmodelberekeningenonderschreven,(ditpoefschrift)
2. Deindelingvangesuspendeerdestof infractiesop basisvanvàlsnelheidiseen
goedconcept,zowelvoor hetmodellerenvanresuspensie ensedimentatie,als
voor de berekening vande bijdrage van sediment aande uitdoving van licht in
water. Daarnaast maakt hetdekoppeling vansedimenttransportmodelleringen
lichtmodelleringeenstukeenvoudiger,(ditproefschrift)
3. - Het gedrag van gesuspendeerde stof en het lichtklimaat in ondiepe meren
waaropdewindeengroteinvloedheeft,kunnennietafdoendewordengemodelleerd met zogenaamde nul- of één-dimensionale modellen. Hiervoor zijn
twee-dimensionale modellen noodzakelijk,fd/fproefschrift)
- Voor hetmodellerenvandegroeivanalgen inondiepe merenzijnzogenaamde nul- of één-dimensionale modellen evenmin toereikend. Helaas is de beschikbare kennis van de complexe processen die een rol spelen bij de groei
vanalgen momenteel nogzobeperkt,dat dewaardevan algengroeimodellen
meer ligt in hetvergroten van het inzicht indeze processen dan inde directe
bruikbaarheidvoor beheerstoepassingen.
4. In de onderzoekswereld wordt veel geld verspild doordat onderzoekers niet
overnietgeslaagdemethodenpubliceren.
5. Desnelheid waarmee modeentrends elkaar afwisselen in hedendaags onderzoek ophet gebiedvanintegraalwaterkwaliteitsbeheer, bijvoorbeeldvanactief
biologisch beheer naar ecologische oeverzones, leidt tot ad hoc en ongestructureerdonderzoek.
6. Metdeterm 'denk-model' kanhetgebrekaankwantitatievekennisvanrelevante processen misschien wordenversluierd,maarzeker niet wordengecompenseerd.
7. Hetonderbrengenvanmeetactiviteiten enonderzoeksactiviteiten inapartespecialistische afdelingen, komt het overleg tussen onderzoeker enwaarnemer en
daarmeedekwaliteitvandemeetresultaten niettengoede.
8. Bij hiërarchische organisaties kunnen initiatieven het effectiefst worden gesmoorddoortoepassingvandederdewetvanParkinson:'Delayisdedeadliest
formofdenial'.
9. Geuitekritiekvanouders,wier kinderenvolledigthuisverzorgd worden,op kinderdagverblijven, lijkt veelalmeertezijningegeven door dewenstot eenlegitimatievandeeigenkeuzedandoor kennisvanhetfunctionerenvandiekinderdagverblijven.

10. De koppeling van beschikbare middelen voor universitaire instellingen aan het
aantalstudenten endesnelheidwaarmeedezestudenten hunstudieafronden,
leidt automatisch tot een afname van de kwaliteit van de opleiding. Het is de
vraagof desamenleving daarop langetermijn meegediend is.VrijnaarCornelisLely:Eenvolkdatleeftinvesteertinonderwijs.
11. DedubbelebetekenisvanhetwoordmonsterindeNederlandsetaalkannietop
toevalberusten.

Abstract
E.H.S. van Duin:
Sediment transport, light and algal growth in the Markermeer.
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This thesis reports on a study of the water quality in the Markermeer, focusing on the relationships between sediment transport, the light field
and the growth of Oscillatoria agardhii. The study comprises two aspects: an extensive data collection program with the data analysis, and
the development, calibration and application of a set of dynamic models,
in order to assess the effect of management measures on these water
quality aspects.
The data collection program contained weekly and hourly monitoring of
water quality variables. Characteristics of the sediment and characteristics of the light field were measured in fall velocity experiments with various sediment samples. Experiments were conducted with light and
dark bottles and with a large perspex cylinder filled with Oscillatoria
agardhii and placed in the lake. These experiments produced information on the growth characteristics of Oscillatoria agardhii in the Markermeer and on different kinds of adaptation of growth parameters to the
light conditions.
The model that has been developed to simulate the effect of management measures on the water quality of the Markermeer focusing on the
effect of Oscillatoria agardhii, combines a sediment transport model
(STRESS-2d), a light attenuation routine (CLEAR) and a growth model for
Oscillatoria agardhii (ALGA). With the integrated model the effect of two
management scenarios has been evaluated: the construction of the Markerwaard and increased flushing with water from the Usselmeer.

Voorwoord
Hoe klein leek de wereld toen in de zomer van 1986 professor Lijklema
mijn interesse polste voor een baan bij de mij wel bekende Rijksdienst
voor de IJsselmeerpolders (RIJP) in Lelystad: een dienst en een stad
waarmee ik ben opgegroeid. Na overleg met de RIJP werd ik aangesteld
als hoofd van de secties Waterkwaliteit en Afvoerhydrologie. Door een
personeelsstop bij de RIJP werd ik ingehuurd via de Vakgroep Waterzuivering van de Landbouwuniversiteit. Ik zou mij met name gaan bezighouden met het Waterkwaliteitsonderzoek Westelijke Randmeren (van
de nog aan te leggen Markerwaard) en het Stedelijk Wateronderzoek
Lelystad. Het eerste zou dan tot een promotie kunnen leiden.
Inmiddels is het zes jaar later en het bewuste onderzoek heeft inderdaad geleid tot een promotie, al is de naam van het onderzoek gaandeweg veranderd in het waterkwaliteitsonderzoek Markermeer. De weg
daartoe werd met name gekenmerkt door reorganisaties, herindelingen,
veranderingen in de personeelsbezetting en naamsveranderingen. Door
de variërende personeelsbezetting werd de continuïteit van het onderzoek nogal eens bedreigd en heeft uiteindelijk een groot aantal verschillende mensen gedurende kortere of langere tijd aan het onderzoek meegewerkt. Alle personen die in die periode bij de sectie Waterkwaliteit
werkzaam zijn geweest, hebben wel op enige wijze aan dit onderzoek
bijgedragen. Zowel die personen die direct bij de RIJP werkzaam waren,
alsmede studenten, dienstweigeraars en zij die ingehuurd werden via
de Heidemij. Allen ben ik daarvoor zeer erkentelijk, waarbij ik toch speciaal wil noemen: de mannen van het eerste uur, Andries Oldenkamp,
Jan van Tjonger en Martin Scholten; de Friezen van het laatste uur,
Yede Bruinsma en Jaap Postma en, speciaal voor haar loyaliteit, Cornelieke Peels. Zonder hun bijdrage was dit onderzoek nooit zover gekomen. Het model STRESS-2d zou zonder de bijdrage van Martin nooit geworden zijn wat het nu is en zou een niet te doorgronden programma
zonder overzichtelijke uitvoer zijn gebleven. Ook buiten de sectie hebben velen in het Smedinghuis een bijdrage geleverd. Zonder volledig te
kunnen zijn, wil ik toch Wil van de Geer en zijn medewerkers noemen,
inclusief de altijd behulpzame bemanning van de vaartuigen. Van de dagen aan boord heb ik altijd erg genoten. Ook de medewerkers van de
Technische Dienst, van het laboratorium en de bibliotheek ben ik zeer
dankbaar voor hun inzet, die vaak hun verplichtingen te boven ging. Tevens wil ik noemen de medewerkers van de Wetenschappelijke Afdeling
en speciaal de subafdeling Waterhuishouding. Van een aantal heb ik directe steun ontvangen bij het onderzoek en het schrijven van dit proefschrift: Henk Wolters, Herman Winkels, Steven Vermij, Menno-Bart van
Eerden en Cees Berger. En dan Bart Schultz, zonder hem zou het mij
nooit gelukt zijn alle voetangels en klemmen, die her en der werden opgeworpen, uit de weg te ruimen en het onderzoek af te ronden. Zoals hij
mij begeleidde zonder bemoeizuchtig te worden, maakte het werken
met hem tot een groot genoegen.

In de loop van het onderzoek werden de banden met Wageningen
steeds nauwer. Het maandelijks overleg met Bert Lijklema heb ik altijd
zeer prettig gevonden en verplichtte mij elke maand iets tastbaars te
produceren. In alle jaren van onze samenwerking heeft Bert steeds een
groot vertrouwen in mij getoond hetgeen mij bijzonder stimuleerde. Ook
enkele van mijn Wageningse collega's hebben hun bijdragen aan het
slagen van deze promotie geleverd: Hans Aalderink, Christiaan Toet,
Rudi Roijackers en Rob Portielje.
Tijdens onze wekelijkse autotocht naar Lelystad ontdekten Gerard Blom
en ik dat onze beider onderzoeken een grote overlap vertoonden en
besloten wij tot samenwerking. Uit deze intensieve samenwerking is het
model STRESS-2d voortgekomen. Ook hebben onze discussies hun
invloed gehad op de formulering van het lichtmodel. Bovenal was onze
samenwerking altijd bijzonder gezellig. Hoe hij en Kees van de Guchte,
tot hun middel in een moerasachtig meertje in Zweden, onze kano probeerden te redden, heeft mijn kijk op slibrijke wateren voor altijd
bepaald.
Aan het afronden en het drukklaar maken van dit proefschrift heeft een
aantal personen een zeer kundige bijdrage geleverd, waar ik hen toch
voor wil bedanken: Willem Visscher, Hanneke van de Velde, Piet van
Reeuwijk en de Geogroep.
Een groot aantal mensen zijn ongenoemd gebleven. Mijn familie en
vrienden ben ik veel verschuldigd voor het geduld dat zij, met name het
laatste jaar, hebben opgebracht. Aan Suzan hoop ik de verloren tijd te
kunnen goedmaken. Klaas heeft de laatste jaren de voorwaarden geschapen om dit proefschrift te kunnen afronden. Ik hoop voor hem
dezelfde stimulerende factor te kunnen zijn die hij voor mij was en is.
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Liz van Duin
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Samenvatting
In dit proefschrift zijn de resultaten beschreven van een studie naar de
waterkwaliteit van het Markermeer, welke zich concentreerde op de relatie tussen het sedimenttransport en het lichtklimaat enerzijds en de
groei van de blauwalg Oscillatoria agardhii anderzijds. De studie bestond uit twee delen. Ten eerste de opzet van een uitgebreid meetprogramma met inbegrip van de gegevensanalyse en ten tweede de ontwikkeling, kalibratie en validatie van een set dynamische modellen.

Het Markermeer
Het Markermeer is een groot, ondiep en zoet water, dat door een dijk
gescheiden is van het IJsselmeer. Het Markermeergebied beslaat met
inbegrip van het Umeer en de Gouwzee een oppervlakte van ongeveer
68000 hectare. De gemiddelde diepte van het meer bedraagt 3,6 meter.
De bodem is vlak en voor ruim 60 procent bedekt met een fijne sublaag,
de IJsselmeerafzetting genaamd. Het meer wordt niet gevoed door belangrijke rivieren. Het water heeft daardoor een relatief lange verblijftijd
van ongeveer anderhalf jaar.
Het Markermeer is geclassificeerd als een matig eutroof water. De gemiddelde fosforconcentratie bedraagt 0,11 g-m"3 en de gemiddelde concentratie Kjeldahl-stifstof 1,4 g-m 3 . Het doorzicht van het water is laag,
de gemiddelde Secchi-schijfdiepte bedraagt ongeveer 45 centimeter. De
uitdoving van licht, uitgedrukt in de extinctiecoëfficiënt bedraagt 3,5 nr 1 ,
met extreme waarden tot boven 10 m"1. Deze hoge troebelheid wordt
veroorzaakt door het hoge gehalte aan gesuspendeerde stof, dat gemiddeld rond de 45 g-m"3 ligt met maximumwaarden boven de 150 g-m 3 .
Door de grote strijklengten (tot 30 kilometer), de beperkte diepte (minder
dan 5 meter), de vlakke bodemligging, het slibrijke sediment en de hoge
windsnelheden die in het gebied kunnen optreden, is de opwerveling
van sediment (resuspensie) van grote invloed op de waterkwaliteit in het
gebied. De optredende resuspensie en sedimentatie van sediment veroorzaken vaak hoge maar vooral fluctuerende gehalten aan gesuspendeerde stof. De uitdoving van lichtenergie in water hangt samen met het
gehalte aan gesuspendeerde stof. Daardoor is de beschikbaarheid van
licht in de waterkolom ook wisselend en vaak laag.
De algensamenstelling van het Markermeer wordt gedomineerd door
groenalgen. Soms treedt een tijdelijk ongewenste dominantie van
blauwalgen op (blauwalgenbloei). Met name bloei van Aphanizomenon
flos-aqua komt voor. Groei van Oscillatoria agardhii treedt regelmatig
op, maar van bloei is geen sprake. De groei van waterplanten blijft beperkt tot de oeverzones en de Gouwzee.
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Achtergrond en opzet van de studie
De afwezigheid van bloei van de blauwalg Oscillatoria agardhii is een
belangrijk kenmerk van de waterkwaliteit in het Markermeer. In het
IJsselmeer en in de randmeren van Flevoland komt groei van Oscillatoria agardhii veel en overmatig voor. Met name in de randmeren leidt
bloei van Oscillatoria agardhii tot ongewenste effecten. De vaak hoge en
wisselende concentratie gesuspendeerde stof en het daarmee samenhangende lichtklimaat, werden verantwoordelijk geacht voor de afwezigheid van Oscillatoria agardhii-b\oe\ in het Markermeer. Deze veronderstelling was echter meer gebaseerd op kwalitatieve dan op kwantitatieve gegevens.
De Houtribdijk is gesloten in 1976 en scheidt het Markermeer van het
IJsselmeer. Oorspronkelijk was deze dijk bedoeld als de eerste stap in
de aanleg van de Markerwaard, maar de Nederlandse publieke opinie
ten aanzien van de inpoldering van het Markermeer veranderde en aanvullend onderzoek was nodig naar de kosten en effecten van de inpoldering. Onder andere was meer inzicht nodig in het effect van de aanleg
van de Markerwaard op de waterkwaliteit in het overblijvende water: de
Westelijke Randmeren. Omdat een gedeeltelijke inpoldering het transport van sediment en daarmee het lichtklimaat in het overblijvende water zal beïnvloeden, kan dit leiden tot ongunstige groeicondities voor algen en een toenemende groei van Oscillatoria agardhii. Behalve inpoldering worden andere inrichtings- en beheersmaatregelen voor het
Markermeer overwogen, zoals aanpassing van de waterstand en verandering in de verblijftijd van het water in het meer. Ten einde het effect
van mogelijke inrichtings- en beheersmaatregelen op de waterkwaliteit
in het Markermeer te kunnen inschatten, was meer kwantitatieve informatie nodig over de fysische kenmerken van het systeem en hun effect
op de groei van Oscillatoria agardhii.
Ten einde de kwantitatieve kennis van de fysische kenmerken van het
Markermeer en het inzicht in de relaties tussen deze kenmerken en de
groei van Oscillatoria agardhii te vergroten, is een uitgebreide veldstudie uitgevoerd. Deze bevatte een meerjarige monitoring van de waterkwaliteit op verschillende locaties in het Markermeer en een aantal
kort durende experimenten met Oscillatoria agardhii in het veld.
Er is een dynamisch simulatiemodel ontwikkeld, waarin een sedimenttransport model {STRESS-2d) en een lichtuitdovingsroutine (CLEAR)
samengevoegd zijn. Daarna zijn deze modellen gecombineerd met een
bestaand algengroeimodel (ALGA). Met het gecombineerde model zijn
scenariostudies uitgevoerd, waarin het effect van verschillende beheersmaatregelen op de groei van Oscillatoria agardhii in het Markermeer is gesimuleerd.
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Meetprogramma en data analyse
Van 1987 tot en met 1989 is een uitgebreid meetprogramma uitgevoerd
in het zomerhalfjaar (april tot en met november). In 1990 is een aantal
aanvullende experimenten uitgevoerd. Het programma bevatte vier onderdelen:
a
een meetprogramma dat wekelijks op twee lokaties in het meer is
uitgevoerd, waarbij werden bepaald: temperatuur, zuurstofconcentratie, zuurgraad, Secchi-schijfdiepte, extinctiecoëfficiënt, nutriëntconcentraties, concentratie gesuspendeerde stof, chlorofyl-a-concentratie, algensamenstelling en -aantallen;
b
continue registratie van zuurstof, instraling op verschillende diepte,
zuurstofconcentratie, windsnelheid en -richting, waterstand, golfhoogte en golfperiode. Twee tot drie maal per jaar zijn gedurende
twee weken, zes tot twaalf watermonsters per dag genomen, die
geanalyseerd zijn op het gehalte gesuspendeerde stof;
c
karakteristieken van sediment- en extinctie-eigenschappen zijn onderzocht. De valsnelheidsverdeling in watermonsters, sedimentvalmateriaal en materiaal van de sedimenttoplaag is bepaald. In diezelfde experimenten is de specifieke extinctiecoëfficiënt bepaald
van materiaal, gekarakteriseerd door een zekere valsnelheid;
d
primaire produktie-experimenten zijn uitgevoerd met Oscillatoria
agardhii in het veld, met de klassieke lichte en donkere flessen-methode en met een aangepaste versie hiervan, waarin flessen door
het water omhoog en naar beneden werden bewogen. Tevens zijn
groeiexperimenten uitgevoerd in een perspex cilinder, gevuld met
een Oscillatoria agardhii-susper\s\e, die in 1989 en 1990 gedurende
enkele weken in het Markermeer stond opgesteld.
Aan de uitvoering van het meetprogramma en de analyse van watermonsters is veel inspanning besteed. Tevens is veel energie gestoken
in het verbeteren van de meetnauwkeurigheid en het optimaliseren van
de metingen met wisselend succes.
Bij analyse van de meetgegevens werden grote variaties aangetroffen in
het gehalte en de samenstelling van de gesuspendeerde stof in het Markermeer. Het gehalte aan totaal gesuspendeerde stof varieerde tussen
7 en 180 g-m 3 , het percentage organische stof van het totaal aan gesuspendeerde stof varieerde tussen de 15 en de 75 procent. Dit percentage nam af bij toenemende concentraties gesuspendeerde stof, doordat
bij resuspensie van sediment de concentratie gesuspendeerde stof toenam, maar de bijdrage van organische stof afnam. De gemeten sedimentatieflux nam eveneens toe bij toenemende concentraties gesuspendeerde stof en varieerde tussen de 1 en de 200 g-m~2-h~1. De interne
sedimentvracht is geschat op ongeveer een miljard ton per jaar. De valsnelheidsverdeling varieerde eveneens met de concentratie gesuspendeerde stof. Indien de concentratie gesuspendeerde stof toenam, nam
de relatieve bijdrage van deeltjes met een hoge valsnelheid toe. De gemiddelde valsnelheid van de deeltjes varieerde tussen de 10-10"6 en
100-10"6 nvs"1.
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De uitdoving van lichtenergie in water, uitgedrukt in de extinctiecoëfficiënt, toonde een significante relatie met de concentratie gesuspendeerde stof. De mate van uitdoving per hoeveelheid gesuspendeerde
stof uitgedrukt in de specifieke extinctiecoëfficiënt, is echter niet constant. Wanneer de concentratie gesuspendeerde stof verandert, verandert ook de specifieke extinctiecoëfficiënt. Deeltjes met een lagere valsnelheid hebben een hogere specifieke extinctiecoëfficiënt dan deeltjes
die sneller bezinken. Dit wordt toegerekend aan het feit dat zowel de
valsnelheid van deeltjes als de mate van uitdoving van deeltjes gerelateerd is aan de grootte van de deeltjes. De gemiddelde bijdrage van
chlorofyl-a, gesuspendeerde stof en water met de daarin opgeloste stoffen is geschat op respectievelijk 25, 57 en 18 procent. De bijdrage van
gesuspendeerde stof wordt met name veroorzaakt door deeltjes met
een lage valsnelheid, doordat zowel hun verblijftijd in de waterfase als
hun uitdoving per eenheid van massa groter is. Een geringe afname van
de extinctiecoëfficiënt met de diepte is waargenomen op dagen waarop
het water vrij helder was.
Uit analyse van de wekelijkse metingen bleek dat de chlorofyl-a-concentratie toenam wanneer het gehalte aan gesuspendeerde stof hoger
werd. Dit betekent dat de algenconcentratie wordt beïnvloed door resuspensie en sedimentatie. Daar staat tegenover dat een grote toename
in de verhouding chlorofyl-a en organische stof is waargenomen wanneer de concentratie gesuspendeerde stof afnam, wat alleen aan een
groei van algen in de waterfase kan worden toegerekend.
In de experimenten met lichte en donkere flessen zijn maximale bruto
produktiesnelheden van 14 g0 2 gChlorofyl-a" 1 h" 1 gemeten. Groei van
Oscillatoria agardhii trad op tijdens alle experimenten. De kwantitatieve
relatie tussen de produktie en de beschikbare lichtenergie varieerde
echter voor elk experiment, waarmee het belang van aanpassing van de
groeiparameters aan de lichtomstandigheden is bevestigd. Ten einde
het effect van verticale menging op de groei mee te nemen tijdens de
experimenten, is een deel van de lichte flessen tijdens de experimenten
op en neer bewogen in de waterkolom. Hoewel er wel sprake leek van
enig effect van verticale menging op de groei, is geen eenduidige trend
in het effect ontdekt.
Gedurende enkele weken in 1989 en 1990 is een 2.8 meter hoge perspex
cilinder in het Markermeer geplaatst, die was gevuld met een suspensie
van Oscillatoria agardhii. Door middel van een systeem van slangen en
pompen, is de suspensie in de cilinder gemengd. Om de dag zijn watermonsters uit de cilinder genomen en is in de cilinder het zuurstofgehalte
continu gemeten. De maximale bruto produktiesnelheid die in de
cilinder is gemeten was gelijk aan die in de flessenexperimenten gemeten is en lag tussen de 12 en 14 g0 2 gChlorofyl-a' 1 h" 1 . De maximale
respiratie bij een temperatuur van ongeveer 20°C bedroeg 2,5 g 0 2 g Chlorofyl-a" 1 h" 1 . Uit de meetresultaten bleek duidelijk dat de efficiëntie
waarmee lichtenergie voor groei wordt aangewend niet constant is,
maar regelmatig, zo niet continu, onderhevig is aan aanpassingen.
Twee soorten aanpassingen zijn onderscheiden:
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snelle aanpassing

bij zonsopgang is de efficiëntie waarmee lichtenergie wordt gebruikt voor groei hoog, maar dit
kan veranderen gedurende de dag. Op dagen
met hoge instralingswaarden
(maximale
dieptegemiddelde instraling > 200 //E-m"2-s"1),
treedt meestal binnen enkele uren aanpassing
van de groeiparameters van Oscillatoria agardhii op. Op dagen met lagere instralingswaarden
is dit verschijnsel niet waargenomen;
langzame aanpassing
aanpassing van groeiparameters aan omstandigheden met weinig licht (maximale dieptegemiddelde instraling < 100/vE-m~2-s~1) treedt op
binnen enkele dagen.
Hoewel de experimenten waardevolle informatie opleverden wat betreft
de groeikarakteristieken van Oscillatoria agardhii in het specifieke
lichtklimaat van het Markermeer, gaven de meetresultaten geen uitsluiting of het lichtklimaat van het Markermeer de beperkende factor is voor
groei van Oscillatoria agardhii op de lange termijn.

Modelontwikkeling
De modelontwikkeling is uitgevoerd in drie stappen. Gestart is met de
ontwikkeling van een model voor sedimenttransport, resuspensie en sedimentatie in ondiepe meren en de kalibratie van dit model op de gegevens verzameld voor het Markermeer (STRESS-2d). Vervolgens is
een model ontwikkeld en gekalibreerd, waarmee de uitdoving van licht
door gesuspendeerde stof en door Oscillatoria agardhii is beschreven
(CLEAR). Als laatste is het Oscillatoria agardhii-g roeimodel ALGA gecombineerd met de beide andere modellen.

Sediment transport, resupensie en sedimentatie (STRESS-2d)
Het fiveedimensionale model voor Sediment Transport, Resuspensie en
Sedimentatie in ondiepe meren (Shallow lakes) is ontwikkeld door Blom
en Van Duin voor meren in het IJsselmeergebied. Met het model kunnen
concentraties gesuspendeerde stof in de waterfase worden gesimuleerd. Het model gebruikt het bestaande tweedimensionale horizontale
hydrodynamische model WAQUA als basis. Bij gebruik van WAQUA
wordt een studiegebied verdeeld in een groot aantal compartimenten.
Voor elk van deze compartimenten wordt binnen WAQUA de advectiediffusie vergelijking opgelost. In STRESS-2d is deze advectie-diffusievergelijking uitgebreid met een extra bronterm (resuspensie) en een
extra putterm (sedimentatie).
De sedimentatieflux is berekend met een lineaire relatie tussen de concentratie gesuspendeerde stof en de bezinksnelheid. Om variaties in de
bezinksnelheid te verrekenen zijn verschillende sedimentfracties
gebruikt, welke zijn onderscheiden naar valsnelheid. In de toepassing

17

van STRESS-2d op het Markermeer zijn vier verschillende fracties
gebruikt, die elk een ander deel van de valsnelheidsverdeling representeren.
De resuspensieflux is gerelateerd aan de orbitaalsnelheid aan de
bodem, die wordt veroorzaakt door wind geïnduceerde golven. De orbitaalsnelheden aan de bodem zijn berekend uit de significante golfhoogte
en -periode, die op hun beurt zijn berekend met een semi-empirisch
model gebaseerd op de Sverdrup, Munk en Bretschneider-relaties. In dit
steady-state-model zijn de golfhoogte en -periode ofwel door de
strijklengte ofwel door de diepte beperkt. De overeenkomst tussen de
gesimuleerde en de gemeten golfkarakteristieken was groot. Voor de
relatie tussen de maximale orbitaalsnelheid aan de bodem en de resuspensieflux is een aangepaste versie van de relatie van Lam en Jacquet
gebruikt. Resuspensie treedt alleen dan op wanneer de maximale orbitaalsnelheid een bepaalde grenswaarde, de zogenaamde kritische orbitaalsnelheid, overschrijdt. Voor de berekening van de resuspensieflux in
STRESS-2d zijn dezelfde fracties gebruikt als in de berekening van de
sedimentatieflux. Aan elke fractie is een eigen kritische oribaaltaalsnelheid toegekend. De waarde van deze parameters is samen met een proportionaliteitsparameter verkregen door parameteroptimalisatie, waarbij de gemeten concentraties gesuspendeerde stof en de gemeten sedimentatiefluxen zijn gebruikt.
Het bodemsediment is gemodelleerd met twee lagen: een dunne nietcohese waterige toplaag met een kritische dikte van enkele millimeters
en een laag met variabele dikte, die de IJsselmeerafzetting representeert. Tijdens perioden waarin de sedimentatie groter is dan de resuspensie zal de dikte van de toplaag groter worden dan de kritische dikte
en wordt sediment getransporteerd van de toplaag naar de onderlaag
(consolidatie). Tijdens perioden waarin de resuspensie groter is dan de
sedimentatie wordt sediment getransporteerd van de onderlaag naar de
toplaag (erosie). Daarnaast is een continue uitwisseling van sediment
tussen de beide lagen berekend (turbatie). De snelheid waarmee sediment wordt getransporteerd door consolidatie, erosie en turbatie is constant. Het effect van de grootte van deze constanten is in de verschillende optimalisatieberekeningen vergeleken.
De waarden van de resuspensieparameters en de kritische dikte van de
sedimenttoplaag zijn vastgesteld met behulp van formele parameterschattingsmethoden. Hiervoor zijn de S7"fl£SS-2d-relaties gebruikt,
maar is het horizontaal transport verwaarloosd. De beste parametersets
zijn vergeleken in simulatieberekeningen met het complete STRESS-2dmodel. Met de uiteindelijk verkregen parameterset is het gehalte gesuspendeerde stof in het water van het Markermeer vrij nauwkeurig gesimuleerd voor ten minste 85 procent van de weersomstandigheden. Bij
extreme windsnelheden nam de modelnauwkeurigheid af en is het
gesuspendeerde stofgehalte vaak onderschat. Omdat extreme windsnelheden meestal buiten het groeiseizoen optreden, zijn deze minder interessant voor de toepassingen in dit project.
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Lichtklimaat
Voor de berekening van de hoeveelheid licht onder water, die beschikbaar is voor de groei van algen, is een subroutine ontwikkeld {CLEAR,
Combined Light Energy attenuation Routine) die op eenvoudige wijze
kan worden gecombineerd met STRESS-2d.
In deze subroutine worden tijdseries van instraling afkomstig van het
KNMI omgezet in de hoeveelheid lichtenergie die onder water beschikbaar is voor fotosynthese (PAR). Vervolgens wordt een dieptegemiddelde waarde van de verticale neerwaartse extinctiecoëfficiënt berekend.
Deze coëfficiënt geeft de uitdoving van lichtenergie met de diepte weer.
Bij de berekening wordt de bijdrage van de diverse lichtabsorberende
en verstrooiende componenten berekend uit een lineaire relatie tussen
de concentratie van elke component en zijn specifieke extinctiecoëfficiënt. In CLEAR is de bijdrage van vijf verschillende componenten onderscheiden, namelijk vier gesuspendeerde stoffracties en de bijdrage
van Oscillatoria agardhii. De gesuspendeerde stoffracties zijn dezelfde
die in het STRESS-2d model zijn gebruikt. De specifieke extinctiecoëfficiënt van elke fractie is gemeten in de valsnelheidsverdelingsexperimenten. Hoewel de nauwkeurigheid in de metingen niet groot was, zijn
de resultaten van deze coëfficiënten redelijk consistent. Simulatie van
de extinctiecoëfficiënt met het model leverde acceptabele resultaten op.
Met een over de diepte geïntegreerde versie van de Lambert-Beer-vergelijking wordt de dieptegemiddelde instraling berekend uit de dieptegemiddelde extinctie coëfficiënt en de instraling onder het wateroppervlak.

Groei van Oscillatoria

agardhii

Bij de modellering van groei van Oscillatoria agardhii in het Markermeer is uitgegaan van niet-evenwichtconcepten. Daarmee is competitie
tussen algensoorten onderling uitgesloten, maar zijn tijdschalen en fluctuaties in omgevingsvariabelen veel belangrijker dan wanneer wordt uitgegaan van een evenwichtsituatie. Met twee dynamische modellen is de
in de experimenten gemeten produktie van Oscillatoria agardhii gesimuleerd. De afwijking tussen gemeten en gesimuleerde waarde was groot
bij gebruik van het model SIMPLE. In het model SIMPLE is de produktie
van Oscillatoria agardhii gerelateerd aan beschikbaar licht volgens een
Steele-relatie. Het model is voor elk experiment afzonderlijk gecalibreerd, wat resulteerde in zeer verschillende parametersets per experiment. Daaruit is geconcludeerd dat aanpassing van groeiparameters
aan de lichtomstandigheden optreedt en dat het van belang is deze aanpassing in een Oscillatoria agardhii-mode\ op te nemen.
In het model ALGA, dat ontwikkeld is door Vermij, is een aanpassing van
parameters aan de lichtcondities ingebouwd. In het model zijn een
onder- en bovengrens gedefinieerd waartussen de maximale produktie
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en de eficiëntie waarmee licht wordt aangewend voor groei kunnen variëren. Indien de beschikbare lichtenergie in het water boven een
bepaalde grenswaarde komt (hoge instralingscondities), dan naderen
deze parameters de ondergrens. Komt de beschikbare lichtenergie
onder de grenswaarde (lage instralingscondities), dan naderen zij hun
bovengrens. Met deze benadering is rekening gehouden met de snelle
aanpassing die is gemeten in de veldexperimenten. Het model is
gebruikt voor de simulatie van de in de veldexperimenten gemeten produkties, waarbij de grenswaarde voor hoge en lage lichtcondities is
geoptimaliseerd. De geoptimaliseerde waarde was zo laag, dat de
groeiparameters vrijwel continue gelijk waren aan hun bovengrens.
Hoewel het modelleren van aanpassing van groeiparametes een verbetering is vergeleken met modellen met vaste groeiparameters, was het
niet mogelijk met het model een nauwkeurige simulatie van de gemeten
produkties te geven.
De snelle aanpassing van groeiparameters aan de lichtcondities is in
het model ALGA opgenomen, de langzame aanpassing is dat echter
niet. Simulatie van de groei van Oscillatoria agardhii voor perioden van
enkele maanden in de diepe delen van het meer, leverde redelijke
resultaten op. De langzamere groei van Oscillatoria agardhii in de
ondiepe delen ten opzichte van de groei in de diepe delen is met het
model echter niet goed te simuleren. De beperkte groei van Oscillatoria
agardhii in de ondiepe delen van het Markermeer kan echter wel een
sleutelrol spelen in de afwezigheid van overmatige groei van deze
algensoort in het meer.
Simulatie van de groei van Oscillatoria agardhii met de gecombineerde
modellen STRESS-2d, CLEAR en ALGA leidde niet tot de verwachte
resultaten. Dit is met name toe te schrijven aan het beperkt functioneren
van biologische deel van het model. Dit kan verschillende oorzaken hebben, zoals: de constante verliessnelheid, de afwezigheid van langzame
aanpassing van groeiparameters en het uitsluiten van competitie met
andere algensoorten.

Modeltoepassing
Met het geïntegreerde model is de huidige situatie gesimuleerd met tijdseries van 1988 en 1989. In het model WAQUA is geen rekening gehouden met neerslag en verdamping. Om bij de lange termijn simulaties
met sluitende waterbalansen te rekenen zijn de in- en uitgelaten hoeveelheden water en de bijbehorende algenconcentraties aangepast. Simulatie van de concentratie gesuspendeerde stof leidde tot goede resultaten, enkele veranderingen in de lokatie van de IJsselmeerafzetting
waren echter onrealistisch. De overeenkomst tussen gemeten en berekende Oscillatoria agardhii-aantaWen was slecht.
Een vergelijking is uitgevoerd tussen de gesimuleerde waterkwaliteit in
de resterende wateren na aanleg van de Markerwaard en die van de
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huidige situatie. Uit de resultaten blijkt dat het effect van de gedeeltelijke
inpoldering van het Markermeer op het gesimuleerde gesuspendeerde
stofgehalte en de extinctiecoëfficiënt groot is. Over het geheel genomen
zijn het gesimuleerde concentraties gesuspendeerde stof en de extinctiecoëfficiënt na inpoldering beduidend lager dan in de huidige situatie.
Dit is voornamelijk toe te schrijven aan een reductie in de strijklengten
en veranderingen in het stromingspatroon. In de Gouwzee, het Umeer
en het Gooimeer is nauwelijks effect merkbaar. Hoewel enige voorzichtigheid betracht moet worden bij de interpretatie van de resultaten van
het Oscillatoria agardhii-model, kan worden geconcludeerd dat in vergelijking met de huidige situatie de groei van Oscillatoria
agardhii
waarschijnlijk zal toenemen in de overblijvende wateren na aanleg van
de Markerwaard. Dit komt overeen met de conclusie van de commissie
Uff dat de kans op tijdelijke bloei van Oscillatoria agardhii toeneemt.
In een derde scenariostudie zijn de effecten van een verhoogde doorspoeling met IJsselmeerwater nagegaan. In deze scenariostudie is de
verblijftijd van het water vrijwel gehalveerd. Uit de simulatieresultaten
bleek dat het effect op de concentratie gesuspendeerde stof en de
extinctiecoëfficiënt nihil is. Wel is in de simulatieresultaten een kleine
toename van de Oscillatoria agaro7?/7-concentratie geconstateerd, doordat de concentratie in het IJsselmeer meestal hoger is dan in het Markermeer. Deze verhoging is het grootst vlakbij de sluizen waar het IJsselmeerwater wordt ingelaten, maar neemt snel af door menging met
het open water.
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Summary
This thesis reports on a study of the water quality of the Markermeer,
focusing on the relationships between sediment transport, the light field
and the growth of Oscillatoria agardhii. The study comprises two aspects: an extensive data collection program accompanied with the data
analysis, and the development, calibration and application of a set of
dynamical models.

The Markermeer
The Markermeer is a large shallow fresh water lake in the centre of the
Netherlands. The surface area of the Markermeer, including the Umeer
and the Gouwzee, is estimated at 68,000 hectares. The average depth is
3.6 metres. The lake bottom is rather flat and for 6 0 % covered with a
fine silty layer, the Usselmeer deposit. No major rivers discharge into
the lake, the residence time of the water is estimated at 1.5 year.
The lake is marked moderately eutrophic, with mean phosphate concentrations of around 0.11 g-m"3 and Kjeldahl nitrogen concentrations of
approximately 1.4 gm" 3 . The optical depth of the lake is low, with average values of around 45 centimetres. The average attenuation coefficient for light energy is 3.5 m"1, with extreme values of over 10 m~1.
This low transparency of the lake water is caused by the high suspended
solids content of the water, with extreme values higher than 150 g-m"3
and a average values of approximately 45 g-m 3 . Due to the high fetch
(up to 30 kilometres), the limited depth (less than 5 metres), the flat bottom, the silty sediments and the high wind speeds occurring in the area,
resuspension and sedimentation of sediment are important processes.
They induce often high and fluctuating suspended solids concentrations.
Hence, the availability of light energy in the water column is also fluctuating too and often low.
The phytoplankton composition of the lake is dominated by green algae.
Blooms of blue-green algae occur, mainly of Aphanizomenon flos-aqua.
Growth of Oscillatoria agardhii is observed regularly, but abundant
blooms do not occur. The growth of epiphytes and submersed macrophytes is limited to the near shore areas and the Gouwzee.

Study background and approach
The absence of persistent blooms of the blue-green algae Oscillatoria
agardhii is a remarkable feature of the Markermeer. In the Usselmeer
and in the smaller Randmeren in the area, growth of Oscillatoria agardhii is abundant. Especially in the Randmeren, phytoplankton composition is generally dominated by blooms of Oscillatoria agardhii. The often
high and fluctuating suspended solids concentration and the related
23

characteristic light field of the Markermeer are held responsible for the
absence of blooms of Oscillatoria agardhii. However, this hypothesis
was based on qualitative knowledge only.
In 1976 the Houtribdijk, a dike that separates the Markermeer from the
Usselmeer, was closed. This dike was meant to be the first step towards
the construction of the polder the Markerwaard but the Dutch opinion towards the reclamation of the Markermeer changed. One of the emerging
questions was that more knowledge was needed on the impact of the
impoldering of the Markermeer on the water quality in the remaining
water areas. As the impoldering will influence the extent of sediment
transport and therewith the underwater light field, it may lead to unfavourable phytoplankton conditions and an increasing occurrence of temporary blooms of Oscillatoria agardhii, as was observed in other lakes
in the area. Other management measures have been considered,
among which the alteration of the water level and the reduction of the
residence time. To assess the effects of different potential development
and management measures, more quantitative information was needed
on the characteristic physical conditions of the Markermeer and their effects on the growth of Oscillatoria agardhii. The need for an operational
tool increased. This tool had to be able to quantify the effect of management measures on the light field and the growth of Oscillatoria agardhii
in the Markermeer. Therefore, in 1984 a study was started to assess the
consequences of regional developments for the water quality aspects in
the Markermeer area that are related to the growth of Oscillatoria
agardhii.
To increase the quantitative knowledge on the characteristic physical
conditions of the Markermeer and the insight in the relationship between
the growth of Oscillatoria agardhii and these characteristic conditions,
an extensive field program has been carried out. This program contained both the detailed monitoring of the water quality of the Markermeer at different sites and more specific term experiments with Oscillatoria agardhii.
A dynamic simulation model is developed, which describes the characteristic sediment transport and light field in the Markermeer by combining a sediment transport model (STRESS-2d) and a light attenuation routine (CLEAR). Afterwards, these models were linked with an existing
Oscillatoria agardhii growth model (ALGA). With the integrated models,
scenario studies have been performed of the effect of different development and management measures on the occurrence of Oscillatoria
agardhii in the Markermeer.

Data collection and analysis
The field program comprised the following parts:
a
a monitoring program during 1987, 1988 and 1989, with weeky measurements at two sites in the lake. This included measurements of
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temperature, dissolved oxygen, pH, Seechi-depth, attenuation coefficient, nutrient concentration, suspended solid concentration,
chlorophyll-a concentrations and phytoplankton cell numbers and
composition;
b
continuous registration of water quality variables, including temperature, irradiance at different depths, dissolved oxygen concentration, wind speed and direction, water levels, wave height and
wave period. Two to three times each year for a period of two
weeks, suspended solids concentration was analyzed in 6 to 12
samples per day;
c
sediment characteristics and light attenuation characteristics were
measured, including the fall velocity distribution measured in water
samples, samples from sediment traps and from the sediment top
layer. For suspended solids characterised by a certain fall velocity
range, the specific attenuation coefficient was measured too;
d
primary production experiments with Oscillatoria agardhii suspensions were carried out in the field with classical light and dark bottle experiments and with a modified version of these experiments
in which bottles were moved up and down the water column.
Furthermore, growth experiments with Oscillatoria agardhii have
been performed in a perspex cylinder placed in the Markermeer for
a couple of weeks in 1989 and 1990 at Y112.
The effort taken in the measurement program and sample analysis was
extensive. Much effort was also devoted to improve the accuracy of the
measurements, although not always with success.
Analysis of the data showed that the suspended solids concentration
and suspended solids composition are very variable in the Markermeer.
The suspended solids content varied between 7 and 180 g-m"3, the percentage of the organic matter to the suspended solids concentration
between 15 and 75%. This ratio decreased when the suspended solids
concentration increased, because resuspension of sediment increased
the suspended solids concentration but decreased the relative contribution of organic matter. The measured sedimentation flux increased also
when the suspended solids concentration increased and varied between
1 and 200 g-m"2-rr1. The internal load of the lake is estimated in the order of magnitude of one billion tons per year. The fall velocity distribution varies with the total suspended solids concentration. The relative
contribution of the solids with a high fall velocity increases when the
suspended solids concentration is high. The mean fall velocity of the solids ranges from 10-10"6to 110-10"6 m-s"1.
The attenuation of light energy in water, expressed in the attenuation
coefficient, shows a significant correlation with the suspended solids
content. However, the extent of light attenuation per amount of suspended solids mass (the specific attenuation), is not constant. When the
suspended solids concentration changes, so does the specific attenuation coefficient. The specific attenuation of solids within a certain range
of fall velocity however, is approximately constant. Solids with a smaller
fall velocity, thus settle more slowly, show a higher attenuation of light
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energy per unit concentration than solids which settle faster. This is
attributed to the fact that both the fall velocity and the attenuation of light
are related to the size of the solids. The average contribution of chlorophyll-a, suspended solids and water with dissolved substances to the total attenuation of light energy is estimated at respectively 25, 57 and
18%. The contribution of suspended solids is mainly due to the solids
with small fall velocities. At days when the water was relatively clear, a
slight decrease of the attenuation coefficient with the depth was noticed.
Analysis of the weekly obtained data showed that the chlorophyll-a concentration of the water increased along with the suspended solids concentration. Hence, the phytoplankton concentration is affected by resuspension and sedimentation. On the other hand, an increase in the chlorophyll-a/organic matter ratio has been observed when the suspended
solids concentration decreased. This can be attributed to the effect of
growth in the water phase.
In the light and dark bottle experiments, a maximum gross production of
14 g0 2 -gChla" 1 h" 1 was measured. Growth of Oscillatoria agardhii occurred in all the experiments. The quantitative relation between the
gross production and the available light energy varied for each experiment, indicating the importance of adaptation of growth parameters to
the light conditions. Part of the light bottles were moved up and down the
water column during the experiments, to incorporate the effect of vertical mixing on the production of algae. Though some effect of vertical
mixing on the growth of Oscillatoria agardhii was found, no conclusive
increase or decrease was observed.
A 2.8 metres high cylinder was placed in the Markermeer at Y112 and
filled with a suspension of Oscillatoria agardhii. By a system of pumps
and tubes, the suspension in the cylinder was mixed and samples were
taken every two days. Dissolved oxygen concentrations were registered
continuously. The same maximum gross production rates as in the bottle
experiments is obtained: a range of 12 - 14 g0 2 gChla" 1 h~ 1 . Maximum
respiration rates of 2.5 g0 2 gChla" 1 h~ 1 were observed for temperatures
of around 20°C. The experimental data showed clearly that maximum
production and the light utilization efficiency were not constant, but were
frequently or even continuously, subject to adaptation. Two kinds of
adaptation were observed:
fast adaptation

at sunrise, light utilization efficiency is high but this
may change during the day. During days with high
maximum mean under water irradiance values ( > 200
//E-m~2-s~1), growth parameters of O. agardhii usually
adapt to high light conditions within a few hours. During days with lower maximum values, growth parameters tend to keep their high efficiency;
slow adaptation adaptation of growth parameters to low irradiance levels (mean under water irradiance < 100 //Em 2 -s" 1 )
occurs within a few days.
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Though the experiments produced valuable information about the
growth characteristics of Oscillatoria agardhii under the light conditions
of the Markermeer, the experimental results were not conclusive
whether or not the light field of the Markermeer is the limiting factor for
growth of Oscillatoria agardhii in the long run.

Model development and applications
The model development was performed in three steps. At first a model
that describes sediment transport, resuspension and sedimentation in
shallow lakes was developed and calibrated on the Markermeer data set
(STRESS-2d). Secondly a routine was added, in which light attenuation
by suspended solids and Oscillatoria agardhii was described (CLEAR).
Finally, the Oscillatoria agardhii growth model ALGA has been integrated with the other models. Prior to the integration, each model was
calibrated and validated separately.

Sediment Transport, Resuspension and Sedimentation (STRESS-2d)
The fwo-dimensional model for Sediment Transport, Resuspension and
Sedimentation in Shallow lakes (STRESS-2d) is developed by Blom and
Van Duin for lakes in the Usselmeer area. The model is based on an
existing two-dimensional horizontal hydrodynamic model, WAQUA. In
WAQUA the studies area is divided in many compartments, for which the
advection diffusion equation is solved. In STRESS-2d this advection diffusion equation is expanded with an additional source term (resuspension) and an additional sink term (sedimentation).
The sedimentation flux is estimated from a linear relationship between
the suspended solids concentration and the settling speed. To account
for variation in the settling speed, different fractions are used, distinguished by differences in fall velocity. In the Markermeer application
four different fractions were used, each representing a different part of
the fall velocity distribution.
The resuspension flux is related to the bottom orbital velocities produced by wind waves. Bottom orbital velocities are computed from the
significant wave height and the significant wave period, which are estimated with a semi-empirical model based on the Sverdrup, Munk and
Bretschneider method. In this steady state model, wave height and period are either fetch or depth limited. The agreement between simulated
wave characteristics and measured ones was very good. The equation
of Lam and Jaquet is used to relate the resuspension flux to the maximum orbital velocity. In this equation, resuspension occurs if the maximum orbital velocity exceeds a certain threshold value, the critical orbital velocity. In STRESS-2d, the same fractions, based on fall velocity that
are used for the computation of the sedimentation flux, are used in the
computation of the resuspension flux. Different critical orbital velocities
are assigned to each fraction. The values of these critical orbital veloci27

ties and the concomitant proportionality constants are obtained by parameter optimization, using measured suspended solids concentrations
and sedimentation fluxes.
The lake sediment is modelled with two layers: a thin non-cohesive
watery top layer with a critical thickness of a few millimetres overlying
a layer representing the Usselmeer deposit. During periods with nett
sedimentation, the thickness of the top layer will exceeds the critical value and surplus material is transported to the lower layer (consolidation).
During the periods with nett resuspension, sediment is transported from
the lower layer to the top layer (erosion). Additional mass transport
between both layers is incorporated (turbation). The velocity of mass
transport by consolidation, erosion and turbation is fixed. Different values of these velocities are compared in the parameter optimization runs.
Values of the resuspension parameters, the critical thickness of the sediment top layer and of the consolidation, erosion and turbation velocity
were assessed by formal parameter optimization, using the STRESS-2d
equations while ignoring horizontal transport. The best parameter sets
were compared in the STRESS-2d model. With the final parameter set,
the suspended solids concentration in the water of the Markermeer
could be simulated rather accurately for at least 8 5 % of the occurring
weather conditions. With extreme wind speeds, the accuracy of the model decreases somewhat as the simulated suspended solids concentrations is sometimes lower than the measured values. As extreme wind
events occur generally outside the growing season, these events are
less important within the scope of this project.

Light field (CLEAR)
To estimate the available light energy for phytoplankton growth in the
water phase, a Combined Light Energy attenuation Routine (CLEAR) is
developed, which could easily be integrated in the STRESS-2d model.
In the model, time series of light energy obtained from the KNMI, are
transposed to under water irradiance values in the range of the Photosynthetically Available Radiation (PAR). A depth averaged value of the
(vertical downward) attenuation coefficient, which describes the decrease of light energy with the depth, is estimated from the various light
scattering or absorbing components. The contribution of each component to the total vertical downward light attenuation is modelled as a linear relationship between the concentration of the component and its
specific attenuation coefficient. In this model five components are distinguished: four suspended solids fractions and the number of cells of
Oscillatoria agardhii. The four suspended solids fractions are the same
fractions used in the STRESS-2d model. Their specific attenuation coefficients are measured in the fall velocity distribution experiments.
Although these measurements are not very accurate, results of these
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measurements are consistent and the agreement between measured
and simulated light attenuation is good.
With a depth integrated version of the Lambert-Beer equation, the total
under water irradiance is estimated from the under water irradiance and
the attenuation coefficient.

Algal growth
The modelling of the growth of Oscillatoria agardhii in the Markermeer
is based on non-equilibrium concepts. Hence, competition with other algae is excluded but time scales and environmental fluctuations are considered to be important. With two dynamic non-equilibrium models, the
production of O.agardhii, measured in the experiments, was simulated.
With a relatively simple model (SIMPLE), which simulates light limited
production with fixed growth parameters, the representation of the measured production is poor. Differences between the light dependent
growth parameters, obtained by calibration on the separate experiments, are large. Therefore it has been concluded that adaptation of the
production parameters to the light conditions occurs and this adaptation
should be incorporated in an O.agardhii growth model.
Inthe model ALGA, developed byVermij,adaptation ofgrowth parameters
is incorporated. An upper and lower boundary are set for the maximum
productivity and the light utilization efficiency. If the under water irradiance is higher than a threshold value, these parameters approach the
lower boundaries (high light conditions). With under water irradiance
levels below this threshold value, these parameters approach the upper
limits (low light conditions). This construction accounts for the fast adaptation of growth parameters observed in the experiments. When the
model is applied to the results of the field experiments, the calibrated
values of the threshold values are that low, that the growth parameters
are equal to the lower boundaries for most of the time. Although, the
modelling of adaptation of growth parameters in ALGA is an improvement compared to fixed parameter models, the model ALGA does not
succeed in an accurate simulation of the production measured in the
experiments in its present form. The slow adaptation of growth parameters to the light conditions, as observed in the experiments, is not
incorporated in ALGA. Simulation of the growth of algae for periods of
months in the deeper parts of the lake showed rather good results.
Unfortunately, the fact that the growth of O.agardhii is less in the shallower parts of the lake than in the deeper parts, could not be simulated
with the model. Although the modelling of adaptation of growth parameters in ALGA is an improvement compared to fixed parameter models, the model ALGA does not yet result in an accurate simulation of the
production measured in the experiments.
Simulation of the growth of O. agardhii by combination of the model
ALGA with the models STRESS-2d and CLEAR has led to rather poor re29

suits, which is mainly due to imperfections in the biological part of the
model, e.g.: the constant loss rate, the absence of slow adaptation, the
exclusion of competition with other species, etc. A high loss rate, as calibrated by Vermij, led to a dramatic decrease of cell numbers in winter,
which was not compensated by growth in summer. The use of a lower
loss rate led to some improvement of the simulation results.

Application of the integrated model
With the integrated model, the present situation is simulated with time
series of 1988 and 1989. As precipitation and evaporation are not included in the model WAQUA, discharges of water and concentrations of phytoplankton in these discharges are adjusted in order to obtain realistic
water balances. Long term simulation of the suspended solids concentration led to acceptable results but some changes in the simulated location of the Usselmeer deposit were unrealistic. The agreement between
measured and simulated Oscillatoria agardhii concentrations was rather
poor.
Simulation of the Markermeer after construction of the Markerwaard
was conducted. The effect of the construction of the Markerwaard on the
simulated suspended solids content and the attenuation coefficient is
considerable. In general, lower suspended solid concentrations and
attenuation coefficients are simulated in the areas remaining after the
construction, due to reduction in fetch lengths and changes in flow patterns. The Gouwzee, Umeer and Gooimeer are hardly affected. Although
some care should be taken with the interpretation of the simulation results of the biological model, it can be concluded that the growth of
Oscillatoria agardhii in the water areas remaining after the construction
of the Markerwaard will probably increase compared to the present situation. Hence, this seems to agree with the conclusions of the Uff committee, that the possibility of the temporary blooms of Oscillatoria agardhii is expected to increase.
The effect of increased flushing with water from the Usselmeer on the
suspended solids concentration and the attenuation coefficient is minimal, even though the residence time of the water is halved in this scenario. Increased flushing causes a small increase in the numbers of
Oscillatoria agardhii, as the concentration of Oscillatoria agardhii is
usally higher in the Usselmeer than in the Markermeer. This effect is
noticed especially near the discharging sluices, but this effect diminishes at some distance of the sluices because it is absorbed in the
larger water body.
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1 Introduction
The Markermeer is a large shallow fresh water lake in the centre of the
Netherlands. The water quality of the lake, with respect to micro pollutants, phytoplankton blooms and eutrophication, is good, compared to
other lakes in the area. The lake sediment consists mainly of very fine
silty material. Therefore processes in the lake are dominated by the intensive resuspension and subsequent settling of sediment. This results
in a highly fluctuating suspended solids content of the water. The concomitant variability of the under water light field of the lake is held responsible for the absence of permanent blooms of troublesome bluegreen algae (cyanobacteria) like Oscillatoria agardhii (Commissie Uff,
1984).
The regional development of the area is still proceeding and several
possible management measures are being considered, varying from
water level alterations to the reclamation of a polder of 41,000 hectares.
As most measures will influence the extent of sediment transport and
therefore the under water light field, the execution of such measures
may lead to unfavourable phytoplankton conditions. Hence, additional
information was needed, concerning the relationships between sediment transport, the under water light field and the growth of Oscillatoria
agardhii and the impact of possible measures on these processes. A
research project was set up to study these processes and to develop an
operational model to simulate the effects of the proposed measures. The
research was conducted by the Agricultural University Wageningen,
Nature Conservation Department, and by Rijkswaterstaat, directorate
Flevoland (former Usselmeerpolders Development Authority), Scientific
Department. The results of this study are presented in this thesis.

1.1 History
Until 1976, the Markermeer used to be part of the Usselmeer, when the
Houtribdijk, the dike between Enkhuizen and Lelystad, was closed
(Figure 1.1). Like the other lakes in the area, its history and possible its
future are determined by the realisation of the Zuyder Zee project.

1.1.1 The Zuiderzee Project
Until 1932, the Zuiderzee in the centre of the Netherlands had an open
connection with the Waddenzee (Figure 1.1), which is connected to the
Noordzee. Hence, the water was saline. Plans to dam the Zuiderzee
were first launched in the 17th century, but it was not until 1918, after the
major floods of 1916, the Zuiderzee Act passed parliament. The Zuiderzee Project involved the damming of the Zuiderzee, the creation of a
large fresh water lake, named the Usselmeer, and the reclamation of
over 200,000 hectares of new land. The initial aims of this project encom-
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Figure 1.1 The IJsselmeer area

passed improving the water management of the surrounding areas and
protecting them against flooding, the reclamation of fertile agricultural
land and the provision of new employment opportunities. With the sharp
rise of the population and the extensive industrialization, other aims
were included with respect to nature preservation, urban expansion and
recreation (Van Duin and De Kaste, 1985). In Zuidelijk Flevoland, reclaimed in 1967, the agricultural areas cover only 50 % of the land area
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and a wetland, with a total area of 5,500 hectares, is preserved, which
is called the Oostvaardersplassen.
In 1976 the Houtribdijk was completed, separating the Markermeer from
the Usselmeer. This dike was meant to be the first step towards the reclamation of the last polder; the Markerwaard. The increased consciousness of the environmental value of open water areas like the Markermeer and the growing agricultural surpluses in Europe, gradually
changed the Dutch attitude towards the reclamation of the Markermeer.
The reclamation of the Markerwaard was postponed and further studies
were commissioned. In 1985, the Dutch cabinet decided to reclaim the
Markerwaard as soon as certain conditions were met. Two complete
alternative proposals were put forward, involving the reclamation of
polders of 41,000 hectares and 23,000 hectares (the Markerwaard and
Westelijk Flevoland) respectively. Both plans were not accepted by parliament, mainly for financial and ecological reasons. Several further
studies concerning these objections were issued. One of the objections
was the possible negative effect on the water quality of the remaining
fresh water areas.
In 1990, the cabinet stated that reclamation of the Markerwaard would
not be realised during its governing period. However, the possibility of
the impoldering of the Markermeer in the future was kept open.

1.1.2 Water quality in the Usselmeer area
The Usselmeer is a very large eutrophic lake. The major water input is
through the river Ussel, a branch of the river Rijn. Enrichment with
nutrients and pollution with heavy metals and organic micro pollutants,
is mainly caused by this river. Nutrient concentrations in the Usselmeer
are usually > 0.10 gP.nrr3 and > 2.2 gN.nrï3 (de Rijk, 1990). Chloride concentrations seldom exceed the standard of 200gCl.m"3. In general, green
algae make up more than half of the biomass in the Usselmeer (100
mgChla.nrr3), mainly Scenedesmus species. Inspring, temporary blooms
of diatoms are found, sometimes followed by blooms of cyanobacteria in
late summer or autumn. Most often blooms of Microcystis aeruginosa
occur, but sporadically blooms of Oscillatoria agardhii,
Oscillatoria
redekeii, Aphanizomenon flos-aquae or Aphanocapsa
delicatissima
have been observed (Berger and Sweers, 1988).
With the reclamation of the polders of Flevoland, a string of interlinked
lakes was created between these polders and the main land on the East
and South sides (Figure 1.1). The annual influx of phosphorus and nitrogen varies from one lake to the other but is generally high, up to 30
gP.m"2 and 90 gN.nr 2 for the Eemmeer and Gooimeer (Berger, 1987).
This initially led to a substantial increase in submerged water plants in
the end of the sixties. After the first bloom in 1971,the cyanobacterium
O.agardhii has been more or less continuously dominant in these lakes
and the area covered with macrophytes gradually lessened. To over33

grow other species, O.agardhii needs a restricted but well regulated
daily energy supply. As O.agardhii grows relatively slowly, the residence time in the lakes is probably also an important factor that determines the possibility of blooming (Berger, 1987).
The water quality of the Markermeer, with average phosphate and nitrogen concentrations of 0.11 gP.nr 3 and 1.6 gN.nv 3 respectively and
average chlorophyll-a concentrations of 0.7 mgChla.m" 3 (Chapter 3), is
usually better than the water quality of the other lakes in the area. Still,
on the basis of nutrient concentration, the lake is classified as eutrophic
and a higher phytoplankton biomass was expected than is actually
found. The often high and fluctuating suspended solids content, which
causes the characteristic light field of the Markermeer, is held responsible for the absence of blooms of O.agardhii in this lake (Berger et al,
1986). Temporary the growth of algae is also nutrient-limited in the
Markermeer (Vermij and Janissen, 1991).

1.2 Study outline
The present reasonable water quality situation of the Markermeer and
the fear for a deterioration due to the various proposed regional developments, led to an increased interest in the specific water quality
characteristics of the Markermeer by the involved authorities.

1.2.1 Background
With the reclamation of the Markerwaard still under consideration and
the growing consciousness of the environmental value of the Markermeer, more knowledge was required on the impact of regional planning
features on the water quality in the area. In 1984 a special committee,
the 'Commissie Algenbloei Westelijke Randmeren' (Commissie Uff),
was installed to assess the effect of the reclamation of the Markerwaard
on the water quality of the remaining lakes, paying special attention to
the growth of the cyanobacterium Oscillatoria agardhii. This committee
concluded (Commissie Uff, 1984);
- 'the possibility of a permanent dominance of blue-green algae (cyanobacteria) in the lakes, which would remain after the reclamation of the
Markerwaard, is not basically different from the probability for this to
occur in a situation without the reclamation;
- the possibility of the occurrence of temporary blooms of blue-green algae is expected to increase compared with the current situation. The
committee presumed that a change in the frequency of temporary
blooms of blue-green algae would be possible. Especially the possibility of temporary blooms of O.agardhii is expected to increase.'
This increasing possibility of temporary blooms of O.agardhii after reclamation of the Markerwaard, depends on the measures that will be taken
to prevent the occurrence of these blooms. Several measures were
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suggested, including a decrease in residence time by enhanced flushing
with water from the Usselmeer and a change in the size and shape of
the planned Markerwaard. To assess the effects of the different potential
measures, more detailed knowledge was needed on the characteristic
physical conditions of the Markermeer and their specific effect on the
growth of O.agardhii. Furthermore, a tool was needed to simulate the
effect of the alternative measures. Therefore, in 1984 a study was commissioned by the Usselmeerpolders Development Authority (later
named RWS, Directorate Flevoland) to assess the consequences pf regional developments for the water quality in the Markermeer area, especially on the growth of O.agardhii, and the effect of possible measures
to improve the water quality. In 1986 the Agricultural University
Wageningen, Department of Nature Conservation, became involved in
this study and in close cooperation a four year study was launched (Van
D u i n e t a l , 19891).

1.2.2 Approach
In principle, mathematical models are best suited to assist the water
manager in evaluating the effectiveness of lake eutrophication control
measures (Van Straaten, 1986). Statistical models, including black box
models, may be useful for control but have no predictive value if radical
changes in lake characteristics are considered. Thus a conceptual
model is required, preferably with a theory oriented character in order
to predict phenomena that have not yet been observed. To account for
stochastic variations in processes, parameters and variables, stochastic
behaviour should be incorporated in the model. Furthermore, to include
seasonal variability, the model should be dynamic. Based on the classification of Van Straaten (1986), to assess the effect of management measures on the light field and phytoplankton growth in the Markermeer a
conceptual (theory oriented), stochastic, dynamic model is suited best.
However, the development of such a model was not an easy task,
because the processes affecting phytoplankton growth in the Markermeer are complex and available data were limited. A conceptual (partly
theory oriented, partly data oriented), deterministic, dynamic model has
been developed, which comprises three separate models;
- a model to simulate suspended solids concentrations (STRESS-2d),
- a model to characterize the under water light field (CLEAR) and
- a model to simulate phytoplankton growth, focusing on the growth of
Oscillatoria agardhii (ALGA).
Each model is calibrated separately. Finally the models are linked, and
the growth of O.agardhii in the Markermeer is simulated for the period
January 1988 - December 1989. To guide both the model development
and the calibration and validation of the models, an extensive field study
was included in the project.
The basic features and the origin of the three models are summarized
below, the flow chart of the model approach is presented in Figure 1.2.
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Figure 1.2 Flowchart

STF)ESS-2d, a two-dimensional model for Sediment Transport, Resuspension and Sedimentation in Shallow Lakes (Van Duin
and Blom, 1992; Chapter 4). With the sediment transport
model, the effect of management measures on the
suspended solids concentration in the Markermeer,
focusing on wind induced resuspension of sediment, is
simulated. As large spatial variations in the process rate
were expected and development measures often involve
changes in the morphometry of the lake, the model had to
be at least two-dimensional. A two-dimensional water
transport model (WAQUA; Stelling, 1984) was available
and is used as a basis of the model. The sediment transport model is basically conceptual and theory oriented,
but some specific processes are modelled data oriented
if no radical changes in these processes, parameters or
input variables are expected. Part of the stochastic
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CLEAR,

ALGA,

character of weather data is included by the simulation of
two different years of weather data.
a Combined Light Energy Attenuation Routine (Van Duin
et al, 1992). In this model irradiance, suspended solids
and phytoplankton concentrations are transposed into a
characterization of the under water light field. The model
is developed simultaneously with the STRESS-2d model.
Inthe Markermeer study the models are linked, producing
a spatial distribution of the under water light field. In this
model, for lack of theory oriented descriptions, relationships are based on field data (Chapter 5). Hence, application of the model is restricted to the Markermeer and
extrapolation should be considered with care if the effect
of management measures are to be predicted.
a light limited growth model for O.agardhii (Vermij, 1992).
The development of the phytoplankton growth model
forms no part of this thesis. An existing model, ALGA,
developed especially for the Markermeer situation, has
been used. Hence, the discussion of this model is limited
to a model description, simulation and validation (Chapter
6).

The field study included the measurement of variables related to sediment transport and to the characteristics of the under water light field
and phytoplankton growth in the Markermeer. Measurements had to
serve both process studies and model calibrations (Chapter 3). Besides,
a variety of field experiments was conducted to assess the specific conditions of the light field essential for the growth of O.agardhii and to
study the growth of O.agardhii under Markermeer conditions. As the
extrapolation of laboratory experiments to field conditions is hazardous,
experiments were conducted in the Markermeer itself (Chapters 3 and
6).
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2 The Markermeer
The Markermeer is an extensive open water area, in the centre of the
Netherlands. Besides, the ecological functions, social functions are attached to the lake, among which agricultural water supply, recreation,
fishery and shipping (Ministerie van Verkeer en Waterstaat et al, 1990).

2.1 Morphometry and morphology
The lake is characterized by a large open shallow area with a limited
amount of inflow and outflow compared to its volume. The lake boundaries consist mainly of dikes. Only locally in the South and West there are
some beaches.

2.1.1 Topography
The Markermeer is separated from the larger Usselmeer by a dike in
the North-east of the lake, the Houtribdijk. Inthis dike, ship locks and discharge sluices are constructed near Lelystad: the Houtribsluizen, and
near Enkhuizen: the Krabbersgatsluizen (Figure 2.1). The southern part
of the lake is called the Umeer. Near Amsterdam the Umeer is separated from the IJ by the Oranjesluizen. The Umeer is connected in the
East to a string of three lakes bordering Flevoland; the Gooimeer, the
Eemmeer and the Nijkerkernauw (Figure 1.1). The Umeer and the Gooimeer and the Gooimeer and the Eemmeer are connected by channels
with a width of less than 100 metres. The surface area of the Markermeer, including the Umeer and Gouwzee, is estimated at 68,000 hectares, the volume at 2,5 billion m3.

2.1.2 Sediment
The Markermeer, including the Umeer, is a shallow lake with a mean
water depth of 3.6 metres. The lake bottom is rather flat, sloping gently
towards the Northeast, (Figure 2.2). Less than 9 % of the lake area has
a depth less than 2.0 metres (Berger et al, 1986). Local sand pits and
shipping channels have depths over 4.5 metres. In the Umeer, a very
large sand suction pit is located with an area of more than 500 hectares
and a depth of more than 30 metres.
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The lake bottom dates from the Holocene and mainly consists of clay
layers. In the western part of the lake, layers of fine and coarse sand
have been deposited between the clay layers. Near Enkhuizen, the lake
bottom consists of both fine and coarse sand. This sand, called the Enkhuizerzand, locally reaches a thickness of approximately 5 metres.
Around the isle of Marken, peat is found in the top layers of the lake bottom. On top of the older deposits, a layer of fine silts is found on sixty
percent of the lake bottom. This layer is called the Usselmeer deposit.
The water and lutum content of this deposit is high (Winkels et al, 1989).
This material consists partly of material eroded from older deposits and
partly of material supplied by the river Ussel, after the closing of the
Afsluitdijk (§ 1.1.1). While no marine shells are found in the Usselmeer
deposit, this deposit can be easily distinguished from the older Holocene
deposits. The extent and thickness of the Usselmeer deposit is presented in Figure 2.3. Before the construction of the dike Enkhuizen-Lelystad
almost the entire lake was covered with a layer of this Usselmeer deposit. After the construction of this dike, the main flow patterns in the lake
changed dramatically and the Usselmeer deposit has been relocated
(Winkels et al, 1989).
On top of all geological deposits, a thin ( < 0.01 metre) oxic silt layer is
found over the entire surface of the lake. This layer consists of freshly
deposited sediment with a water content in the order of 95 %.
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2.2 Limnology

2.2.7 Water balance
In order to preserve a large fresh water reserve and to enable water
supply to the surrounding rural areas, the target water level of the Markermeer is set at 0.20 m -NAP (Nieuw Amsterdams Peil) during the summer period, from the first of April until the first of October. During the
winter period,the target water level is set at 0.40 m -NAP in order to facilitate the drainage of the surrounding polder areas.
The water balance of the Markermeer, including the Umeer, Gouwzee,
Gooimeer, Eemmeer and Nijkerkernauw, is determined by precipitation
and evaporation, the in- and outflow of water, infiltration and storage.
The values for 1988 are presented in Figure 2.4. The average precipitation in the Netherlands amounts to an average of 750 millimetres per
year (550 million m 3 in 1988 and 460 million m 3 in 1989 for the Markermeer area) and the average open water evaporation (Penman) to 650
millimetres per year (450 million m 3 in 1988 and 520 million m 3 in 1989
for the Markermeer area). Under the current water management, the
main input to the lake are precipitation, the inlet of water from the Usselmeer through the Houtrib- and Krabbersgatsluices, the discharge by the
pumping stations of Flevoland, de Blocq van Kuffeler and the Wortman
and the river Eem. The main output are evaporation and the outlet of
water to the Usselmeer by the Houtrib- and Krabbersgatsluizen and to
the sluices to the Noordzeekanaal, near Zeeburg and Schellingwoude
and the inlet of water for agricultural purposes in Noord-Holland.
Detailed water balances for 1988 and 1989 are presented in Appendix II.
In these water balances storage is estimated from water level alterations. In the initial water balance of 1988, the input is overestimated or
an output of 138 million m 3 is missing. This could be accounted for by
infiltration, which is not incorporated in the balances. This corresponds
to a mean infiltration for the entire area of 0.56 mm-day"1, which seems
not an unreasonable value (Hebbink, 1991). In the water balance of 1989
the input is underestimated with 76 million m 3 , excluding infiltration.
Including the same amount of infiltration as estimated for 1988, would
even worsen differences. The accuracy in the estimated values of inlet
and outlet of water by sluices is rather low, as these values are estimated from opening hours of sluices. Besides, precipitation and evaporation values are obtained from a weather station near Lelystad, but
values may differ locally.
With a water level of 0.20 m -NAP, the total volume of water in the area
is estimated at 2.4 billion m 3 (De Rijk, 1990). With a total discharge of 1.8
billion m 3 per year, the residence time of the water in the Markermeer
area is estimated at 1.5 year.
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Figure 2.4 Water balance of the Markermeer area of 1988(in 10°m3)
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2.2.2 Water quality

characteristics

An important reason for the suppletion of water from the Usselmeer into
the Markermeer is to dilute the salt content of the Markermeer. The
water discharged by the Blocq van Kuffeler, contains a chloride concentration of approximately 350 gCI-m"3, resulting in a load of 150 million
kgCI per year. Several smaller pumping stations along the coast of
Noord-Holland discharge water with a high salt content as well. By
flushing the Markermeer with water from the Usselmeer, the chloride
concentration is kept below 200gCI-m"3.
The phosphate load of the Markermeer is in the order of 1.4 gPnr 2 year 1 , half of it originating from the Usselmeer. Other major contributors are the Eem and Vecht and the pumping stations of Flevoland and
Noord-Holland. In 1987, 1988 and 1989 the phosphate concentration
varied around 0.11 gPm" 3 and the nitrogen concentration around 1.6
gN-m"3. Though the water is rather eutrophic, it usually still meets the
Dutch basic minimal water quality standards of <0.15 gP-m 3 and <2.2
g N n r 3 respectively. The concentration of micro pollutants in the lake is
very low and the sediment of the Markermeer is among the least polluted in the Netherlands.
The optical depth of the lake is low with an average of 0.4 m, though
occasionally values of above 1 m are measured. This low transparency
is caused by the high suspended solids content of the water, varying between 10and 200gm" 3 , with an average value of 50gm" 3 . Duetothe large
fetch (up to 30 kilometres), the limited depth (up to 4.5 m), the flat bottom
and the silty sediment, resuspension and sedimentation of sediment are
the most prominent processes in the lake. They induce high and fluctuating suspended solids concentrations. Hence, the optical depth and
the availability of light energy is fluctuating as well and generally low.
This is an important factor in the ecology of the area.

2.2.3 Ecological aspects
The phytoplankton composition in the Markermeer is dominated by
green-algae (Chlorophyta), mainly Scenedesmus-species with small
blooms of diatoms (Chrysophyta) in spring. Occasionally, blooms of
cyanobacteria (Cyanophyta) occur, mainly of Aphanizomenon flosaquae. Oscillatoria agardhii is found regularly, but abundant blooms do
not occur. Although blooms of Microsystis aeruginosa do occur very
regularly in the Usselmeer, they are not found in the Markermeer,
except occasionally near the Krabbersgat- and Houtribsluizen. Due to
the relatively small optical depth of the water, the growth of epiphytes
and submersed macrophytes is limited to the near shore areas and the
Gouwzee.
The macro zoobenthos mainly consists of fresh water mussels (Dreissena polymorpha), insect larvae (Diptera, Chironomidae), worms
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(Vermes, Oligochaeta) and crustaceans (Crustucea, Gammaridae) (Van
Eerden and Zijlstra, 1986). Fresh water mussels are found throughout
the entire Western part of the lake, where the sediment is stable enough
for their attachment. Fish species are dominated by smelt (Osmerus
eperlanus), ruffe (Gymnocephalus cernuns), bream (Abramis brama),
perch (Perca fluviatilis), pike perch (Stizostedion lucioperca) and eel
(Anguilla anguilla) (Van Eerden and Zijlstra, 1986). The lake is important
for birds to rest, to moult and to forage. In winter, assemblies of great
crested grebes, smew and goosander prey on small fish, while thousands of tufted duck, pochard and seaup prey on mussels. In spring and
summer, cormorants, breeding in the nearby nature reserves the Oostvaardersplassen, the Lepelaarsplassen and the Naardermeer and in
summer large numbers of common and black terns as well, are committed to the Markermeer and the southern part of the Usselmeer for foraging. Large numbers of diving ducks visit the area in the summer to
moult.
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3 Measurement methodsanddata analysis
Water quality monitoring is the effort to obtain quantitative information
on the physical, chemical and biological characteristics of water via
statistical sampling (Sanders et al, 1987). The results of this effort, the
water quality data, are the base of water quality management and in
environmental research. Only recently, has the random nature of water
quality and the complexity of monitoring water quality characteristics
been recognized. Two major steps can be defined in water quality monitoring: the design of the measurement program and the execution of the
water quality monitoring. Usually, both steps have the limitation of financial resources in common.
Inthe design of water quality monitoring programs the time scales of the
processes to be studied and the spatial variations expected in these processes are the key factors. Unfortunately, not much time is spend on this
design and often studies are conducted with data that happen to be
available. A rule of thumb could be that at least three to four samples
should be taken within the time constant of the studied process in order
to perceive its dynamics. On the other hand,the sampling period should
be at least three to four times the time constant of the process to reveal
significant trends. As in most studies several processes are studied,
sampling of various variables at different time intervals and for different
lengths of periods might be advisable. For example, for the Usselmeer
area Van Urk et al (1990) remarked that monthly sampling gave no
representative view of the actual chlorophyll-a variations. To account for
spatial variations is even more difficult. The number of sites to be sampled is also dependent upon the processes that are studied and often not
clear until the data are analyzed.
Ward et al (1990) distinguish six components in the total water quality
monitoring system, necessary to generate water quality data, i.e. sample collection, laboratory analysis, data handling, data analysis, reporting and information utilization. Traditionally, the first three components
have been viewed as the total system, because the acquisition of data
was viewed as the end point. In studies in which the data collection is
not performed by the same person handling the information utilization,
it is even harder to check, whether data are truly reliable and well interpreted. Reproducibility, often a good touchstone of data reliability, is
often impossible in field experiments. A well known method to improve
reliability is to work with duplicates; if possible by using different devices and methods. However, this will increase costs and is not necessary conclusive. The problem remains when results disagree; which of
the two data is correct, should the mean value be used or are both data
unreliable ? To enhance reliability samples could be taken in threefold
with triple analyses and measurements and if possible, using three different devices and methods. Evidently, this will increase costs even
more. As money and time are often limited, retrenchments have to be
made on the data collection. This means if measurements are done in
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duplicate or triplicate, this affects the design of the monitoring program
as less sites can be sampled or the sites are sampled less frequently.
Besides the inherent inaccuracy in data collection, there is the problem
of the human component. In principle the devices used may be capable
to produce good results, but they may be used incorrectly or not be
maintained well: A sensor may not be calibrated as frequently as
needed, the samples taken may be disturbed or not representative. As
human failure is inevitable, it is important to account for this when data
are analyzed. Again, this is even more difficult when data analysis and
data collection are performed by different persons.

3.1 Sampling Strategy
In the Markermeer project a major effort in data collection and analysis
has been made. Time and again, corrections were made for device failures, inaccuracies in calibration, mistakes in interpretation, etc. Many of
these mistakes could not be anticipated, and possibly several more
remained unobserved. The effort resulted in a data base with 'apparently' reliable data.

3.1.1 Sampling sites
For the calibration of the spatially segmented model, data are collected
with high frequencies attwo different sites, referred to as Y111and Y112.
Site Y111 is situated in the middle of the lake, in a region with only small
spatial variations in sediment composition and water depth. The bottom
depth is 4.2 m-NAP, which results in an average water depth of 4.0 m in
the summer. Site Y112 is situated near the island Marken in an inhomogeneous area with a bottom depth of 3.2 m-NAP, which results in an
average water depth of 3.0 m in the summer. After construction of the
polder Markerwaard, this spot would be situated in the middle of one of
the remaining lakes. The location of both sites is presented in Figure3.1.
As the final goal of the model is the simulation of the growth of Oscillatoria agardhii, measurements are limited to the main primary production
period; from April until November. During these periods platforms or
poles were mounted in the lake, which had to be removed in the winter
to avoid damage by ice. Eight additional sites were visited every few
weeks, in order to gain more information about the spatial distribution
for a limited validation of the phytoplankton model.
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3.1.2 Sampling

frequencies

The temporal resolution needed for the 2-dimensional water quality
model is high for the suspended solids concentration and the under
water light conditions. A good model requires a rather high frequency of
measurement of the variables controlling these factors, as their values
may change drastically within hours. If the direct response of phytoplankton to the available light energy is to be modelled, variables controlling this response should be measured with the same frequencies.
To trace seasonal variations, weekly measurements may be sufficient.
The measurement program consisted of basically four types of measurements, which are:
regular water quality measurements,
like temperature, dissolved oxygen, pH, Secchi-depth, attenuation
coefficient, nutrient concentration, suspended solids concentration,
chlorophyll-a and phytoplankton numbers. These measurements
were generally performed on a weekly basis, but during the high
frequency sampling periods on a daily basis. To account for stratification, temperature, pH, dissolved oxygen and chlorophyll-a were
measured at two depths, 0.5 m below the surface and at half the
depth;
continuous measurements of water quality variables,
with automatically recording equipment. Sensors were mounted on
platforms and values were recorded of temperature, dissolved
oxygen, irradiance, wind speed and direction, water level and flow
velocity and direction;
sediment and light attenuation characteristics,
besides well known measurements, like suspended solids concentration analysis in samples from automatic samplers and the use of
sediment traps to measure sedimentation fluxes, fall velocity experiments were performed and the sediment top layer was sampled.
Furthermore specific attenuation coefficients of various sediment
fractions were measured;
primary production experiments,
experiments were performed in the field with classic light and dark
bottle experiments and with a modified version of these experiments, in which bottles travel up and down the water column.
Furthermore, growth experiments with Oscillatoria agardhii were
performed in a perspex cylinder placed in the Markermeer for a
couple of weeks.
Although, the first measurements for this project were done in 1984, the
main effort in data collection and problem analysis as described above,
started in 1987. During 1987, 1988 and 1989,the platforms posted at Y111
and Y112 were visited weekly from April until November to take
samples, for maintenance of the equipment and to replace data loggers.
During four two week periods in 1988, the sites were visited 5 days a
week for high frequency sampling and some maintenance. During three
two week periods in 1989, the sites were visited three times a week.
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These high frequency periods are specified in Appendix 5. In 1990 some
additional primary production experiments were done, some preliminary experiments were done already in 1988. A summary of the measurement program and frequency is presented in Table3.1.
Table 3.1 Summary of the measurement
Variable

Temperature
Dissolved Oxygen
PH
Seechi
Attenuation coeff.
Chlorophyll-a
Phytoplankton counts
Nutrients
Organic carbon
Suspended solids
Sediment traps
Fall velocity distr.
Sp. attenuation coeff.
Light and dark bottles
Cylinder experiment

Manual/

Weekly/

cont.

high-f

+/+
+/+
+/ +/ +/+
+/ +/ +/ +/ +/+
+/ +/ +/ +/ +/+

+/+
+/+
+/+
+/+

program
Depth
srf

V

+
+
+

+
+
+

+
+
+

+
+
+
+

-

+
+

+
+/+
+/ +/ +/ +/+
+/ +/+
+/+
- /+
- /+

1987

1988

1989

1990

+
+
+
+
+
+
+
+
-

+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+

3.2 Regular water quality measurements
During the sampling season, Y111 and Y112 were visited at least weekly,
but often more frequently. During each visit, some manual water quality
measurements were done as summarized in Table 3.2. Usually the ship
engine is brought in reverse to slow the ship and some manoeuvring is
needed to land the ship at the platform or pole. By this action, large
amounts of sediment are resuspended. Depending on the stream velocity and dispersion, sampling ought to be postponed for at least half an
hour or more, before representative samples could be obtained. If no
visit to the platform was needed, sampling could be done while the ship
was drifting. High peaks in measured concentrations are often due to a
lack of carefulness in this respect.
Sampling is usually done with a centrifugal submersible pump with a capacity of 1 m 3 an hour, which was let down at the prescribed depth. At
the main sampling sites, samples were taken at two depths; at 0.5 m
below the surface (srf) and at mid water depth, referred to as \z, which
is set at 1.5 m and 2.0 m for Y112 and Y111 respectively. Unless
stated otherwise, the data at half the depth are used. In Table 3.2 the
mean results of the weekly measurements are summarized, while in the
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following paragraphs the measurement methods are described in some
detail.
Table 3.2 Summary of results of regular measurements at Y111 and
Y112, performed from April till November in 1987, 1988 and
1989
Variable

Y112

Y111

mean std

1

min

mean std 1

max

Temperature- 1 / 2 z

°C)
°C)

14.9
14.8

Dissolved oxygen-srf

g-m 3 )

11.0

Dissolved oxygen-7 2 z

gm3)

10.9

PH-srf

-log[H+])

8.5

PH-72z

-log[H+])

8.5

Secchi-depth

m)

0.43

Kd 2

m-1)

3.8

Suspended Solids-srf

g-m 3 )

47.9

39.1

7.0

180.4

Suspended Solids-7 2 z

g-m 3 )

48.0

37.9

8.6

179.9

Ash Free Dry Weight-

g-m 3 )

14.5

8.1

2.4

g-m J )

14.3

8.0

AFDW/SS-7 2 z

%)

Chlorophyll-a-srf

mg-m 3

Chlorophyll-a-7 2 z

mg-m 3

Phaeophytine 2

mg-m 3

Cell number 2 1988

109m3

Temperature-srf

4.2
4.2
1.3
1.2
0.3
0.3
0.24
3.0

5.0
5.0
8.9
8.9
7.8
7.8
0.10
0.4

22.4
22.5
14.3

14.2
9.8
9.3
1.2

11.5

14.6
14.4
10.8
11.0
8.4
8.4
0.47
3.4

min

4.2
4.4
1.3
1.3
0.3
0.2
0.37
2.3

max
5.2

8.9

23.4
23.0
14.5
14.3

7.5

9.1

7.9

9.1

5.2
8.5

0.10
0.5

1.4
10.6

32.5

7.0

130.8

31.0

7.2

125.0

42.0

42.8
42.7
14.2

7.8

2.4

42.0

2.4

38.6

14.4

7.8

1.9

15
13
14
0
28
6
0
0
1
1
2.0

70
161
155
63
343
148
7.4
11.0
14
35
14.0

40
65
68
21
95
44
1.1
4.5
2
17
7.1

12
32
31
17
90
32
1.1
3.5
2
12
3.4

21
7
17
0
30
9
0
0
1
1
3.0

0.3

6.2

srf
Ash Free Dry Weight-

34.8

V

g-m 3 )

7.1

12
33
32
17
60
33
1.6
3.1
3
10
3.4

g-m 3 )

6.9

0.5

6.2

8.9

6.8

P-tot

g-m 3 )

0.01

g-m 3 )

0.02

0.00

N-Kjeldahl

g-m 3 )

0.4

0.7

N-NOx

gm3)

0.27

0.00

N-NH4

g-m 3 )

0.04

0.00

SiO,

gm3)

0.11
0.01
1.4
0.15
0.05
0.65

0.07

P-PO 4

0.66

0.00

0.48
0.12
3.0
1.30
0.21
2.30

0.11
0.01
1.5
0.14
0.06
0.78

O.agardhii 2
O.agardhii 2

1989

109m3

1988

109m3

1989

109m3

36
62
63
20
86
43
1.1
3.0

1988

%)
%)

14

1989
Particulate Organic

4

76
151
148
66
665
154
3.6

12.6
7
39
15.0

Carbon 3
Dissolved Organic
Carbon

standard deviation
in 1988 and 1989 only
in 1988 only
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7.8

3

0.06
0.01
0.4
0.26
0.06
0.76

0.02

0.29

0.00

0.06

0.7

2.3

0.00

1.10
0.39
2.49

0.00
0.00

3.2.1 On site measurements
With portable equipment some water quality parameters were measured
on site: dissolved oxygen, temperature, pH, Secchi disk depth and the
attenuation of under water irradiance. The assumed precision of
measuring instruments is usually provided by the manufacturer.
Dissolved oxygen
The concentration of dissolved oxygen and the saturation value were
measured with amperometric oxygen electrodes (54-ARC, Yellow
Springs, USA). In 1987 and 1988 calibration was done every week. The
precision attained was apparently within 1 gm" 3 . In 1989 a new oxygen
electrode (OXI 196, Wissenschaftlich Technische Werkstättern, BRD)
was used.This electrode was calibrated daily with a supplied calibration
bottle. With this electrode the precision of the measurements improved
up to 0.1 gm" 3 . In general, the oxygen saturation was close to 100 %.
Usually, the dissolved oxygen concentration was measured at two
depths; -0.5 m surface and at mid water depth. Oxygen gradients were
observed only on days with temperature stratification and high chlorophyll-a concentrations.
Temperature
The temperature was measured with the same devices used for dissolved oxygen measurements. With the equipment used initially, errors of
± 1° C were experienced, but with the new electrodes these decreased
to ± 0.1° C. The temperature was measured at the same depths as dissolved oxygen. Stratification was detected a few times a year, during
calm, windless days. The temperature difference between the surface
and mid depth at such days was no more than 1° C.
PH
The pH was measured with an electrode, calibrated for the range from
7 to 10.The weekly calibration was rather cumbersome and not very accurate. The measurement precision was probably ± 0.5. In 1989, new
electrodes (PH 196, Wissenschaftlich Technische Werkstättern, BRD)
were introduced, which were also calibrated during each visit for the
range of 7 to 10. Because the calibration fluid with a pH of 10 was not
very stable, in 1990 the calibration was done for the range of 4 to 7. According to the manufacturer, measurements in the range of 7 to 10 are
still reliable. With these new electrodes errors decreased till ± 0.01.pH
varied normally between 8 and 9, with an occasional peak between 9
and 10 in mid summer.
Secchi disk depth
Secchi disk depth was measured with a white disk with three large circular holes. The results varied strongly between 0.2 and 1.5 metres.
Irradiance
All irradiance measurements were done with submersible irradiance
sensors (Li-Cor 192S Under Water Quantum Sensor, Li-Cor in., USA). In
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these sensors a photoelectric detector is placed below a flat disk of
translucent diffuse plastic, which is projected slightly upwards from the
surrounding housing. According to the manufacturer, these sensors are
cosine corrected for the angle of irradiance and a further correction factor is used for the immersion effect. The sensor responds equally to all
quanta within the wave band between 400 and 700 nm, thus measuring
the Photosynthetically /Available fîadiation (PAR). These sensors are
widely used for measurements of irradiance (Kirk, 1983). According to
the manufacturer linearity is guaranteed between 0and 10000/7Enr 2 s~ 1 ,
the sensitivity of the instruments is 0.001//Em~ 2 s~ 1 and the relative error
is less than 5 %. In 1987 manual measurements were done with sensors
that had been used for several years. They were calibrated in July by
the manufacturer. Two sensors were used simultaneously to measure
the global irradiance and the irradiance below the surface respectively.
Irradiance was measured during 10 s and averaged. The underwater
irradiance was measured at 0.1 m depth intervals for the first metre, at
0.2 m intervals for the second metre and every 0.5 m thereafter. Afterwards the whole routine was repeated. Ifthe global irradiance was more
or less constant during these measurements, the vertical attenuation
coefficient for PAR was estimated from Beers' Law:
ln[E d (z)] =

- K d z + ln[Ed(0)]

Ed = downward irradiance
(photon flux density)
z = depth
Kd = vertical downward attenuation
coefficient

(3.1)
(^/Em~2-s1)
(m)
(nv1)

The linear regression coefficient of ln[E d (z)] versus z, gives the value of
Kd. In Appendix 6, the measured Ed and estimated Kd are presented for
some example days.
In 1989 new sensors of the same type were used but the measurement
method was altered. As Kdturned out to be essentially constant with the
depth, the method was simplified in 1989. Two sensors were mounted at
a steel pipe at a distance of 0.2 m. The pipe is lowered in the water, in
such a way that the upper sensor was at a depth of 0.5 m approximately.
For 10 s the irradiance was measured with both sensors and recorded
by the portable data logger. The vertical attenuation coefficient is estimated with equation 3.2. The effect of this change is discussed in Chapter 5.
Kd =

ln

[ E d f a ) ] - ln[E d (z 2 )]
zrz2

(32)

The measured vertical attenuation coefficient varied between 0.4 and 12
m"T, but the reliability of values below 1m"1 is very low, due to relatively
small differences in I n f E ^ ) ] and ln[E d (z 2 )]. High values are usually
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measured during stormy events, not during periods with high productivity of algae.

3.2.2 Sample analysis
Samples taken on board, were usually placed in white containers when
the air temperatures rose above 20° C, otherwise they were left outside
on the deck of the ship. The time between sampling and arrival in the
harbour was at least one and a half hour, but often more. Hence, some
algal production or decay of organic material may have occurred during
transport. Upon arrival on shore, the bottles were transported in a little
van to the laboratory, where they were stored in a refrigerator or preserved by the addition of formalin (a 35-40 % aqueous solution of formaldehyde). In 1987, 1988 and 1989 formalin was added in a volumetric ratio
of 1:10. Due to its toxic nature, in 1990 this ratio was decreased to 1:20.
The method of laboratory analysis of samples was performed for most
variables according to the Dutch standard (NEN-methods). In case other
methods are used, this is mentioned.
The differences between measurements at Y111 and Y112 were usually
very small, except for the suspended solids content and ash free dry
weight (Table 3.2). Part of the data analysis is described in § 6.1.3, relating the growth of Oscillatoria agardhii to the physical characteristics of
the Markermeer.
Total and ash free dry weight
Samples preserved with formalin were used for the analysis. The total
dry weight measured in samples from the Markermeer during the
weekly manual measurements, varied between 7and 180gm" 3 . Ash free
dry weight concentrations varied between 2 and 40 g-nr 3 . The ash free
dry weight/ suspended solids concentration, representing the fraction of
organic material, varied between 15 and 76 % with a mean value of
36 % at Y112 and 40 % at Y111. High organic contents occurred during
long periods of very calm weather, when the contribution of resuspended sediment was minimal. This is illustrated in Figure 3.2. The
mean suspended solids concentration was significantly higher at Y112
than atY111. As the AFDW/SS ratio was smaller at Y112, the higher suspended solids concentration at Y112 was probably due to resuspension
of sediment and not to biological production. In general, the suspended
solids concentration near the surface equals that at the mid water depth.
Hence, vertical gradients do not often occur.
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Figure 3.2 The ash free dry weight/ suspended solids ratio versus the
suspended solids content atY111 and Y112in 1987, 1988 and
1989

Particulate and dissolved organic carbon
Particulate organic carbon (POC) is the difference between the total organic carbon (TOC) and the dissolved organic carbon (DOC). The DOC
content varied little between 6.5 and 7.5 gm" 3 , except for some peaks in
1988. POC values varied between 2 and 16 gm" 3 . The trends in the POC
concentration are very similar to the trends in the AFDW concentration.
Therefore, at the end of 1988 the measurements of both POC and DOC
were stopped.
Chlorophyll-a and phaeophytine
The chlorophyll-a concentration, varied between 10 and 200 mgm" 3 . The
variations in chlorophyll-a concentrations are similar to those found in
the suspended solids concentration. This is illustrated in Figure 3.3,
which shows the relationship between the chlorophyll-a content and the
inorganic solids content measured at Y111. As the main source of inorganic solids in the water phase is the resuspension of sediment, increases in chlorophyll-a concentrations are often due to the resuspension of sediment too (§ 6.1.3).
The chlorophyll-a concentration (Chla) is measured according to the
NEN-6520 method. The NEN-6520 method is known for its tendency to
exaggerate the actual values of chlorophyll-a, even though reproducibility is high. Van Urk et al (1990) recommend to separate algal pigments
by high pressure liquid chromatography (HPLC) prior to quantification.
In the Markermeer, the chlorophyll-a values measured according to the
NEN-6520 method, were at least twice the values measured with HPLC
(Van U r k e t a l , 1990).
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Figure 3.3 Chlorophyll-a content versus the inorganic solids content at
Y111in 1987, 1988and 1989

Phytoplankton composition
In 1987, 1988 and 1989the ratio of the numbers of different phytoplankton
species were counted in samples taken near the surface at Y.111 and
Y112, preserved with formalin. In 1988 and 1989 the absolute cell number was counted as well, the results are presented in Figures 3.4 and
3.5. Individuals were counted in a haemocytometer (Fuchs-Rosental),
the method is discussed extensively by Vermij and Janissen (1991). In
every sample at least 100 individuals were counted. Unfortunately, the
handled definition of an individual is not a cell, but a secluded cell or
group of cells (Vermij and Janissen, 1991). Hence, a phytoplankton
colony is counted as one individual. Especially for phytoplankton spe-
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cies with a strongly varying number of cells per colony like Microcystus
or Aphanizomenon, this method gives only an indication of the presence
of the species. For the filamentous O.agardhii, the length of the filaments
was usually measured as well.
From Figure 3.4 it is obvious that the numbers were highest during the
spring. Unfortunately, in 1989 cell counts started not until May. The differences between the two sites are small, even though the water depth
at site Y111 is about 1m higher than the depth at site Y112. The species
composition .at Y111 is presented in Figure 3.5. In both years no blooms
of blue-greens occurred and the total percentage of blue-green algae
stayed well below 20 % in 1988 and below 50 % in 1989, with small absolute cell numbers during both years (Figure 3.4). In 1988 some growth
of Aphanizomenon species occurred, whereas in 1989 some growth of
Oscillatoria species was observed. In general green algae were the
dominant species, but in 1988 in the summer a temporary increase of
Xanthophillae was observed.
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Figure 3.5a Measured cell ratios in 1988and 1989 atY111
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Nutrients
Phosphorus was measured as total phosphorus (P-tot) and soluble phosphate (P-PO4). Due to the high partition coefficients of phosphate for
sediment, the measured total phosphate concentrations are correlated
with the suspended solids concentrations. This is illustrated in Figure
3.6. Hence, resuspension of sediment is an important factor controlling
the concentration of total phosphate (Jagtman and Van Urk, 1988). The
ortho-phosphate concentrations were lowest during the summer. In 1987
both in spring and in summer the measured ortho-phosphate concentration was below the detection limit.
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solids

The N-Kjeldahl concentrations varied during the season between 0.7 and
3.0 (gm - 3 ). No relation was found with the inorganic solids concentration
or any other variable. The concentration of NOx was high in early spring
and autumn but below the detection limit in June, July, August and the
first weeks of September in all three years, which is illustrated in Figure
3.7. The ammonium concentration were very variable, except for 1987,
when concentration were below 0.02 g m " 3 in the period from July till November.
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Figure 3.7 Measured NOx concentration at Y112in 1987, 1988and 1989

The concentrations of phosphate and nitrogen are important in the identification of the limiting factors of phytoplankton growth. As during the
growth season ortho-phosphate, NOx and NH 4 are temporary very low,
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phytoplankton growth in the Markermeer may be partially phosphate or
nitrogen limited (Chapter 6).
The silica concentration showed the same pattern in each year. Concentrations decrease very fast in spring and increase a few months later, a
second decrease is noticed at the end of the season. In 1989 this pattern
may be related to the occurrence of Bacillariophyceae (diatoms), which
were dominant during April and May but decreased in June. However,
no increase in diatom number was found in September. No correlation
between S i 0 2 concentrations and diatom number is found.

3.3 Automatic measurement of water quality variables
The automatic measurement of variables offers an opportunity to collect
data with a very high frequency and at moments when on site visits are
not feasible. For variables reflecting dynamic processes with time scales of fluctuations less than a day, automatic measurement is often the
only way to obtain a sufficient number of data. However, the technical
requirements are considerable. Stations have to be mounted, which are
entirely self sufficient for at least short periods of time. Even electricity
is often not available. So, besides the installation of platforms, batteries
must be provided which have to be changed regularly or electricity has
to be generated on site. Valuable and sensitive equipment is installed at
the platform and is subject to all weather conditions, fluctuating voltages
and inquisitive tourists. If equipment transmission to data loggers functions properly, an immense number of data is generated, which has to
be saved by the logger either in the original form (amperes or volts) or
in a processed form. The conduct of simple computations on the raw
data before saving, generally decreases the number of data to be saved,
but unfortunately also destroys information on the individual data. For
example if data measured with a 4 Hertz frequency are averaged for
each hour, the memory capacity needed decreases substantially but information on both regular and irregular errors is lost. If data are transported from the station to the office, the heaps of data have to be processed to manageable files with transparent values. Prior to application, expert scanning of the data is necessary to detect device errors or procedural errors. This processing and scanning of data is very time consuming and therefore the period between the actual measurement and the
scrutiny tends to be long. If errors in the devices or the procedures are
observed at that stage, erroneous measurement may have been continued for very long periods. In studies involving automatic measurements, useless data are often obtained or more time is spend on data
collection than on data analysis (Luettich, 1987,this study).
In the Markermeer study problems and errors occurred with almost all
the equipment, including the batteries and the data loggers. Hence,
sometimes only fragmented time series are available or none at all. On
the other hand,the ultimate available data set has been scrutinized very
carefully and is presumably reliable, nevertheless hidden errors cannot
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be precluded. The data collection and processing and an overview of the
available data for respectively 1987, 1988 and 1989 are described by
Mugie et al (19891), Mugie et al (19892) and Bruinsma et al (1992). The
main differences between the three years in the measurement strategies are:
- In 1987 most measurements were done from a platform at Y112 and
some from a pole nearby Y112, no automatic measurements were
doneatY111;
- In 1988the same combination was used at Y112 as in 1987, but at Y111
a pole was placed on which the same equipment was mounted as
used on the platform at Y112;
- In 1989 on both sites the equipment was mounted on poles. The platform at Y112 was only used for additional experiments, (paragraph
3.5).
Pictures of the platform used in 1988 and the pole used in 1989 used at
Y112 are presented in Figure 3.8. A schematic representation of the stations is presented in Appendix 3.

Figure 3.8 Platform used in 1988and the pole used in 1989at Y112

All equipment was fixed at a certain distance from the lake bottom. If
necessary, the exact measurement depth was established afterwards,
using the water level measurements (§ 3.3.3). All equipment was connected to 12 volt micro loggers (Campbell 21x, micro logger, Campbell
Scientific Inc. USA) with 40 Kbyte memory and were extended with an
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eprom. Data were transported with a Husky Hunter micro computer,
which could also be used as additional memory for the micro logger or
to load new programs in the micro logger.

3.3.1 Suspended solids
As the total suspended solids concentration in the Markermeer may
change within the hour during stormy periods, an effort was made to
measure the suspended solids content automatically.
In the field of water treatment and river sedimentology, turbidity meters
are widely used to detect relative increases in suspended solids concentrations. To test the usefulness of these meters for the turbidity range
observed in the Markermeer, some laboratory experiments were conducted with a MEX-3 Suspended solids meter and two different probes
(RD-25 and RD-120/25, EUR-control). In these probes radiance is emitted
at a wave length of 880 nm by diodes, the beam extinction is measured
with silica photo diodes. According to the manufacturer, corrections are
made for atmospheric influence and fouling. For the calibration of the
meters suspensions with different concentrations of sediment of the
Markermeer were made. Unfortunately the meters proved to be very susceptible to other sources of light and only the RD-120/25 probe seemed
sensitive enough for measurements in the range of 0. to 500. g-rrr3 (Van
Duin et al, 1988, Kuijpers and Van Duin, 1988). In the field, three RD-120/
25 probes were fixed to a frame on a post mounted near the platform at
Y112, approximately at depths of 0.5, 1.5 and 2.5 metre below the water
surface. Incontrast tothe manufacturers guarantee, the probes were susceptible to pollution and therefore were cleansed weekly with a brush.
Due to an error in the logger programs, values were registered only
once per hour. When the measurement results were examined it became evident that the data displayed very arbitrary fluctuations. After
recalculation the suspended solids concentration appeared 5to 50 times
larger than the data obtained from a direct analysis of water samples.
After the measurement season the calibration of the meters was repeated over and again. Itturned out that the sensors were very sensitive
to the type of sediment used. Each type of sediment dilution series produced its own regression line, but for every individual sediment sample
the scale was different. The meters were consistent only for a single
well defined material like kaolinite, but not for natural sediments with
variable composition. Therefore no data of these measurements are
presented here nor used in the modelling work.
In 1988 a large sampling device was mounted at the platform at Y112.
The sampler needed 380 Volt, which was delivered by a generator. The
cooling system worked rather to well and the door of the container had
to be kept open to prevent the samples from freezing. As after a few
days the pump broke down and the control unit was flooded with water,
new samplers were used in the third and fourth high frequency measuring period. These samplers (ISCO 2100 portable automatic sampler)
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worked on 12 volt batteries, which were recharged by a wind generator.
In the fourth period a similar sampler was mounted'on the pole atY111.
Here the batteries were recharged by solar energy. These samplers
worked well, except for some minor mechanical and electric problems.
Grab samples were taken every 2 hours during work days and every 8
hours during the weekend in all four periods. Some data were omitted
from the fourth period when the tube inlet apparently had sunk in the sediment instead halfway the water column.
In 1989 at both sites a new automatic sampler was mounted during the
three high frequency sampling periods of two weeks. Apparently these
samplers (PB-Mos, Edmund Bühler GMBH, BRD) were not equipped for
grab sampling, so instead, mixed samples over a four hour period were
taken by pumping a 150 millilitre sample every 40 minutes. Hence, peaks
in the suspended solids concentration were smoothed. Although one
sampler suffered from a short circuit and samples of one week were
mixed up once, a few time series with reliable data are obtained, which
are included in Appendix 5. Suspended solids concentrations varied
between 10 and 150 gm" 3 . From these graphs it is obvious that the time
scales for processes that determine suspended solids concentrations
are small, for values may change dramatically within hours.

3.3.2 Wind speed and direction
In 1987 and 1988 a Thies anemometer was mounted at 10 m above the
water level at the platform at Y112. Once per minute the wind speed and
direction were measured and averaged per hour by the micro logger. To
average wind direction measurements may introduce large errors, if the
direction within an hour is changing drastically. However, comparison
with KNMI data of station the Houtrib exhibited a large similarity. As expected, wind speed values were higher at the Houtrib during winds from
the South or the West, but lower with winds from the North-East (Mugie
et al, 19892). The meter was maintained well but not calibrated in 1987.
Before the season of 1989 the wind speed meter was calibrated. If the
average wind speed per hour is less than 3 ms" 1 , both wind speed and
direction measurements are not reliable, for higher values the error in
wind speed values is probably less than 2 m-s 1 and the error in wind direction about 5 degrees. In Appendix 5 the data are presented for the
high frequency periods of 1988.
In 1988 wind speed was measured at Y111 as well with an anemometer
(A110M, Vector Instruments). The meter produced a digital signal, unlike
the analog signal produced at Y112. Unfortunately, the micro logger was
not capable to count the pulses accurately during high wind speeds and
no reliable data were obtained.
In 1989 the same wind speed meter was used as before at Y112. Mysteriously, no credible wind speed values were recorded and the wind direction proved to be very dissimilar from the direction measured at the
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KNMI station, the Houtrib (Bruinsma et al, 1992). At Y111 the same anemometer was installed as in 1988, which produced very similar data
compared to the Houtrib data (Bruinsma et al, 1992). Because no wind
direction data are available of either sites, the wind speed data of Y111
are neglected and both wind speed and direction as measured at the
Houtrib are used. In Appendix 5 the data of the Houtrib for the high
frequency periods are presented.
At the KNMI station, wind speed and direction is measured during the
entire year. For each hour the wind direction is defined as the mean
value of the wind direction measured during the last ten minutes. In Figure 3.9, a detailed wind frequency table is presented of hourly wind
speed and direction values measured in 1989, which is compared in
Figure 3.10 with the other two years. During more than 50 % of 1989, the
mean hourly wind speed varied between 5 and 10 m-s"1. Another third
of the year the wind speed was less than 5 m-s 1 . As is well known, wind
from westerly directions is most common, and heavy storms originate
from these directions too. In 1987 mean hourly values of more than 20
m-s"1 were measured for 7 hours. In 1988 this occurred only once and it
was never recorded in 1989. During each of the high frequency sampling
periods of 1988 and 1989, wind speeds over 10 m-s"1 were measured, but
wind speeds over 15 m-s"1 are only experienced once, during the last
period of 1988 (88-4).

frequency(%

0 - 5m.s- 1
5 -10m.s- 1
10 -15m.s- 1
15 ^Om.s" 1
NE-E
N-NE

SE-S
E-SE

SW-W
S-SW

NW-N
W-NW
wind direction

Figure 3.9 Wind frequency table of 1989(data KNMI)
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Figure 3.10 Comparison of the wind frequency table of 1987, 1988 and
1989(data KNMI)

3.3.3 Water level and wave

characteristics

In 1987 water level variations were measured by RWS-ZZW with a standard RWS digital wave staff at site Y112. Over 3 metres of the pole, electrodes were placed every 0.05 m. Ten times every second the resistance
over the electrodes was measured and the water level was assessed
twice per minute. The information was transmitted to a station at Lelystad-Haven. The data are processed automatically into hourly values of
significant wave height and mean water level. The processing program
was stored in an eprom built in the computer in an executable form, but
the original software was unknown to the operators. The computed
mean water level and significant wave height were printed every hour,
the original data were lost.
In 1988 the same procedure for the measurement of water level variations was used in the beginning of the season. In the summer another
receiving station was installed on the office roof, where all data were
stored on diskettes first and processed afterwards. From these data significant wave height and wave period have been estimated (paragraph
4.2.2). After an initial mistake in the processing procedures a correct
method was developed (Mugie, 1989). After comparison of this new method with the old (unknown) method, the old method appeared to be
partly erroneous. Although the mean water level estimated with the old
method proved to be credible, wave heights estimated with the old method are about 30 % lower than those estimated with the new method.
The new measuring procedure was used for both Y112 and Y111. Unfortunately, the transmitted signal was often interrupted, because the over
land distance was relatively long for the rather weak signal. Particularly,
the signal of Y112 was frequently received poorly. Therefore the remaining set of reliable water level, significant wave height and wave period
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data is limited and discontinuous. The data available from the high frequency sampling periods of 1988 are displayed in Appendix 5.
In 1989 water level, significant wave height and period were measured
similar to the 'new' method of 1988, but the receiving station now was
located in the building 'de Trekvogel'. Because this station is much closer to both transmitters and the travelling distance over land is short,
the frequency of disturbance was less than in 1988.
As the distance between electrodes is 0.05 m, the step size of the
measurements is 0.05 m. Hence, the relative error of wave height
measurements, decreases with increasing wave height values. The
obtained data set of 1989 is the most reliable one, unfortunately it is discontinuous. Water levels, registered by sluice attendants, were used to
determine the NAP-level of both the wave staffs. These data were also
used to calibrate the hydraulic model (§ 4.4.2)

3.3.4 Flow velocity and direction
In 1987 an attempt has been made to measure currents, both horizontal
and vertical with acoustic flow velocity meters known as vector-aqua's
(Rijkswaterstaat, Dienst Getijde Wateren). The principle of these meters
is that high frequency acoustic signals are transmitted in four directions
both ways. From the differences in delay of the receipt of the signal, the
flow velocity and direction are estimated. Two meters were installed at
the pole at Y112, one at an approximate depth of 0.5 metres and the
other at an approximate depth of 2.5 metres below the water surface. Six
times a day, flow velocity and direction measurements were done at a
frequency of 2 Hertz for 3 minutes. The meters were susceptible to pollution and seemed very sensitive to vibrations in the pole as well. Therefore, part of the frame was lowered into the sediment. After the
measurement season the meters were tested indoors and it became evident that calibration of the meters failed. Every time the power was
switched off and on again, the sensitivity of the meters was different and
calibration was necessary. Because on the measurement site the power
was switched off and on, six times a day, the produced data evidently
are worthless and had to be disregarded.
In 1988 a new attempt was made to measure horizontal flow velocity and
direction with meters, based on electromagnetic methods (Marsh MacBirney, electromagnetic current meters, Rijkswaterstaat, Meetkundige
Dienst). The sensor consisted of a spherical transmitter, generating an
electromagnetic field and four electrodes, placed perpendicularly to the
sphere in a horizontal field. From the difference in voltage measured by
the four electrodes, the flow velocity and direction are estimated. The
range of the meter is either 0.6, 1.5 or 3.0 m s"1, which not very suitable
for measuring currents in Markermeer, which are estimated in the range
of 0 to 0.1 m-s 1 . Twice a day, for 3 minutes measurements were done
with a frequency of 2 Hertz. Problems occurred with the power supply
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and the meters were susceptible to corrosion. After data analysis it
became evident that the data were not reliable and they were abandoned.
In 1989 no further attempts have been made to measure flow velocity
and direction.

3.3.5 Irradiance and irradiance

attenuation

The nature of the underwater light field and the modelling of attenuation
of light energy in water are described extensively in Chapter 5. In this
paragraph, theoretical considerations are limited.
For the measurements of solar irradiance and underwater irradiance,
the same underwater quantum sensors were used as described in
§3.2.1. During the three years of measurements, one underwater sensor
was placed above the water surface at site Y112, in order to compare the
KNMI method with the method used in the field and to obtain data to
compare the various models for light reflection. For this sensor no immersion corrections were made, but further it was treated similar to the
sensors placed under water.
In 1987 the old sensors of the RIJP, that had been used for years, were
send to the manufacturer for maintenance and calibration. After calibration they were placed on the platform at Y112, one above water and
three under water at an approximate depth of 0.4, 0.7 and 1.0 m below
the water surface. The three underwater sensors were placed on a mobile frame, each rotated about 30 degrees from the one above. These
sensors were not functioning properly from the start and were replaced
in August by brand new sensors. The cells were treated with translucent
anti-fouling paint before instalment. Irradiance was measured for ten
seconds every minute and averaged per hour. The mean value was
stored each hour in the data logger. Every week the cells were cleaned.
In the last month the cells were compared with the portable cell. Comparison was done by drawing them above water, these data seemed to
agree rather well. Comparing the cells underwater was infeasible, because it was impossible to bear them at the same depth. Comparison of
signals during the dark, was done by covering them with small lids.
These measurements were useless as the lids appeared to be perforated. The measurements seemed rather reliable, but systematic differences in sensitivity can not be ruled out.
From the underwater irradiance measurements, the vertical downward
attenuation coefficient Kd is estimated using equation 3.2. A threshold
value of 8//E-m" 2 -s" 1 has been used for the computation of the attenuation coefficient as at night usually values of 2to 4//E-m"2-s"1 were measured. As measurements were done at three depths, both the attenuation
between 0.4 and 0.7 metres and the attenuation between 0.7 and 1.0
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metres can be estimated. In Figure 3.11, the estimated attenuation
coefficients at Y112 are presented for a ten day period in October.
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Figure 3.11 Estimated downward attenuation coefficient at Y112, October 1987.

The variation in the attenuation coefficient was large in this period. The
attenuation coefficient estimated for the two deepest sensors is often not
available, especially when the attenuation is high, because the sensors
were not sensitive enough for such conditions. In Figure 3.12 both attenuation coefficients are compared.
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Figure 3.12 Comparison of the attenuation coefficient of -0.4 and -0.7
metres (Kjzj-Zzj) and of -0.7 to 1.0 metres (Kd[z2-z3]), estimated from measurements at Y112in 1987

The correlation between both attenuation coefficients is very high, but it
seems that the Kd[z2-z3] is slightly lower than the attenuation coefficient
computed from the measurements nearer to the surface. This is in
agreement with present theoretical insights (§ 5.2.2).
In 1988, the same four sensors were used as in 1987, but the distance
between the underwater sensors was changed; they were placed at approximately 0.4, 0.65 and 0.9 metres below the water surface. The frequency of measurement was kept at once per minute and averaged at
the hour. The sensitivity of the sensors was plainly lower than it was in
1987, in 1988 no irradiance was recorded any more when attenuation increased above 6 nr 1 , even though the meters were placed closer to the
surface than in 1987.At night values higher than 6//Em~ 2 s~ 1 were found.
In Appendix 5, time series of the attenuation coefficients are presented
for the high frequency sampling periods of 1988. In Figure 3.13 the relation between the two estimated attenuation coefficients is drawn. The
slope of the curves of Figure 3.12 and 3.13 is identical, the increment is
slightly smaller.
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Figure 3.13 Comparison of the attenuation coefficient of -0.4 and -0.65
metres (Kd[zrZ2]) and of -0.65 to 0.9 metres (Kd[z2-z^), estimated from measurements at Y112in 1988

In January 1989 the sensors used at Y112 in 1988 were returned to the
manufacturer for calibration. The total calibration drift in 18 months varied between 1and 8 %. In April at each site three sensors were placed
underwater; at 0.4, 0.6 and 0.8 metres below the surface. The individual
resistances of each sensor, the calconnectors, were exchanged for other
resistances, to produce higher voltage values in order to improve the reliability of the measurements. In the estimation of irradiance from the
measured voltage values, a correction was made for the newly used resistances. At Y112 problems occurred time after time with the sensor at
0.8 metres, therefore was replaced at the end of August and again at the
beginning of September. Useful measurements are virtually absent. At
site Y111, problems occurred with the sensor at 0.4 meters until mid
July. During each visit, the sensors were cleaned and irradiance
measurements with all three cells above water were made to detect discrepancies in the sensitivity between the sensors. Discrepancies were
found between the different sensors, but the discrepancies were not systematic and the deviations could not be attributed to one specific sensor.
The downward attenuation coefficients of the layer between 0.4 and 0.6
metre and between 0.6 and 0.8 metre were estimated for all the data of
Y111. For site Y112, the attenuation coefficient was estimated from the
irradiance measurements from 0.6 and 0.8 metres only. The attenuation
coefficients estimated for the high frequency sampling periods are presented in Appendix 5. The relation between the two coefficients estimated with data from Y111 is presented in Figure 3.14. Obviously the discrepancy between both attenuation coefficients is large and not sys73

tematically at all. Apparently, the effort made to improve data reliability
had the reverse effect.

lnKd[z2-z3](m-i

Kd[z2-z3]=
1.67 +0.62 x K d [ z - | - z 2 ]
N = 1272
r = 0.45
8
10
Kd[Zl-z2](m-i)

Figure 3.14 Comparison of the attenuation coefficient of -0.4 and -0.6
metres (Kd[zrZ2]) and of -0.6 to 0.8 metres (Kd[z2-Z3]), estimated from measurements atY111 in 1989.

In order to check the sensitivity of the different sensors a year after the
calibration, all sensors were placed at the roof of the office for a few
days. The discrepancy between the different values was much larger
than expected. Apparently upon aging, discrepancies increase and
regular calibration is no longer sufficient. Considering the newest sensor the most accurate, correction factors were estimated for all other
sensors.
The decrease in the attenuation coefficient with the water depth may be
quantified from the difference between the layers 0.4 to 0.65 or 0.7 and
0.65 to 0.9 or 0.7 to 1.The exact demarcation of the second layer did not
seem to influence the ratio between the two attenuation coefficients,
which can be seen by comparing Figure 3.12 with 3.13. To learn more
about the decrease of the attenuation coefficient with depth, in 1990 nine
sensors were mounted at the poles placed at Y112. Each 0.1 m a sensor
was placed, starting at 0.3 m below the surface. Using the new factors,
the measured irradiance is corrected and the downward attenuation
coefficient is estimated for each ten centimetre layer. The result was
unpleasant; no consistency between the estimated attenuation values
was found and often the estimated values were below zero. By omitting
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the data from two sensors and recomputing the attenuation coefficients,
a more reasonable set of attenuation coefficients was found. But in fact
there was no obvious reason to omit those two particular sensors, one
was only two years old. Unfortunately, these data are not reliable
enough to quantify the decrease of the downward attenuation coefficient
with depth. In September the experiment was repeated with 8 sensors.
After three weeks the entire frame with the sensors was placed above
water and measurements were continued for a week. The global irradiance measured by the eight different sensors differed substantially:
differences up to 50 % were recorded. A recalibration of the sensors
was done until all the estimated irradiance values were the same for all
sensors. With the new correction factors the underwater irradiance was
recomputed for the three weeks of measurements. The values varied in
an inconceivable way. Changing the way the sensors were grounded
neither improved the results and the attempts were terminated.
Conclusions
In the reliable data of 1987 and 1988, a decrease in the value of the
downward attenuation coefficient with the depth has been observed. To
quantify the exact value of the downward attenuation coefficient irradiance measurements have to be done at as many depths as feasible.
The change in measurement procedure from manual irradiance
measurements at every ten centimetres to a parallel measurements at
only two depths is certainly no improvement (§ 3.2.1). To improve the
new method with parallel measurement, either the distance between the
sensors should be extended, measurements should be repeated at
every site at different depths or at the pole two cells should be mounted
at each depth. With the measurement of irradiance the utmost care is
needed in the method of sensor instalment, calibration and measurement. In the manner the sensors were installed in 1989 and 1990, some
still unidentified errors must have been made. Thorough and frequent
calibration is of the utmost importance, which is confirmed in literature
(Jewson et al, 1984).
Scalar irradiance
The irradiance data needed as input for the simulation model, have to
be approximately uninterrupted. For this purpose, the measurement
data described above, are useless as no measurements were performed
during the winter months. Hence, the continuous time series of solar
radiance of the KNMI have been used instead. These were measured
with a pyranometer at de Bilt, some 100 kilometres from the centre of the
lake. This is a cosine collector measuring the total downward radiant
flux at a flat circular area, for the range of 300 to 3000 nm. According to
Tilzer (1983) the radiant flux can be converted to the photon flux density
for PAR, using equation 3.3. This relationship is empirical and at different latitudes and with different ratios of cloud coverage results may
diverge.
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Es = 2.11-L

(3.3)

Es = scalar irradiance (PAR)
l s = total incident solar radiation
(300-3000 nm)

(/vE-nr2-s-1)
(W-nr2)

In Figure 3.15 the estimated global irradiance computed by equation 3.3
is compared with the global irradiance measured at site Y112 for 1988.
As in Figure 3.15 their is some disagreement between the estimated and
measured data that can not be attributed to systematic errors in the irradiance sensor, it can be concluded that some care should be taken when
the KNMI data are used for simulations of the light field in the Markermeer.
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Figure 3.15 Comparison of the estimated and the measured scalar irradiance (PAR) of two weeks in June 1988at y112.

3.3.6 Dissolved oxygen

concentration

In 1987 the dissolved oxygen concentration was measured at Y112 at 0.5
m below the surface, once every hour with an oxygen electrode (KCIelectrode 9200-032, Electrofact). Water in front of the membrane is renewed continuously by an oscillator. Weekly the membrane was cleaned
or replaced and the value compared with the dissolved oxygen concentration measured manually (§ 3.2.1). If both values diverged more than
0.5 g-rrr3, the electrode mounted on the platform was adjusted. Hence,
the measured values are most reliable immediately after a visit and di76

verge slowly towards the end of the week. In general, the reliability of
the measurements is not high and errors of at least 1g m 3 are expected.
In September no correct calibration was possible any more and these
measurements were abandoned.
In 1988 the same procedure was used again, except for the oscillator,
that was replaced by a small membrane pump. Every hour a cleansing
fluid was pumped past the membrane of the electrode. The cleansing
fluid, a solution of hydrochloric acid, worked well. Weekly the same calibration procedure was followed as described before, but the membrane
was replaced more frequently than in 1987. The measurements seemed
more reliable than those of 1987. At Y111 the same procedure was used
for a similar electrode. However, due to a malfunction in the control unit,
no reliable data are obtained.
In 1989 the same procedure was used again at both sites. Because the
values showed inconceivable variations new electrodes (OXI 196, Wissenschaftlich Technische Werkstättern, BRD) were installed in August.
These electrodes were cleaned weekly and calibrated. However comparison with the manually measured dissolved oxygen concentrations, still
showed deviations. Apparently, the trend was measured well enough
but absolute values are not always accurate.

3.3.7

Temperature

Temperature was measured at Y112 in 1987 with atemperature resistance metre (PT100SM60, Electrofact) at two depths; 0.5 and 2.5 metres below the surface. Though hardly calibrated, measurements seem reliable
and were relatively effortless. In 1988 the depths of measurement was
changed to 0.5 and 1.5 metre below the surface. Calibration was attempted, but the laboratory calibration proved useless for equipment placed
outdoors provided with a different power supply. Hence, the values were
adjusted to the weekly manual measurements. At Y111 meters were
placed in September at 0.5 and 2.0 metre below the water surface.
These meters functioned well. A similar calibration procedure was used
as for Y112.
In 1989 measurements continued at both sites at the same depths, but
different electrodes (OXI 196,Wissenschaftlich Technische Werkstättern,
BRD) were used. As the calibration of the electrodes produced the same
problems as in 1988, corrections were made afterwards by comparison
with the manual temperature measurements (§ 3.2.1). Apparently the
electrodes diverged slowly. Linearly interpolated corrections were
made for every 14day period.
Short periods with temperature stratification have been detected every
year, usually no longer than one day with differences in temperature
between the measurements at the two depths up to 1° C. Again, for the
simulation model time series of temperature had to cover the winter
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period as well. For this purpose the daily measurements are used, that
are conducted by the lighthouse-keeper of the island Marken. During
periods with considerable changes in air temperature, the temperature
near Marken may be slightly different from the water temperature in
other areas of the lake.

3.4 Sediment characteristics and relationships with light attenuation
In the Markermeer, the attenuation of light under water is mainly caused
by suspended solids (§ 5.2.1). The contribution to the attenuation depends upon the physical, chemical and biological characteristics of the
suspended solids. A distinction is made between suspended solids produced in the water column (living phytoplankton) and suspended solids
brought into the water phase by resuspension of sediment. Phytoplankton characteristics and relationships with light attenuation are described
in Chapters 5 and 6. Sediment is now defined as all material, both organic and inorganic which is for some period of time deposited on the bottom of the lake. Further characterisation and classification is made purely on physical characteristics of the sediment found on the lake bottom
and in the lake water. Chemical differences are partly accounted for, as
long as they affect physical characteristics.

3.4.1 Sampling of sediment layers
The composition of lake sediments varies both horizontally and vertically. Vertically many layers can be distinguished with different densities, porosities, pHs, oxygen concentrations, biological activity, etc. In
the Markermeer study this was simplified to a distinction in two layers,
a thin aerobic top layer, with a depth of less than one centimetre and a
bottom layer composed of Usselmeer deposit (§ 2.1.2).
Because the top layer is a very thin watery, aerobic silt layer of less than
0.01 m, undisturbed sampling of this layer is difficult. The thickness of
the bottom layer varies, but may be as thick as 0.5 m. Hence, the sampling of this layer is easier. Hâkanson and Jansson (1983) listed the requirements needed to take undisturbed samples. For loose and fine
sediments they recommended core samplers. Five samplers, commonly
used in the Netherlands, including three core samplers and two grab
samplers, were tested on the lake (Winkels et al, 1989). Based on manageability and the fact that the samples were fairly undisturbed, two
core samplers were selected; the Jenkin mud sampler, Figure 3.16 and
the 'Vrij-wit-boor', Figure 3.17.

78

Figure 3.16 Jenkin mud sampler

When the Jenkin mud sampler was lowered on the lake bottom, the perspex tube slowly penetrated the top silt layer. By a hydraulic system the
perspex tube is closed slowly at the upper side and the bottom side,
whereafter the sampler is raised. The length of the tube is 0.5 m and the
diameter 0.07 m. In loose sediments, usually 0.05 to 0.15 m silt was obtained, with a layer of water on top of it. If the sediment is too coarse,
the tube could not penetrate the sediment and sampling fails. Afterwards
the tube was removed from the sampler and the top lid was opened. A
mixer was placed in the tube and during 30 seconds the water was stirred vigorously ( ± 370 rotations per minute) and then left to settle. After
30 seconds the water with the suspended top layer is siphoned off.
Hence, a suspension with sediment is obtained, except for particles with
a very high fall velocity like sand or gravel. In order to improve the
representativeness, at each site at least three samples were taken. In
1988 samples with the Jenkin mud sampler were taken at 12 sites, in
1989 at an additional 12 sites.
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Figure 3.17 Vrij-wit-boor

The Vrij-wit-boor consists of two parts. A conical shaft, which is lowered
in the sediment by manpower, using as many connecting rods as
needed to reach the sediment. The second part is a rectangular lid,
which is pushed down, using connecting rods again. Because the bottom
side of the tube is closed, no sediment gets lost when the tube is raised.
On board the Vrij-wit boor is placed horizontally and the lid is pushed
open, giving displaying the sediment layers and the thickness of the layer containing Usselmeer deposit was measured (§ 2.1.2). In 1988, 34
sites were sampled with the Vrij-wit-boor and in 1989 an additional 100
sites. The thickness of the silt layer is presented in Figure 2.3.

3.4.2 Sediment traps
Compared to many other measurements, sediment traps are comparatively simple, cheap and easy to use. Gross sedimentation fluxes
measured with traps give information about the mean fluxes for the
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exposure period. For the construction of sediment traps Hàkanson and
Jansson (1983) formulated three basic rules:
- cylinders are the best form;
- cylinders should have aspect (hight/diameter) ratios over 3 and in
very turbulent waters this value should be increased to 10;
- cylinders should have diameters larger than .04 m.
For this study cylindric tubes were used,with a length of 0.5 m and a diameter of 0.048 metres, designed by the Agricultural University Wageningen, department of Nature Conservation. Around the tube two plastic
rings are placed,to keep the tube floating in an upright position.The bottom of the tube is connected to a big street tile by a chain, to keep the
tube in place. A small buoy is used as location mark.
In 1988 and 1989 sediment traps were placed each weekly visit at Y111
and Y112. In the next week the traps were removed and emptied. At
each site three or four traps were placed, but at return traps were missing regularly. The number of traps, the total volume and the exposure
time were registered, whereafter the contents of the traps at one site
were mixed. This suspension was analyzed for total suspended solids
and ash free dry weight. The sediment composition was analyzed as
well (§ 3.4.3). For each site the mean sedimentation flux (SST) for that
week was computed from the data. In 1988 the sedimentation flux of
chlorophyll-a (ChlaT) and phaeophytine (PhaeoT) was measured as
well. In Table 3.3 a summary of the computed data for 1988 and 1989 is
presented.
Table 3.3 Summary of sediment trap data of Y111and Y112in 1988 and
1989
Variable

Y111

Y112

mean std

N

Y111&Y112

mean std

N

min

max

1988
SST
AFDW/SS
ChlaT
PhaeoT

(gm 2 h 1 )
(%)
(mgm 3 -h 1 )
(mgm 3 h 1 )

15.9
23
6.9
4.2

13.1
2
2.3
2.2

32
32
34
34

29.4
18
6.7
5.0

13.4
4
3.1
3.8

33
33
33
33

4.6
9
2.4
0.1

165.1
29
15.6
17.7

1989
SST

(gm 2 h 1 )

10.8

5.8

26

16.0

9.6

26

1.5

37.8

Corresponding to the fact that the average wind speed in 1988 is higher
than in 1989,the average sedimentation flux is higher as weil. Partly this
can be attributed to the shorter sampling period in 1989, when measurements were ceased in the second week of October, whereas in 1988
measurements were continued until the last week of November, including an additional six weeks in the storm season. Y112 is located in

81

the South-West of the lake and Y111 in the middle. Therefore during
storms, which most often blow from the West or South-West (§ 3.3.2),
Y111 might be expected to exhibit higher suspended solids concentrations and higher sedimentation fluxes. However, in both years the suspended solid concentrations (Table 3.2) and the sedimentation flux
(Table 3.3) measured at Y112 are much higher than those measured at
Y111. Obviously, not only fetch controls suspended solids concentrations
and the sedimentation fluxes, but other factors as well (Chapter 4).
Due to the dynamic conditions in the Markermeer, sedimentation fluxes
vary widely in space and time. As measurements were limited to part of
two years and two sites, it was hard to estimate the absolute sedimentation flux for the whole lake. Concluding from the measurements, sedimentation fluxes over the lake may vary between 1.0 and 200 g n r 2 h " 1 .
Using 0.36 kg-m"2-day"1 as a mean value for the entire lake, the internal
load of the lake will be in the order of magnitude of a billion tons per
year.
Two problems were encountered when the relationship between suspended solids concentration and sedimentation flux were formulated.
Firstly, the suspended solids concentration of water is sampled with time
intervals of several hours, whereas the sedimentation flux is the cumulative figure for the entire exposure period. During the exposure time at
least two samples were taken and six at most. Hence, carefulness is
needed with the comparison of both figures. The second problem is the
occurrence of mineralisation processes in the sediment trap during the
exposure time. Brinkman and Van Raaphorst (1986) found a mineralisation of 80 % in 14 days for the detritus of the Veluwemeer (Figure 1.1).
They proposed a first order relation between mineralisation of particulate matter and the surface area available for colonization, stating that
mineralisation of particulate matter is not limited by the availability of
substrate. A measure for mineralisation might be the difference in organic content (AFDW/SS-ratio) between water samples and sediment
trap samples, assuming that the sedimentation of organic and inorganic
solids is comparable. The mean AFDW/SS ratio of the water samples is
estimated from all the available data of the period the trap is exposed.
In Figure 3.18 the difference between the AFDW/SS ratio of water samples and of sediment trap samples is related to the AFDW/SS ratio of
water samples, but no significant correlation is observed. As mineralisation involves bacterial activity a relation between the water temperature
and the mineralisation is expected. The mean water temperature during
the sedimentation period is computed in a similar way as the mean
AFDW/SS ratio in water samples is computed. But again no significant
correlation was observed.
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decrease in AFDW/SS ratio (%)

dAFDW/SS =
-0.9 +0.71xAFDW/SS
N =67
r =0.64
50
60
AFDW/SS ratio (%)

Figure 3.18 Difference in AFDW/SS ratio of water samples and sedimentation trap samples versus the AFDW/SS ratio in water samples of 1988

Though it is realized that the measured sedimentation fluxes are probably lower than the actual fluxes, due to the occurrence of mineralisation,
no corrections are made for the occurrence of mineralisation. Hence,
some care should be taken when the measured sedimentation fluxes are
used.

3.4.3 Fall velocity distribution

experiments

For the classification of sediments, an experimental method is used
based on differences in fall velocities. The experiments were started in
1988. Due to problems with the data interpretation, a modified method
was used in 1989 (Van Duin et al, 1992). During the experiments irradiance attenuation coefficients were measured as well, the results of
those measurements are discussed in § 3.4.4.
The method to measure the fall velocity distribution of one sample used
in 1988, is as follows. In nine cylindric glass tubes one litre of the suspension is brought and after stirring is left to settle. After a specific time,
at 0.15 m below the water surface a pipette is inserted and the entire
overlying layer is siphoned off in three out of the nine glass tubes. The
same is done for the other six glass tubes, but for each group of three
tubes a different settling time is used. The three samples of one group
are mixed providing 1.3 litre of sample. In this sample no particles are
present with afall velocity larger than the sampling depth divided by the
settling time. In the samples the total dry weight, ash free dry weight and
the beam attenuation coefficient (§ 3.4.4) are measured. By subtraction
of the analyzed dry weight contents of each group of tubes, the mass of
a fraction is estimated. With the results, four classes of solids are dis83

tinguished by boundaries of settling velocities. The fraction with the
smallest fall velocity, thus taking the longest settling time, is symbolized
with SSv Fractions 2 to 4 are fractions with increasing fall velocities.
This method has much in common with the particle size distribution
method used for the classification of soil characteristics, except that now
untreated fresh material is used. The boundary fall velocity values that
are used in the Markermeer study are presented in Table 3.4. It is
assumed that no coagulation or flocculation occurs during the experiment. In dilution series, no non-linearity was observed for concentrations below 300 gm" 3 . Hence, in the experiments samples of sediment
traps or top layer material were diluted to concentrations below 300
gm" 3 .
7"ab/e3.4 Definition of fractions by fall velocity
minimum (ms 1 )

ss.
ss2
ss3
ss4

0
2.5-106
40.0-106
160.0-106

maximum (ms 1 )
2.5-106
40.0-106
160.0-106
?

mean (m-s1)

mean (d1)

3.4-106
25.5-106
109.0-106
412.0-106

0.30
2.20
9.42
36.6

Theoretically, an infinite thin layer should be sampled from a settling
tube with a pipette in order to obtain a sample with sharp boundaries in
terms of fall velocities. Practically, a minimum quantity is needed for
laboratory analysis. Because in the method used in 1988, the sampled
layer is the entire 0.15 m layer above the pipette depth, which is not
even close to the infinite layer condition, the interpretation of the data
is complicated. The distribution of fall velocities over the samples is displayed in Figure 3.19. No particles with a fall velocity larger than the
upper boundary are left in the sample and are therefore excluded, but
the samples also contain varying proportions of material with a settling
rate below the lower boundary.

84

distribution (%)
100

SSi
SS2
SS3
SS4
Fallvelocity

Figure 3.19 Distribution of fall velocities over the different fractions in
the experimental method of 1988
In 1989, 0.01 m 3 samples were brought in cylindric glass tubes of 0.35
m in height and a diameter of 0.2 m. After a predetermined time at a predetermined depth a layer of two centimetres is obtained with a pipette,
yielding the 1.3 litres needed for further analysis (Figure 3.20). The subsequent sample and data processing (Van Duin et al, 1992) is similar to
the method used in 1988. Although the water level decline is two centimetres, the sample itself comes from an undefined space around the immersion point of the pipette. Hence, the fractions are still not absolutely
defined, but compared to the method of 1988, they are much closer
within the estimated range of settling rates.
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Figure 3.20 Fall velocity distribution experiments; the method used in
1989

The specific fall velocity of each fraction is estimated as the weighted
mean of the boundary velocities. The background of this method is explained in §4.1.2.
Samples of lake water, from sediment traps and from the sediment top
layer have been analyzed for their fall velocities. Sediment top layer
samples were taken with the Jenkin mud sampler (§ 3.4.1). In Table 3.5
the data of the fall velocity experiments are summarized for both years.
Although difference were found between data of Y111 and Y112, not
enough reliable data were available to discriminate systematically be86

tween these sites. Therefore in Table 3.5, data of site Y111 and site Y112
are averaged.
Table 3.5 Summary of fall velocity distribution data of 1988and 1989
(% of SS)

SS,

ss3

SS2

mean

std

mean

std

mean

Water samples

37

13

34

10

10

Sediment trap

8

4

16

7

20

Top layer

9

ss4
mean

std

N

5

18

14

63

9

57

18

32

std

7988

15

61

15

9

1989
Water samples

44

15

29

9

11

7

16

12

25

Sediment trap

22

8

34

13

16

7

28

15

35

7

5

18

11

12

4

63

18

7

Top layer

AFDW^SS,

AFDW 2 /SS 2

AFDW3/SS3

AFDW4/SS4

mean std

mean

std

mean std

mean std

N

Water samples

35

9

33

10

33

14

32

15

29-125

Sediment trap

21

6

24

6

24

5

18

5

Top layer

24

(% of SS,)

1988

25

20

16

34
9

1989
Water samples

49

16

40

16

30

12

40

14

8-57

Sediment trap

37

13

27

12

26

14

23

21

22-36

Top layer

36

12

20

10

19

7

9

6

6-12

As expected, in water samples the fractions with a low settling velocity
dominated, whereas in samples taken from the sediment top layer, the
fraction with the largest fall velocity dominated. In samples of sediment
traps, fall velocities were distributed more homogeneously. This is illustrated in Figure 3.21. However, material left in the sediment traps for several days and material deposited in the sediment top layer is subject
to chemical and physical processes like mineralisation and consolidation, modifying the characteristics of the material and thus their settling
behaviour. Hence, the fall velocity distribution measured for sediment
trap and top layer samples are used only as indicative values. Besides,
in both years the sediment top layer samples are collected during a few
days in March and no more than ten samples were taken. It is possible
that the fall velocity distribution in the sediment top layer is quit different
in autumn or in summer. Besides in the experiments, breakage of floes
or an additional aggregation may have occurred, which would have
altered the fall velocity distribution (Van Leussen, 1986).
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suspended solids(%)

water

sediment

Figure 3.21 Mean fall velocity distribution in 1989(Van Duin et al, 1992)

Considering the percentage of sediment within the various fractions of
the water samples for both 1988 and 1989, the mean fall velocity of the
suspended solids ranges between 10-10 6 and 100-10"6 m-s"1. For estimations of the mean sedimentation flux the range of fraction 2 is used; a
fall velocity around 2 metres per day. Combining this with a mean suspended solids concentration of 50 g m 3 , the mean sedimentation flux is
estimated at 0.1 kg-nr 2 -day" 1 , instead of 0.36 kgm~ 2 day" 1 estimated in §
3.4.2. This is caused by the fact that the impact of a few stormy events
is much higher on the sediment trap data than on the suspended solids
data. Probably, the value of 0.36 kgm" 2 day~ 1 is the most realistic, as the
sedimentation flux obtained from sediment trap data is based on a
cumulative measurement instead of grab samples.
The results from the method of 1988 and of the method of 1989 are hard
to compare. In October 1988, the fall velocity distribution of 27 samples
was measured by both methods and the results were compared. With
the improved method of 1989 the proportion of fraction 2 was increased
with about 50 %, whereas the share of fraction 4 decreased with almost
50 %. For both fractions linear relationships with high correlations
( > 0.9) were derived. The proportion of fraction 1decreased with about
10 % for the method of 1989 and the correlation between both methods
was high for this fraction as well. Due to very low concentrations,
measurements of fraction 3 failed regularly and only 12 data were left.
With linear regression no relationship was found between the two
methods for fraction 3. In 1988the contribution of fraction 2 in water was
roughly the same as the contribution of fraction 1 (Table 3.5), even
though the method of 1988 tends to underestimate the contribution of
fraction 2. In 1989, the contribution of fraction 2 was much smaller. This
is probably due to the fact that suspended solids concentrations in
general were higher in 1988 than in 1989 and this is probably due to a
greater contribution of resuspended material in 1988. Accounting for the
difference in method, the contribution of fractions 3 and 4 in sediment
trap material, was also greater in 1988than in 1989.The similarity in the
fall velocity distribution of the sediment top layer of both years is
remarkable.
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Inthe different sediment samples, the AFDW/SS ratio is greatest for fraction 1 and smallest for fraction 4. In general the AFDW/SS ratio was
smaller in 1988than in 1989,caused by the smaller contribution of resuspended sediment in 1989. The difference between both years are most
pronounced for fraction 1.
A major handicap of the used settling tube methods is the fact that many
results are inaccurate, because concentrations and absolute quantities
are very small. Hence, small errors in the analyzing procedure affect the
estimated fraction values dramatically. Often data sets had to be discarded, because a negative quantity of a fraction resulted after subtraction.

3.4.4 Specific attenuation

coefficient

As the scattering and absorption of irradiance by particulate matter is
partly determined by the physical and chemical characteristics of the
particulate matter and partly by the spectrum of the irradiance itself, a
light attenuation model including both aspects is needed. In Chapter 4
the relation between both aspects is discussed extensively. In this section a description of the experimental methods and a discussion of the
data are presented. The underlying theory is presented as far as needed
to understand the interpretation of the measurements.
The downward attenuation coefficient can be estimated by addition of
the contribution of the different components, Kirk (1983):
Kd = Kd,0 + Kd,1 + .. + Kd,n

(3.4)

If the contribution per unit of weight of a component to the attenuation
coefficient is considered to be independent of the concentration, the
downward attenuation coefficient of that component can be estimated :
Kd,i = k d ] i Ci
kdj = specific downward attenuation
coefficient of component i
Cj = concentration of component i

(3.5)
(m2g~1)
(gm3)

If the contribution of each component to the total attenuation is considered constant as well, except for the contribution of suspended
solids, the relationship between the downward attenuation and the suspended solids content can be obtained by linear regression. In Figure
3.22 the relationship between the downward attenuation coefficient
measured in the field (§ 3.2.1) and the suspended solids concentration
is estimated for 1988 and 1989. The correlation between the suspended
solids concentration and the attenuation coefficient is high, even though
the variable composition of the suspended solids was not considered.
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Figure 3.22 Measured downward attenuation coefficient versus the suspended solids concentration in 1988and 1989

Besides the in situ measured vertical attenuation coefficient, the beam
attenuation coefficient of water samples has been measured with a laboratory spectrophotometer. The spectrum between 400 and 700 nm was
scanned in 50 nm steps. The mean beam attenuation coefficient, e, was
calculated as the mean value. With a spectrophotometer, the combined
effect of scattering and absorption is measured, whereas in the field
mainly the effect of absorption is measured. Hence the mean beam attenuation coefficient measured with a spectrophotometer, e, is larger
than the attenuation coefficient, Kd, estimated from underwater irradiance measurements. With linear regression a relationship is derived
between the in situ measured Kd and e, this is presented in Figure 3.23.
This relation is based on 103 measurements of 1988 and the estimated
correlation coefficient is 0.94.

90

0.68 + 0.29e

(3.6)

mean beam attenuation coefficient
(PAR)

(nr 1 )

attenuation coefficient (nr

Kd = 0.68 + 0.29 xE
N =103
r = 0.94
15
20
25
30
beamattenuation coefficient (nr1)

Figure 3.23 Downward attenuation coefficient Kdversus the mean beam
attenuation coefficient e

Apart from the distinction in different fractions of suspended solids by
fall velocity, an attempt has been made to use these same fractions to
model the attenuation coefficient. The method is based on the assumption that both the attenuation of light by particles (Baker and Lavelle,
1984) and the settling velocity of particles are related directly to the
cross sectional area of the particles and not to their volume (§ 5.2). As
most phytoplankton species settle slowly, the contribution of phytoplankton to the attenuation coefficient is incorporated in the attenuation of the
fractions SST and SS2.
In the fall velocity distribution experiments, the specific beam attenuation coefficient was estimated as follows. For each sample taken during
the experiment, the beam attenuation coefficient is measured with a
spectrophotometer. As the total beam attenuation coefficient of a suspension can be estimated from the contribution of its components, the
beam attenuation coefficient is obtained for each fraction after a similar
estimation procedure as used to compute the mass of each fraction: The
beam attenuation coefficient of fraction 2, e2, is computed by subtracting
the beam attenuation coefficient of the sample with the smallest fall
velocity from the beam attenuation coefficient of the sample with the
smallest but one fall velocity. This is repeated for fraction 3 and 4. The
specific beam attenuation coefficient of each fraction is obtained by
dividing the beam attenuation coefficient of afraction by the mass of that
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fraction. In Table 3.6 the results of this method are presented for both
1988 and 1989. The specific attenuation coefficients k d2 , k d 3 and k d 4
were estimated from the results presented in Table 3.6, using equation
3.6 without the increment.
Table 3.6 Summary of the specific beam attenuation coefficient measurements of 1988and 1989 (m2-g1)
mean

std

min

max

N

e2/SS2

.21

.07

.06

.66

116

e3/SS3

.16

.10

.05

.70

e4/SS4

.15

.10

.04

.51

50
34

e2/SS2

.18

.08

.08

.34

21

e3/SS3

.13

.06

.05

.19

4

e4/SS4

.07

.06

.03

.18

5

1988

1989

The results for fraction 1are not presented in Table 3.6. Fraction 1 contains the dissolved substances and the slowly settling particles, including most of the phytoplankton cells. Hence for the computation of the
attenuation coefficient, the background attenuation by water itself and
the dissolved substances is incorporated in the attenuation of fraction 1.
To distinguish between the contribution of phytoplankton and the contribution of the suspended solids in fraction 1, both the mass and the
measured extinction coefficient are corrected for phytoplankton occurrence measured as chlorophyll-a content.
Kd,v = Kd|1- kd,phyt-Chla
AFDW' = A F D W - d - C j C h l a
Kd,phyt

=

=
C-\ =
=
C2 =
=

(3.7)
(3.8)

specific attenuation coefficient of a
mixed Blue-green/Diatom population
0.015 (Kirk, 1983)
(m2mg1)
Carbon/chlorophyll-a ratio
35 (Stutterheim and Smits, 1985)
(-)
organic content/ carbon ratio
2.0 (Werkgroep Normering, 1986)
(-)

The distinction between the background attenuation, including the contribution of dissolved substances, and the attenuation by fraction 1 was
made by linear regression. The values of K d 1 were estimated from the
measured beam attenuation coefficient, e1t using equation 3.6. The
results for both years are displayed in Figure 3.24.
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Figure 3.24 Attenuation coefficient of fraction 1 versus the mass of
fraction 1in 1988and 1989

The total vertical attenuation by suspended solids is described by equation 3.9. The equation is corrected for the contribution of phytoplankton,
hence the contribution of phytoplankton itself is not incorporated in this
equation. The overall estimation procedure, including phytoplankton is
presented in § 5.2.2.
1988: K„

1989: Kri

0.64 + 0.070-SS! + O.O6OSS3 +
0.045SS 3 + 0.037SS 4
0.69 + 0.059-SS! + 0.052-SS3 +
0.038SS 3 + 0.021 SS4

(3.9a)

(3.9b)
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The variability in the results is considerable and the number of data is
limited, especially for the data set of 1989 (Table 3.6). The standard deviation is in the order of 50 % of the mean value and for the computation
of the specific attenuation coefficient for fraction 3 and 4 of 1989, no
more than 5 respectively 6 pair of data were available. This is due to
frequently low concentrations in the samples, prohibiting a reliable analysis. Because the methods of fall velocity distribution measurements for
both years were different, a comparison of the results is difficult (Van
Duin and Kuijpers, 1989). In 1988, particles with a smaller fall velocity
than the defined boundaries were still present in the samples. Because
solids with a small fall velocity have a larger specific attenuation coefficient, the estimated specific attenuation coefficients for 1988 are higher
than those for 1989.

3.5 Primary production experiments
The objective of the Markermeer study centred on the growth of the cyanobacterium Oscillatoria agardhii. The typical light field of the Markermeer is mainly held responsible for the absence of blooms of Oscillatoria species (§ 6.1). Therefore, field experiments have been performed
in the Markermeer itself with O.agardhii, to test the postulated hypotheses on primary production. A modified version of the light and dark bottle technique and a perspex tube have been used. The background and
final interpretation of the experimental research is described in §6.1.4.

3.5.1 General lay-out of the experiments
The primary production experiments had to meet many requirements:
a
experiments had to be carried out with the characteristic light field
of the Markermeer;
b
experiments had to be carried out with Oscillatoria agardhii organisms;
c
no other physical factors except the available light energy should
be limiting during the experiments;
d
enough experiments should be carried out to test the reproducibility of the experiments and
e
the vertical movement of the algae should be reproduced.
To meet the first requirement, all experiments were carried out in glass
or perspex containers, which were placed in the water of the Markermeer at site Y112. Assuming that the effects of scattering and absorption
by the glass and perspex are negligible, the organisms will experience
the natural light field of the Markermeer.
As blooms of O. agardhii are absent in the Markermeer, O. agardhii
species had to be sampled elsewhere or grown in the laboratory. Because laboratory cultures may differ essentially from natural phytoplankton cultures and our experience with laboratory cultures was
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limited, it was decided to obtain 0. agardhii samples from another lake;
the Nijkerkernauw (Figure 1.1). Blooms of 0. agardhii have dominated
the phytoplankton community in this lake for years (Berger, 1987). Before the start of the experiments, this dominance was checked. During
the experiments, at least once a week, the Nijkerkernauw was visited
and plastic containers were filled with water at the 'Laakse Strand'. The
suspension was filtered through a 100 /ym net, to filter out most of the
zooplankton species. In the laboratory the content of these containers
was poured in a plastic 0.2 m 3 basin. A provisional light/dark cycle was
provided by placing the basin below a lamp (Day light lamp, 400 - 700
nm, 250 Watt, Phillips), which was lighted during office hours. In the
weekend it was lighted from friday morning until Saturday afternoon and
then switched off until monday morning. At days when site Y112 in the
Markermeer was visited, the basin was moved aboard of the ship and
placed on deck. The basin was shielded from the sun by a plastic lid. As
the lid and basin were translucent and light and temperature on deck
were often high, photosynthetic activity in the basin was often high,
causing the suspension to be highly over-saturated with oxygen.
To eliminate the effect of limiting nutrients, a solution containing nutrients and macro-ions was added to the suspension in the basin. The
composition of the solution is presented in Appendix 7.
In order to obtain enough experimental results to test the reproducibility,
the experiments were conducted during both the second and third high
frequency sampling periods of 1989 and during two high frequency
sampling periods in 1990. The results of the second period of 1990 are
described elsewhere (Visser, 1991).

3.5.2 Light and dark bottle

experiments

The classical method of measuring photosynthesis in situ proceeds
through the enclosure of water samples in glass bottles with ground
glass stoppers (Vollenweider, 1974). In order to determine the total production in a given water column, it is necessary to run a series of vertical measurements, exhibiting the variation of photosynthetic activity per
unit volume with depth. From this relationship (depth-profile), the activity
below a unit area of surface can be calculated as the integral. The mean
productivity is estimated as the integral divided by the depth. When an
exposure has been made with sub-samples of a phytoplankton population in clear ('light') and darkened bottles, the initial concentration of dissolved oxygen can be expected to decrease in the darkened bottles by
respiration. In the light bottles, the nett production will be measured, i.e.
the photosynthetic oxygen production minus the respiration. This is true
as long as other processes involving oxygen are absent or can be
neglected, like respiration by zooplankton or fish. Bacterial decay of organic material may not be negligible in a dense phytoplankton population and will effect the estimated respiration. The conditions experienced by the phytoplankton cells within the experimental vessel may
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be at variance with those in the lake in various ways and this may affect
the activity being measured. This includes the absorption and scattering
by the material of the vessel, the lack of turbulence within the vessel
causing wall effects and sedimentation, the exposure of cells to excessive turbulence or strong light during manipulations and their maintenance at a fixed point rather than a circulation in the water column (Vollenweider, 1974). The relative influence of the manipulation is diminished by the extension of the immersion period. On the other hand, by
decreasing the immersion time the influence of over or under saturation
and settling within bottles, will subside. A duration of one to four hours
of the experiments is chosen as a compromise for both.
By keeping the bottles at a fixed depth, the light field experienced by the
algae will be different from the light field experienced in the open water.
Hence, instead of fixed bottles, a string of bottles was used, which could
be circulated through the water column. Two types of closed strings
were used, short and long strings. A long string is 6 metres, with 6 bottles distributed evenly over the string. A short one is 3 metres, again
with 6 bottles evenly distributed. All bottles are 1 litre glass bottles.
Between every pair of bottles a loop of rope is fixed. On the platform in
the Markermeer, a pipe with 7 hooks is attached, immediately above the
water surface. When a loop of one of the strings of bottles is attached
to a hook, the bottles will sink into the water and hang in three pairs at
three different depths (Appendix 3). After a certain time interval,the next
loop is placed on the hook and so the string is rotated. After 6 movements the string has made a full circulation and the bottles are back in
their original position. By changing the time interval between movements, the migration of the alga across the water column can be slackened or accelerated. As the bottles on the long string reach almost to the
lake bottom, a completely mixed system is simulated by rotating these
strings. With the short string a partly stratified situation is simulated. If
the string is not moved, a classical light and dark bottle experiment is
conducted. The bottles of one long string are obscured by covering them
with aluminum-paper.
At the start of the experiment the bottles are filled with the O. agardhii
suspension from the basin on deck of the ship, which is brought to an
oxygen saturation level by vigourous stirring. As soon as all bottles of
one string are filled this string is placed on a hook at the platform. An
effort is made to lower them in the water as quickly as possible, to prevent them from exposure to direct sunlight. First the string with dark
bottles is placed. Second and third are a long and a short string with
light bottles that are not moved. The other strings are two long and two
short strings with different rotational speeds. At the end the strings are
raised one by one. In all bottles the oxygen concentration is measured
electrochemically (§ 3.2.1).
In 1989, two strings were not moved, strings F and G, which were the
short and long string respectively. String A and B, were short strings
that were moved every five minutes. Hence, the bottles travelled up and
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down the water column twice every hour. String C and D were the long
strings, with a similar rotation time. The bottles of string Ewere covered
with aluminum paper.
In 1989, six successful experiments were completed. The results of the
experiments are summarized in Table 3.7. Respiration and nett production at a certain depth are estimated by dividing the measured
change in oxygen concentration by the duration of the experiment and
the biomass. The total gross production over the depth of the strings
with the fixed bottles is estimated by multiplying the gross production of
each bottle by the thickness of the water layer it represents and adding
the results of the individual bottles. The mean production is estimated by
dividing the gross production with the depth of the experiment. The production measured in the bottles of the rotated strings are all more or
less the same. The mean production of these strings is estimated by
averaging the production measured in the individual bottles.
Table 3.7 Summary of the results of bottle experiments of 1989
Date

30/6

7/7

12/7

6/9

8/9

15/9

Duration of rotation (h)

2.0

2.0

2.0

1.5

1.0

1.0

Duration of fixed bottles (h)

2.25

2.0

2.0

1.33

1.60

1.12

^halfway

13.00

13.00

14.30

13.30

12.15

11.30

1515

1390

907

1073

1115

603

K„

(A/Em2s1)
(m 1 )

1.8

2.4

1.2

1.5

1.2

1.9

^mean.top

(//Em2s1)

621

444

481

498

591

238

^mean.deep

(/vEm 2 -s 1 )

333

231
clear

287

280

353

126

clouded

clear

clear

clouded
9.2

Ed|0

Sky

clear
9.9

10.3

9.8

9.8

9.7

T

PH

(°C)

22.0

22.0

20.3

23.0

18.5

16.7

AFDW

(gm3)

61.4

53.3

89.2

42.5

55.

Chla

(mgm3)

367.

462.

541.

(10 6 -m 3 )

4518

5693

10374

248.
5634

250.

N-Osc
PP

(g02gChla1h

229.

)

top-rot

A,B

7.4

6.3

4.8

8.4

13.2

5.8

top-fix

F

5.8

5.3

3.2

7.2

10.1

7.9

deep-rot

C,D

7.0

4.8

3.0

8.2

12.2

4.8

deep-fix

G

5.8

4.1

2.4

6.6

9.6

5.0

(g0 2 -gChla 1 h ) E

1.9

2.4

2.6

1.6

-1.4

-0.4

RESP

Differences in production between the various rotation regimes are significant, but no systematical variations are observed. The differences in
production per day vary much more than differences in production between fixed and rotating bottles.
In 1990 a construction of three poles was used instead of the platform.
The experiments are described in detail by De Groote (1992). The place
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of the loops was changed to one third of the distance between two
bottles. When the string is placed in the water the depth of all the bottles
is different, which prevents the breakage of bottles. Strings A and B
were the short strings, which were moved every 2.5 and 5 minutes
respectively. Hence, the number of rotations of string A is 4 times per
hour, and for string B, 2 times per hour. String C and D were long
strings, moving every 5 and 10 minutes respectively. E is the long string
with dark bottles, which is rotated every 10 minutes in order to compensate for potential temperature variations. Fand G are the short and long
strings that are not moved. After a string of bottles is filled, the oxygen
concentration in each bottle was measured. At the end of the experiment
the oxygen concentration and the temperature is measured in each
bottle.
During the first high frequency sampling period of 1990, 5 successful
experiments were conducted. The results are summarized in Table 3.8.
Respiration and gross production are estimated similar to the experiments of 1989.
Table 3.8 Summary of the results of bottle experiments of 1990
Date

18/6

20/6

27/6

29/6

16/7

Duration of rotation (h)

2.0

2.5

2.5

2.5

2.5

Duration of fixed bottles (h)

3.08

2.75

3.45

3.67

3.90

OuE-m2-s1)

994

624

1062

1327

887

1.3

1.3

1.5

1.5

1.8

•—mean,top

<m1)
OuE-m2-s1)

511

321

515

646

378

^mean, deep

(/vE-m 2 s 1 )

202

Ed,o

Kd

298

187

292

361

Sky

clouds

hazy

hazy

sunny

clouds

PH

9.5

9.6

-

10.3

8.3/9.3

T

21.0

19.7

20.2

19.8

22.5

42.5

64.2

31.1

39.8

(mgm3)

44.3
254

281

399

271

304

N-Osc

(10 6 m 3 )

21820

23747

27357

30432

30980

PPgross

(gOj-gChla'h1)

AFDW

(°C)
(gm3)

Chla

top-rot-slow

A

9.3

9.8

11.6

5.1

8.9

top-rot-fas

B

10.2

9.8

11.1

5.8

8.4

top-fix

F

9.0

11.4

10.0

4.2

6.3

deep-rot-slow

C

7.1

8.9

13.0

5.5

4.8

deep-rot-fast

D

8.8

8.6

11.0

3.8

4.9

deep-fix

G

7.5
1.4

9.6

8.8

3.9

1.3

2.0

4.5
1.7

RESP

(g02gChla1h1)

E

1.7

The strings with bottles had to be rotated by hand, replacing the loops
every 2.5, 5 or 10 minutes. This was time consuming and required much
patience. Hence, the duration of the experiments was kept as short as
possible. For all experiments, each string had to be moved at least one
full circle and preferably two. Hence, the time needed for one exper-
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iment was at least two hours in 1989 and one hour in 1990. The rotation
of the strings had to be done with utmost care, to prevent bottles from
smashing each other or the string from becoming one big knot. Wave
action complicated the work and often the experiment had to be cancelled because waves were too high. The accuracy of the experiments
was dependent on several factors, including the accuracy of the oxygen
measurements, the carefulness in the manipulation of the bottles, the
state of the phytoplankton suspension, etc. Thus, the experiments were
not as easy as anticipated at first.
From the experiments of 1989, when all experiments were done with at
least two duplicate bottles, it was estimated that deviations of 10 % were
standard. But occasionally deviations of 25 percent were found. Hence,
the accuracy of the experiments is moderate.

3.5.3 Cylinder

experiments

By moving the bottles during the light and dark bottle experiments, one
of the major disadvantages of the traditional method is removed or at
least reduced. Unfortunately, application of the new method is limited to
short duration experiments. Hence, processes with larger time scales
such as slow adaptations to changing light conditions can not be studied
with this set up. For long term primary production experiments, mixing
within the experimental vessels is necessary. Also on-line process
registration is desirable to enhance the quantity and quality of the data
obtained. Therefore an experimental method was designed that accommodated these requirements. A perspex tube of 2.8 m in height was constructed, which is the water depth at Y112 at low water levels. The
diameter of the cylinder is 0.3 m. The cylinder was lowered in the water
of the Markermeer at site Y112 using a winch, the construction of the
cylinder is presented in Appendix 3.
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Figure 3.25
Configuration
of the cylinder used
in 1990

v

at

100

Within the cylinder three thin plastic tubes were placed, with a length of
0.9, 1.8 and 2.7 metres. The tubes were connected through the top of the
perspex cylinder jacket to thin hoses leading to a switchboard. One connector was let through a pump, from which the outlet with a hose is connected to the top of the cylinder. With this system of pump and hoses,
the water in the cylinder was circulated. By shutting one or two of the
inlet hoses on the switchboard, the water circulation in the cylinder
could be changed, from circulating the top third of the cylinder, the top
two thirds or the entire content of the cylinder. By opening the lower
plastic tube or all three tubes, the entire cylinder content was circulated,
but with the second method the top third of the cylinder was recirculated
more intensively than the lower third. Because the turbulence was
highest near the top of the cylinder, an oxygen-temperature sensor (OXI196) was placed here, opposite the water inlet. During the experiment,
the sensors were connected to a small logger (Campbell 21X, micrologger) on the platform. Oxygen concentration and temperature were
registered every 15 minutes. A fifth hose was connected to a hole in the
top of the cylinder, to prevent significant over or under pressure. At the
switch board a tap was placed to take samples from the water in the
cylinder. These samples could be withdrawn from the three depths 0.9,
1.8 and 2.7 metres by opening one of the three inlet tubes on the switch
board. At the start of each experiment the cylinder was filled with the
Oscillatoria agardhii suspension and lowered into the lake. In general
for each experiment, the cylinder was operated for a week, with samples
taken every second day. If the O.agardhii population inside the cylinder
seemed unhealthy or seriously injured, the cylinder was cleaned and
filled with a fresh phytoplankton suspension, and the membrane of the
oxygen sensor replaced. This happened for example when the pump
broke down for one or two days and stratification occurred in the
cylinder with strong oxygen depletion in the lower part of the cylinder.
Generally, after a week the experiment had to be stopped to replace the
oxygen membrane and to clean the walls of the cylinder. After three
weeks the experiments had to be stopped for some time anyway, to
clean all the instruments and the plastic tubes as well.
For the comparison of the under water light field inside the cylinder with
the under water light field in the Markermeer itself, two light cells (Li-cor
under water quantum cells) were placed inside the cylinder at a depth
of 0.4 and 0.6 m and connected to the micro logger. Unfortunately, immediately after installation of the cylinder, algae settled on the surface
of the light cells, rendering the measurements useless. Therefore, careful comparison of both light fields is impossible.
In 1989 a membrane pump was used to circulate the water. This was
done after careful comparison of the damage by different pumps on the
O.agardhii suspension as measured by the primary production. From
these experiments it was concluded that the membrane pump had the
least effect as long as it was operated at a low pressure. The effect of
continuous pumping by a tube or centrifugal pump was devastating. In
spite of several attempts with flow meters it was not possible to measure
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the mixing rate of the cylinder at a pump pressure of 1.5 bar. In 1989 the
cylinder was operated during the second (89-2) and third (89-3) high frequency sampling period. During period 89-2, only the top hose was
opened. Hence, only the top third of the cylinder was circulated and a
partly stratified situation was simulated. During the period 89-3, only the
lower hose was opened to simulate a completely mixed situation. Samples were taken every two days and analyzed for biomass. The
measured oxygen concentration and temperature inside the cylinder are
presented in Figure 3.26. In the first week of 89-2, the cable, which attached the cylinder to the winch, broke and the cylinder disappeared

25

dissolved oxygen concentration (g.nr3)

temperature (°C)
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T

Figure 3.26 Measured oxygen concentration (DO) and temperature (T) in
the cylinder experiments in 1989
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into the mud.After repair one day later, the pump broke down and two
days later this happened again. Hence, continuous measurements did
not start until the 3rd of July and data interpretation in restricted to nine
daysfrom July 3rd. Inperiod 89-3,the instruments functioned very well.
In 1990 new laboratory tests were done with several pumps and the
effects on the length of the O.agardhil filaments and on the shape of
their vacuoles were studied (De Groote, 1992).The effect of continuous
pumping with a membrane pump on the vacuoles of the algae seemed
critical, as the number and size of vacuoles decreased drastically. The
effect of small submersible pumps was small. Hence, during the experiments of 1990small submersible pumps were fixed onthe mouthof
the three inlet tubes inthe cylinder. Inthe experiments of 1990the oxygen temperature sensor was placed in a small vessel in the connector
hose onthe switchboard to improve maintenance possibilities. Pictures
ofthe 1990experiment are shown in Figure 3.25.Thecylinder was operated from June 25till July 18and functioned rather well. During 5days
the aggregate, delivering the electricity for the small pumps, did not
function well and results were discarded.The measured oxygenconcentration andtemperature are presented in Figure3.27.
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Figure 3.27 Measured oxygen concentration (DO) and temperature (T) in
the cylinder experiments in 1990

After some typical start-up problems, the cylinder experiments functioned well. Attempts to measure the light field and the mixing rate inside the cylinder all failed. This complicated the interpretation and the
transferability of the experimental results. The theoretical interpretation
of the experiments is described in § 6.1.4.
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4 Sediment transport, resuspension and sedimentation
The transport of fine-grained cohesive sediments enters in several ways
in the management of natural and artificial shallow water bodies. The
attenuation of light, which affects the ecosystem in various ways
(Chapter 5), is dependent on the concentration of suspended sediments.
As fine grained sediments have a relatively large surface to mass ratio,
they have large adsorbent capacities and consequently are an important
factor in the transport of contaminants, like micro-pollutants, heavy
metals or phosphate (Lick, 1982). Additionally, sediment transport may
result in navigational problems or aggravate the dilemmas around the
disposal of dredging sludge. In large shallow lakes the internal loads by
resuspension of sediments may be much larger than the input by rivers.
Although measurement data are not very accurate and extrapolation of
available data is difficult, the gross sedimentation flux in the Markermeer is estimated in the order of billions of tons a year (§ 3.4). Hence,
a thorough understanding of the processes of sediment-water interactions and the availability of mathematical models capable of predicting
the origin, fate and quantities of suspended sediment in a lake after a
single meteorological event and after longer periods of time will be
extremely useful in lake management (Sheng and Lick, 1979).
The lakes in the Usselmeer area, Figure 1.1,are shallow, wind exposed
lakes with soft fine-grained sediments. In these lakes, water quality
problems are often related to sediment composition and transport.
Realizing this, many studies have been issued by government authorities, concerning aspects of sediment transport in parts of the area. In the
same period as the Markermeer study has been initiated, a second
study concerning the modelling and simulation of internal transport of
phosphate rich silt in the Veluwemeer has been started. In both systems,
flow patterns are induced by the wind, whereas flow velocities are small.
The distribution of suspended sediment in both systems is highly affected by horizontal transport. The external loads of solids are small, compared to internal loads by resuspension of sediments. As both systems
are dominated by similar processes, both studies required a similar modelling approach. The model STRESS-2d was developed for this purpose
by Van Duin and Blom (1992). STRESS-2d is atwo-dimensional model for
Sediment Transport, Resuspension and Sedimentation in Shallow lakes
and was applied separately in both studies (Blom, 1989; Van Duin et al,
1992). In a third case study concerning the simulation of the resuspension and distribution of contaminated sediment in the Ketelmeer, the
model STRESS-2d has been used. In this study some adaptations were
made to the model STRESS-2d to cope with the load conditions of this
lake (Blom and Toet, 1991).
Several processes affect the transport of sediment and the sediment
composition in shallow lakes. These include production, decay, resuspension, sedimentation, internal and external transport. This study
focuses on suspended solids. Sediment is defined as the non-living
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solids, including mineral (clay particles, calcite, sand) and dead organic
material. The production and decay of phytoplankton is modelled separately. In this study, the role of production and decay of sediment is
neglected. Hence, the production of calcite is neglected, which is acceptable for simulations over shorter periods of time (years instead of
decades). For dead organic material it is assumed that the decay of organic material is balanced by the production and that the composition of
the total bulk of organic material is steady.
Although the amount of water discharged on the Markermeer is considerable, the external suspended solids load is relatively unimportant.
Firstly, because the input concentration of solids is low. Secondly,
because the detention time of solids in the water phase is small. Consequently most of the solids will settle near the discharge location. In this
study, the modelling of sediment transport is limited to the processes of
resuspension, sedimentation and internal transport.
STRESS-2d is based on an existing two-dimensional horizontal hydrodynamic model, WAQUA (Stelling, 1984), which is developed and placed at
our disposal by Rijkswaterstaat and Delft Hydraulics Laboratory. In
WAQUA a studied area is divided in many compartments. For each compartment the advection diffusion equation is solved. In STRESS-2d, the
advection-diffusion equation is expanded with an additional source term
(resuspension) and an additional sink term (sedimentation). A schematic
representation of the mass balance of a water compartment in STRESS2d is presented in Figure 4.1. The nett sedimentation flux is the difference between the resuspension flux, <pt,and the gross sedimentation
flux, 0S.

Qout'Cout

Figure 4.1 Sediment mass balance for each compartment of water in
STRESS-2d

4.1 Gross sedimentation
The gross sedimentation flux is defined as the mass transported downwards across the sediment-water interface per unit of time and area.
The most important factors determining the sedimentation flux are the
settling speed or fall velocity and the sediment concentration.
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4.1.1 Estimation of the fall velocity

distribution

In calm waters particles more dense than water will assume a constant
fall velocity, in which the force of downward motion is equal to the drag
force resisting motion. If the total suspended solids concentration is
modelled with one single mass transfer equation, the fall velocity, w s ,
can be expected to vary as a function of time for each site, due to
changes in the particle size distribution. Alternatively, the total suspended solids concentration can be broken up in different size classes,
with each its own specific fall velocity (Lick, 1986). For laminar flow conditions, Stokes' law states the relationship between particle size, settling
velocity and density deviations:

Ws

-

18- oVO

w s = settling velocity or velocity of
particles relative to the fluid
CTS = particle density
o = density of water
g = acceleration due to gravity
d s = diameter of a sphere having the
same volume as an irregular shaped
particle
V = kinematic viscosity
O = coefficient of form resistance
O equals 1for spherical particles.

(41)

(m-s 1 )
(gm" 3 )
jg-m"3)
(ms~2)

(m)
(m 2 s" 1 )
(-)

Natural suspensions contain particles of many different sizes, shapes
and densities. Particle size distributions may be measured with particle
counters, but in case of natural sediments these are expensive and timeconsuming measurements. Measurements of particles in ocean waters,
ocean sediments, waste waters and sludge digesters have indicated that
distribution functions of particle size frequently follow a power law of the
form (Lerman et al, 1977):
n(ds)=A-dsB
A
= coefficient related to particle
concentration
B
= experimentally determined
coefficient ranging from 2to 5
n(ds) = particle size distribution
function of diameter

(4.2)
(m B " 1 • m"3)
(-)
(-)

In natural systems the particle size distribution is not fixed as particles
aggregate or disaggregate. Aggregation and disaggregation of finegrained particles in lake water are complex processes. The rate of
aggregation depends upon the particle contact rate and on particle
attachment. The particle contact rate is determined by three different
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physical processes: Brownian motion, fluid shear and differential settling (O'Melia, 1985). The probability of particle attachment depends on
the particle concentration, particle size, salinity and ionic strength.
However, a large experimental effort is needed to quantify the probability of attachment. Hence, the particle size distribution is not only difficult
to measure but is also variable.
For suspended lake sediments, the fall velocity distribution is more easily determined experimentally than the particle size distribution. As floes
or aggregates will generally settle more rapidly in water than the individual particles would (Hàkanson and Jansson, 1983), the fall velocity distribution is not stable. If the sedimentation flux is more important than
the exact particle size distribution, measurement of the fall velocity distribution may be sufficient. In the fall velocity experiments it is then assumed that aggregation and disaggregation of particles are similar as
under field conditions. In the fall velocity experiments carried out in the
Markermeer project, differences with the field situation are mainly due
to the undisturbed settling in the laboratory tubes (§3.4.3). For samples
taken at the Markermeer, the fall velocity distribution is measured in
four intervals defined in Table 3.4. As minium and maximum settling
speeds are unknown, the settling speed ranges over at least three orders of magnitude. The mean fall velocity for each interval depends on
the particle size distribution, because the fall velocity is related to d s 2 ,
whereas the particle mass is related to d s 3 . If particle sizes are evenly
distributed, a numerical mean of the fall velocity boundaries would
underestimate the fall velocity. The mass of spheres is related to the settling velocity to the power 1.5. The average fall velocity of a certain fraction is estimated as the numeric average, of the boundary values to the
power 1.5, raised to the power 2/3. The fall velocity of fraction 1 and 4
is a rough estimate, as the upper and under boundary of the fall velocity
distribution are not measured.
In lake sedimentology many other methods to classify grain sizes exist.
Often sediments are classified in four categories (Hàkanson and Jansson, 1983):
* sand, diameter > 63/vm;
* silt, diameter 2 - 6 3 / v m ;
* clay, diameter < 2/vm;
* organic content.
In this approach, fractions are treated as completely separate components. In lakes components will often aggregate, due to surface interactions. The results of the fall velocity experiments showed that the organic content of all fractions of suspended solids in water samples varies
between 30 and 50 % (Table 3.5). Though they may have different origins, the behaviour of the different components is the same. Therefore,
the distinctions in sand, silt, clay and organic content may be useful for
comparison with other systems, but not for models of sedimentation processes.
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4.1.2 Description of the sedimentation flux
In the field of sedimentology there is considerable agreement on the
modelling of sedimentation fluxes. Both Partheniades (1971) and Sheng
and Lick (1979) proposed a linear relationship with the settling velocity,
w s , and the suspended solids concentration SS. In its simplest form:
0s = w s S S

(4.3)

If the range of the fall velocity distribution is large, a background concentration of non-settling material may be used (Lam and Jaquet, 1976;
Luettich, 1987):
0S = w s (SS-SS b )
SS b = background suspended solids
concentration

(4.4)
(gm3)

,

Lick (1982) suggested that besides settling, Brownian motion may be significant especially near the sediment water interface. He describes sedimentation fluxes with:
<PS = ßSS
ß = w s / (1-e w s / ^ d )
ß = coefficient of proportionality
ßd = limiting value of/?

(4.5a)
(4.5b)
(ms1)
(ms - 1 )

Where ßd is the limiting value of /?, if only Brownian diffusion is considered important. As the particle size decreases, Brownian diffusion
becomes more important and ß approaches ßü. For large particles ß is
approximately equal to the settling velocity and 4.5a merges into 4.3. As
particle sizes are not constant and therefore complex to estimate, the effect of Brownian diffusion is often neglected in the modelling of sedimentation fluxes. But it should be noticed that the use of equation 4.3 instead
of 4.5 will lead to an underestimation of the sedimentation flux of the
smaller particles.

4.2 Resuspension
Compared to the modelling of sedimentation fluxes, much more disagreement is displayed concerning the modelling of resuspension of
sediment and on the question whether erosion and deposition occur
simultaneously or alternating.
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is incorporated, the usage of these models in two dimensional models
requires a lot of computing time and memory capacity. Hence, this study
was confined to the semi-empirical models.
Wind waves grow as a result of a flux of momentum and energy from the
air to the water body. Most theories, including the semi-empirical
models, relate the impact of energy and momentum to the surface
stress, which is highly dependent upon the wind speed. In most wave
models, the wind velocity measured at an elevation of ten metres above
the surface, U10, is used. In wave hindcasting models, either the wind
speed is used directly or a wind stress factor, U a , is used. U a is an
adjusted wind speed:
Ua = C r U 1 0 C 2

(4.8)

Besides wind speed, wave growth is determined by the fetch, the duration of the wind event and the water depth. The fetch generating area
is the unobstructed area of water over which the wind blows in an
essentially constant direction. The fetch length, F|, is the length of the
generating area in the direction of the wind. The fetch width, Fw, is the
width of the generating area, perpendicular to the fetch length. In
general, lake fetches are limited by the lake shores. At irregular shaped
lakes, small variations of the wind direction may induce large fluctuations in the estimated fetch length. That is the reason why the effective
fetch, F, which is related to both fetch length and width, is often used in
lake models. Usually, the effective fetch is estimated as the weighted
mean value of the fetch length exactly in the direction of the wind and
sections on both sides of the central radial. The larger the angle
between the central radial and a section, the lesser its contribution to
the effective fetch (Saville et al, 1962, Hàkanson and Jansson, 1983). In
this study, the compass-card is divided in 16 sections of 22.5 degrees.
For every section the fetch length is estimated for a specific site with
wind direction intervals of 4 degrees. The mean value of these fetch
lengths is used as the effective fetch, for every wind with a direction
within that section. This approach is less accurate than the method described by Saville et al. (1962), but was necessary to save computer
memory (§4.5).
The wind duration, t d , is the time the wind acts on the water surface. The
minium wind duration is the time required to establish steady state conditions for a particular wind speed, fetch and depth.
The significant wave method was introduced originally by Sverdrup and
Munk and after some extensions became known as the SMB-method
(Bretschneider, 1966). The wave forecasting parameters evolved from
theoretical considerations, but the actual relationships required certain
basic data for the determination of various constants and coefficients.
They developed wave forecasting equations based on dimensionless
parameters.
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TT
HH
FF
zz
tt

=
=
=
=
=

g-T s /u a
g-H s /U a 2
g-F/u a 2
g-z/u a 2
9-VUa

=
=
=
=
=

wave period parameter
wave height parameter
effective fetch parameter
depth parameter
wind duration parameter

(4.9a)
(4.9b)
(4.9c)
(4.9d)
(4.9e)

In most models based on the SMB-method, steady state conditions are
assumed. In these models waves are therefore either fetch or depth limited but never duration limited. Equations of these models all have the
same form, but the parameters have different values (CERC, 1977;
Bouws, 1986; Groen and Dorrestein, 1976). In these models TT and HH
are related to depth and fetch, according to:
TT = C3-fz1-tanh[fF1/fz1]
HH = C 4 f z 2 tanh[f F 2 /f Z 2]

(4.10)
(4.11)

fzi = function of depth parameter
fFi = function of effective fetch parameter
A summary of models, constants and wind speed modifications is presented in table 4.1. In variable wind fields, stationary conditions are not
reached as assumed in equations 4.10 and 4.11. Duration limited wave
generation will occur when the wind speed increases rapidly. Hence,
measured wave heights and periods are sometimes smaller than computed wave characteristics. On the other hand, when the wind speed decreases fast, wave characteristics will be higher than computed. CERC
(1984) presented an experimental equation for wind duration limited
wave period computation:
TT = 0.0677-tt0429

(4.12)

The wave period is computed for both fetch limited and duration limited
conditions. If the wave period, computed with the duration limited equation, is smaller than the fetch limited wave period, wind duration is limiting the wave growth. Using equation 4.10, a wind duration corrected
fetch is estimated, which in combination with equation 4.11 produces the
matching wave height. Groen and Dorrestein (1976) proposed a method
to expand the use of equations 4.10 and 4.11 to dynamic wind fields,
without introducing the wind duration in the equations. They assumed
that there is only a limited time lag between changes in wind and the
adaptation of the wave characteristics to the new wind field. If the time
step between computations is small, so will generally be the changes in
the wave field. The wave field at time t minus 1affects the wave field at
time t. Hence, the wind field at time t minus 1, affects the wave field at
time t. They suggested that the wind field at time t should be a weighted
wind speed combined from both the wind field at time t and time t minus
1. For the correction of the wind speed equation 4.13 is formulated
(Groen and Dorrestein, 1976):
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Uio = Cg-lW-O-CsJ-U^ 1

0.5 < C5 < 1.0

(4.13)

C5 = weight factor

(-)

This concept is used to produce semi-dynamic versions of in principle
stationary models and is included in table4.1.

Table 4.1 Summary of constants of different wave models
CERCIs

CERC2S

-

CERC2d

BOUWSs -

BOUWSd

c,
c2
c3
c4

0.283

0.283

0.283

f2,

0.833zz 0375

0.833-zz0375

0.833-zz0375

f22
fF,

0.530-zz075

0.530-zz075

0.530-zz075

0.077-FF

fF2

0.0125-FF042

0.537

1.0

0.71

1.0

1.23

1.23

7.54

7.54

7.54

duration

.

c5

1

025

0.0379FF

0.077-FF025

0333

0.0125-FF042

0.00565-FF05
4.12
1

1

4.13
1

0.75

The models summarized in Table 4.1 are very much alike. Bouws used
the same model as CERCIs, except that he used an adjusted wind
speed. Some constants of CERC2s and CERC2d differ from the other
models. To assess the efficiency of the different models, simulation runs
with all the models were done, using the data sets of 1988 and 1989.
Bouws model was used in its original form (BOUWSs) and used in an
extended form, including the duration concept of Groen and Dorrestein
(BOUWSd, equation 4.13). A value of 0.75 was used for constant C5. The
latest CERC model was used with (CERC2d) and without (CERC2s) the
wind duration limitation. If the increase in wind speed was more than 1.0
m-s"1 in one hour, both the duration and fetch limited period were estimated. If the duration limited period was the smaller one, wave growth
was assumed to be duration limited and wave height computations were
omitted.
The wave characteristics measured at the Markermeer in 1988 and 1989
are used to validate the simulation results. The estimated values of significant wave height and period are compared to the measured values,
if the measured wave height was at least 0.1 m (He). The behaviour of
the models was described by the mean value of the sum of square roots
of the difference between estimated and observed values (SSQ) and the
mean relative error, MRE. A summary of the simulation results is
presented in Appendix 9. For all five models the significant wave height
measured at Y111 in 1988 was simulated best and wave height measured at Y111 in 1989 worst. The latter is probably caused by the faltering
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data transmission (§3.3.3). The original model, CERCIs, produced credible results with relative errors around 20 % or less. Especially the wave
period estimations seem reliable. The introduction of the new growth
curves in 1984 does not seem an improvement, although differences in
behaviour are small. Considering model behaviour Bouws introduction
of an adapted wind speed in the original equations, seems an improvement. Considering the relative error it is a relapse. In about 20 % of the
simulated events, limitation of wave growth by wind duration occurred.
During the same number of events, the wind speed increased 1.0 m-s 1
or more within an hour. During every event with an increased wind
speed, wave growth is observed to be duration limited. However, the
estimated wave periods with this method do not agree with the measure
values and consideration of this effect does not improve the hindcasting
of wave heights. Hence, the inclusion of duration limitation, as described
with CERC2d, is another relapse in wave hindcasting. The method of
weighting of wind speed to include dynamics, as is done in BOUWSd,
does not seem to have much effect on model behaviour.
As the relative error in the measured wave heights is larger for small
wave heights (§ 3.3.3) and very small waves are not important in the
estimation of resuspension fluxes, a minimum value of H sfor model behaviour estimation is defined, Hc = 0.1. To test the sensitivity of the
model behaviour for the value of Hc, simulation runs were done with the
BOUWSs model for different minimum values of Hc; 0.0 and 0.2 (m).
When the value of Hc was lowered, model accuracy actually increased.
The models neglecting any aspect of duration limitation of wave growth,
like CERCIs, CERC2s and BOUWSs, produce the best results for this
data set. The difference between the behaviour of the models is small,
although the relative errors in BOUWSs are bigger. Still, the BOUWSs
model is used in STRESS-2d, mainly caused by historical reasons: A first
comparison of the five models was done in 1988, using the data sets of
1987 and 1988 of Y112. BOUWSs model produced the best results, other
models overestimated the wave characteristics. As this agreed with the
findings of Bouws (1986) for the Markermeer, BOUWSs model was adopted for use in the STRESS-2d model. As in 1989 it appeared that the measured wave data were unreliable (§ 3.3.3), a quick check-up was done
on the behaviour of the BOUWSs model, using the new data of 1988 of
site Y111.As model behaviour seemed unchanged, the model was still
used further. Not until 1990 it was realized that the same measurement
mistakes might have been made in the collection of the data set used by
Bouws. Hence, the extensive study on the behaviour of the different
models with the data of 1988 and 1989 was repeated in the end of 1990.
The results are presented in Appendix 9. Because the results of the
BOUWSs model are still acceptable, it is still used. Furthermore, changing the wave model in STRESS-2d to CERCIs or CERC2s would mean a
time-consuming recalibration of the entire resuspension model.
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4.2.3 Relationships for wave induced

resuspension

With the identification of wind induced waves as the major force for
resuspension in Markermeer, a quantitative relationship between this
force and the resuspension flux has to be formulated. Many other factors
affect the resuspension as well, among which the physical and chemical
characteristics of both the water and the sediment, the availability of
sediment for resuspension, the activity of benthos and the covering of
sediment with macrophytes. As surface waves are hard to simulate in
laboratory experiments, presently experiments are limited to the
entrainment of sediment by steady flow (Partheniades, 1965; Mehta and
Partheniades, 1975; Fukuda and Lick, 1980; Lee et al, 1981) or by tide.
Tsai and Lick (1986) developed a portable device (shaker), in which turbulence was generated by an oscillating grid. In both cases, the generated turbulence is quite different from the turbulence induced by surface
waves. Due to the complicity of the process and the limited information
from experiments, the best results are still obtained with semi-empirical
models (Brinkman and Van Raaphorst, 1986).
Numerous relationships have been proposed, relating the resuspension
flux either directly to the wind speed (Gons, 1989), wave height (Luettich,
1987), the maximum orbital bottom velocity (Lam and Jaquet, 1976) the
squared maximum orbital bottom velocity (Migniot, 1966) or to the
bottom shear stress related to surface waves (Sheng and Lick, 1979). A
direct relationships between the resuspension flux and wind speed is incapable of simulating the effect of measures concerning lake geometry
or depth on the resuspension of sediment. In studies relating either the
maximum orbital velocity or the bottom shear stress to the resuspension
flux, a critical minimum value of either has been observed. Below this
critical value no resuspension occurs. If the critical value is exceeded,
erosion rates increase very rapidly. The relationship between the maximum bottom wave orbital velocity and the wave characteristics is described by Phillips (1966).
U b = [ 77-Hs/Ts]-sinh(2 77-z/L)

(4.14)

U b = maximum bottom wave orbital
velocity

(m-s 2 )

A comparison of existing relationships is presented by Aalderink et al.
(1984). Three commonly used models including these phenomena are:
Lam and Jaquet (1972):
<Pr = 0
(px = K 1 -K 2 -[U b -U b , cr ]/U b ,cr
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U b < Ub,cr
U b > Ub,cr

(4.15a)
(4.15b)

Migniot (1966):
0r = 0
0 r = K r [U b 2 -U b , cr 2 ]/U b , cr 2

U b < Ub,cr
U b > Ub,cr

(4.16a)
(4.16b)

Shengand Lick (1979)
<Pr =

0

<Pr = Kvirw-rw.cn]
<Pr = Kvirw-Tw.crtl

Tw < Tw.cn

Tw.cn < Tv. < rw,cr2
Tw,cr2 < Tw

K2 = CTS- Oj( CTS-CTW)
K! = constants
Ub,cr = critical maximum orbital bottom
velocity
Tw.cr = critical maximum bottom stress

(4.17a)

(4.17b)
(4.17c)
(-)
(ms - 1 )
(Nim 2 )

In the model STRESS-2d, the use of both equations 4.15 and 4.16 is optional. As fw is related to the square of U b , equations 4.16 and 4.17 lead
to more extreme values of the resuspension flux, than computed with
equation 4.15. A comparative study between 4.15 and 4.17 with the
Veluwemeer data set favoured the use of equation 4.15 (Blom, 1989). A
comparison of model behaviour between 4.15 and 4.16 with the Markermeer data set, also favoured the use of 4.15 (Raap and Buis, 1988).
Hence, equation 4.15 (Lam and Jaquet, 1976) was used in the Markermeer study.
The value of U b c r depends on the mineral composition and particle size
distribution of the sediment, the absence or presence of benthic fauna
and bacteria (Fukuda and Lick, 1980), the ionic strength (chloride), (Terwindt, 1977), vegetable cover (Partheniades, 1972), etc. Migniot (1966)
found that for various types of sediments, the critical shear velocity may
be expressed adequately as an inverse function of the water content in
the sediment. By Lam and Jaquet this was accounted for in the description of K2. As the variation in the named factors that affect the value of
Ub,Cr may be large for different lakes and sediments but may even
change with different seasons, the value of U b c r may be different for different lakes, different kinds of sediments and for different periods of the
year. The effect of seasonal variations is mainly due to differences in
biological activity. As these processes are hard to assess for an entire
lake, either a simple temperature relation may be used or the effect may
be neglected at all. The latter is done in this study, leaving differences
in sediment composition as the only cause for differences in U b c r . In
many other studies differences in U b c r for different sediments are
neglected as well (Lam and Jaquet, 1976, Sheng and Lick, 1979). The
omittance of variability in U b c r in combination with the disregard of differences in fall velocity may cause, from a modelling perspective, the
need to define a background concentration (Luettich et al, 1990). The
definition of a background concentration is a hidden method to introduce
differences in sediment characteristics. In the sedimentation model,
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sediments were discriminated by ranges of fall velocity. Assuming that
larger floes require more energy for resuspension and settle faster as
well, the same classification is used for both the resuspension and the
sedimentation model.Therefore equation 4.15 is redefined to include different sediment classes:
0r = Ier'
m

= i-K'-IUb-Ub,«']
_

(4.18)

K-|' • <7S' • <7 W

(oV-CTj-Ub.cr'
Values have to be obtained for both K' and UbiCr' of each fraction, which
is described into detail in § 4.5.2).

4.3 Modelling of the sediment layers
Not only the sediment characteristics and the bottom stress, but also the
limited availability of sediment for resuspension may be an important
factor controlling the resuspension fluxes. Sediment characteristics may
vary within the different layers of sediment. Hence, the modelling of the
lake sediment is as important as the modelling of the wave characteristics and sedimentation rates. Unfortunately, less information is available on the processes controlling the erodability of sediments and these
characteristics may vary enormously from lake to lake.

4.3.1 Different concepts for sediment

modelling

If the lake bottom is an inexhaustible source of solids for the considered
time scale, a model of the lake bottom is not necessary (BOTO). More
often, the thickness of the lake sediment varies within the lake and
varies within the considered time and is afunction of deposition and erosion rates. In the Markermeer, the silt layer varies in thickness at different parts of the lakes and is transported during the years. Beneath the
silt layer a coarse sand layer is located, which is hardly affected by wind
waves. Hence, depletion of the silt layer will actually occur and limit the
resuspension of sediment (BOT1).
Laboratory experiments have shown that erosion of a cohesive sediment occurs until a depth is reached, where the bed strength is equal
to the erosive force (Mehta and Partheniades, 1975). The bed strength
depends on the degree of consolidation that has occurred since the bed
was deposited, the make-up of the bed, bioturbation, etc (Fukuda and
Lick, 1980, Lee et al, 1981). Hence, the critical maximum orbital velocity
for resuspension is not constant for each sediment layer, but increases
with depth and with time as consolidation of the deposited sediment occurs. At any time, a certain fraction of the available sediment is deposited as surficial sediment and overlays sediment, which is more difficult to entrain, while the rest of the available sediment is suspended in
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the overlying water (Lick, 1982). For a lake bottom with a high silt content, Luettich et al (1990) suggested the existence of a thin non cohesive
top layer. The contents of this layer never become cohesively bound to
the bed and resuspension of this layer is relatively easy. Possible mechanisms to restrain this layer from becoming a part of the bed, include
bioturbation and bottom shear exerted by the mean current and small
waves. Although the latter may be weak in comparison to the stress
necessary to cause resuspension, it is nearly always present. In samples taken with the Jenkin mud sampler (§ 3.4.1), such a layer was
actually detected. Above a grey sediment a thin yellowish layer with a
thickness of a few millimetres to a centimetre was spotted. Although the
layer was often disturbed by the sampling, its existence could be
observed readily with the eye by its different colour. This layer is
assumed to be aerobic in contrast with the layer beneath, causing the
colour difference. Hence, the concept of a thin non-cohesive top layer is
plausible for the Markermeer. The water content of this layer is assumed
to be 95 %, the same value as assumed by Luettich et al. (1990). The
exact thickness of this layer is variable as sediment is resuspended or
consolidated. If the thickness of the top layer becomes too high, the
forces that are keeping the silt in the non cohesive layer may not reach
deep enough and sediment consolidates. This part of the top layer will
become cohesive and therefore will become part of the lower layer.
The cohesive part of the sediment will vary in bed strength with sediment depth. It may be approached as a number of sub-layers, each
defined by its own bed strength and thus describing erosion as a discontinuous process (Vlag, 1992). On the other hand, if the top layer is partly
or completely removed, the sediment below is subject to the same processes as the top layer was before and therefore will acquire the same
properties. In the latter approach, one lower layer is sufficient to attribute for the variability in bed strength within the sediment (BOT2).

4.3.2 Numerical

implications

Although model equations have been formulated in the former paragraphs for resuspension and sedimentation, it has not been discussed
yet whether both processes appear simultaneously or exclude each
other. Partheniades (1965) observed simultaneous occurrence of deposition and erosion in rivers with coarse sediments, but a much more
complicated situation for rivers with fine cohesive sediments. He stated
that erosion and deposition of cohesive sediments are different and
exclusive processes, as the shear stress required to erode deposited
fine sediment is considerably higher than the stresses under which the
same sediment may deposit (Mehta and Partheniades, 1975, Partheniades, 1972). In one study Partheniades (1972) observed that for deposited floes to be resuspended, the flow induced lift and drag forces will
have to overcome its chemical bonds with the bed in addition to the submerged weight. Consequently, higher shear stress would be required to
resuspend deposited sediments than those under which the same sedi-
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ment deposits. In later work he stated conclusively that erosion and
deposition will not occur simultaneously in rivers with cohesive sediments and sedimentation fluxes were modelled likewise (Mehta and
Partheniades, 1975). A similar approach was used by Krone (1972).
<Ps = 0
<PS = W S SS(1- rV Ter)

r c > Ter
Fe < Ter

(4-19a)
(4-19b)

Although the studies of Partheniades and Krone are on cohesive sediments, they are all done in rivers or in laboratory experiments, where
erosion is flow induced. Flow induced shear stress to erode sediments
has to be much higher than wave induced shear stress to erode the
same sediment (§ 4.3.1). In similar experiments, using cohesive lake
sediments in a rotating circular flume, Fukuda and Lick (1980) and Lick
(1982) observed in every experiment a steady state concentration, which
they reasoned to be due to a dynamic equilibrium between entrainment
and deposition. Hence, with similar experiments they reached the opposite conclusion. As in the Markermeer study the top layer is assumed
to be non-cohesive, the simultaneous occurrence of resuspension and
sedimentation is a logical result. Hence, in the STRESS-2d model resuspension and sedimentation may occur simultaneously. In other studies,
resuspension and sedimentation of cohesive sediments was modelled
by simultaneously occurring processes as well, with reasonable results
(Lam and Jaquet, 1976; Sheng and Lick, 1979; Aalderink et al, 1986).
In § 4.3.1 different concepts for the modelling of the sediment layers are
presented:
BOT0: One layer of infinite depth;
It implies that no mass balance of the lake bottom has to be kept
as the source is unlimited and the composition constant. The
applicability of this model is limited to short term simulations.
BOT1: One single well mixed layer of finite depth;
A mass balance of this layer should be kept for each fraction.
As the exhaustion of lake sediment is included in this model, it
is more versatile than the first. Still, as variability in bed
strength within the sediment depth is neglected, limitations in
its aplicability is expected.
BOT2: Two layers of variable depth. The top layer athin layer, its thickness the nett result of sedimentation and resuspension. The
lower layer acting as a source for the upper layer. In this model,
the consolidation of the top layer is modelled as a mass transport from the top layer to the lower layer. This transport occurs
when the thickness of the top layer exceeds acritical value. This
process will be further referred to as consolidation, although it
is not exactly the same because no gradients are considered.
The transport of material from the lower layer to the top layer
is defined likewise. If the thickness of the upper layer is less
than the critical value, mass transport from the lower layer to
the top layer occurs. This transport is referred to as erosion but
is not dependent on the shear stress. The flux from one layer to
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another is not dependent on the thickness of any layer, but is
modelled as a constant. The magnitude of these fluxes is therefore arbitrary.
In the STRESS-2d model, the sediment bottom model with two layers of
variable depth is used (BOT2). The thickness of the sediment top layer
is computed with equation 4.20
MSSt
*.(1-e)
z t = thickness of the sediment top
layer
MSS, = total sediment mass in the sediment top layer
as = sediment density
e = porosity

(4.20)

(m)
(gm2)
(g - nv 3 )
(-)

At each time step, mass transfer between the top and the lower layer
occurs by turbation. Besides this either erosion or consolidation occurs,
dependent on the thickness of the sediment top layer. If the thickness of
the top layer is larger than the critical thickness of the top layer, sediment is transported to the lower layer by consolidation and turbation
and to the upper layer by turbation:
^ T ^

= Mfj^-SSy-M+MJ-SS,.,

^

= - M t - g l | - S S t , i + (M t +M c )-SS t , i

^

(4.21a)
(4.21b)

If the thickness of the top layer is less than the critical thickness, mass
is transported from the lower layer to the top layer by turbation and erosion and vice versa by turbation:
*<M^i} = (Mt+MJ-j^-SSu-MfSSy
<5(M

| t S " l ) = - ( M t + M e ) | l ^ l | s S t , i + Mt-SSt,i

MSS tii = sediment mass of component i in
the top layer
MSSii = sediment mass of component i in
the lower layer
M t = mass transport by turbation
M c = mass transport by consolidation
M e = mass transport by erosion

(4.22a)
(4.22b)

(gm2)
(gm - 2 )
(ms1)
(m-s 1 )
(ms" 1 )
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SSt.i = sediment concentration of component i in the top layer
SS|j = sediment concentration of component i in the lower layer
e t = porosity of the top layer
ei = porosity of the lower layer

(gm~3)
(gm3)
(-)
(-)

4.4 Sediment transport
The equation for the conservation of mass of suspended sediment describes the advective and dispersive transport of sediments in a turbulent system:

<5SS ó(uSS) + J)i/SS) ó(w + w s )SS =
(5t
óx
Jy
óz
ó(Dh• (ÓSS/óx))
ó(Dh• (ÓSS/Ó)/)) ó[Dv-(ÓSS/az))
óx
óy
óz
*.y =
z =
u =
V =
w =
Ws =
Dh =
Dv =
S =
t =

horizontal coordinate
vertical coordinate
(positive= upward)
fluid velocity in x direction
fluid velocity in y direction
fluid velocity in z direction
velocity of suspended solids relative
to the fluid
horizontal eddy diffusivity
vertical eddy diffusivity
source (or sink) term
time

+

„

.. __.
\• )

(m)
(m)
(m-s1)
(m-s1)
(m-s1)
(m-s1)
(m2-s"1)
(m2-s"1)
(g-rrr3-s-1)
(s)

It has been assumed that the concentration of suspended solids is sufficiently small, so that the dynamics of the flow are not appreciably affected by the suspended solids. A numerical model based on this mass
balance implies the use of a three-dimensional model. If gradients in
either horizontal or vertical directions are small, the role of transport in
this direction may be ignored and the dimensionality of the model can
be reduced.

4.4.1 Vertical transport
The occurrence of vertical gradients of suspended solids in lakes is dependent on the transport induced by wind waves, the effect of currents,
dispersion and sedimentation. The sedimentation process tends to
create gradients, whereas most other processes tend to smooth gradients. The effect of advective transport by downward seepage on concentration gradients in the water column is nil in the Markermeer area as
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the seepage rate is less than 1 mm-day 1 . The relative impact of at one
side sedimentation and on the other side the effect of currents and
waves may be compared by matching the characteristic time scales of
the processes (Sheng and Lick, 1979). The characteristic time for settling
and the characteristic time for turbulent diffusion are defined as (Lick,
1982):
ts = z/w s
t, = z 2 /2D v

t s = characteristic time for settling
tt = characteristic time for turbulent
diffusion

(4.24)
(4.25)

(s)
(s)

When the settling time is much less than the diffusion time, t t » t s ,
settling is the dominant mechanism for vertical transport of sediment.
When t t « t s , turbulent diffusion is the dominant mechanism and gradients will be smoothed. In the Markermeer the mean settling velocity varies between 10-10"6 and 100-10 6 m-s"1(§ 3.4.3). The depth of the lake varies between 2.0 and 4.5 m. Hence, t s varies between 2-104 and 45-104 s.
The vertical dispersion coefficient in shallow Dutch lakes is in the order
of 2-10"4 and 10"3 m 2 s" 1 (DiGiano et al, 1978). Therefore, t, lies between
0.2-104 and 5-104. During stormy weather both w s and Dv increase,
whereas during calm weather both decrease. As t, is usually much
smaller than ts, normally gradients due to settling can be ignored. This
corresponds with the results obtained from measurements at different
depths (§ 3.2.2). Differences in concentrations measured at different
depths were rare and usually less than 5 %. Because usually vertical
gradients are of minor importance, this third dimension is omitted from
equation 4.23 and a two-dimensional horizontal approach for the sediment transport model is used.

4.4.2 Horizontal transport (WAQUA)
Horizontal transport of constituents is related to the horizontal water
movement. The depth averaged horizontal currents are described by the
so called Shallow Water Equations (SWE) or the long period wave equations (Leendertse, 1987), which are valid if vertical flow velocities and
accelerations are small and also the vertical gradients in horizontal
velocities are small.
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£ = water level elevation relative to the
reference plane
h = distance from the reference plane to
the bottom
u = vertically averaged fluid velocity in
x-direction
v = vertically averaged fluid velocity in
y-direction
[~ux = component of the wind stress in xdirection
|~uy = component of the wind stress in ydirection
f = Coriolis parameter
T = velocity diffusion coefficient
Ch = Chézy coefficient

(4 27b)
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(m 2 -s 2 )
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The three dimensional equation of conservation of mass, 4.23, can be
replaced by a two-dimensional equation (§4.4.1):

ó(z • SS) + ó(z • u• SS) + ó(z • v• SS) + ó(z • Dh• (<5SS/Jx))
ól
óx
óy
óx
+ ó(zDh(ÓSS/óy))
+ (Pr_(Ps
= 0

(428)

Horizontal currents and the solution of the advection-diffusion equation
are computed with the model WAQUA, which is the core of STRESS-2d
(§4.5.1). WAQUA is a two-dimensional horizontal hydrodynamic model,
which has been developed by Rijkswaterstaat and the Delft Hydraulics
Laboratory (Leendertse, 1967; Stelling, 1984). For the numerical solution
of the advection diffusion equation in WAQUA, an Alternating Direction
Implicit (ADI) method with finite differences is applied, using a staggered
grid. With the ADI-method the solution of the equations is done in two
steps; during the first half time step an implicit solution is estimated in
x-direction and an explicit solution in y-direction. During the second half
time step an explicit solution is estimated in x-direction and an implicit
solution in y-direction. A staggered grid means, that £, h, u and v, are
not computed for the same coordinates, but for coordinates shifted half
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a grid size. Stelling (1984) claims that using a staggered grid leads to a
75 % reduction of the computation time, when solving the SWE
equations. Furthermore he states that the numerical method is unconditionally stable and the numerical dispersion is low. As numerical dispersion, stability and computation time is usually a problem in twodimensional modelling, these were the main reasons for the use of the
WAQUA model in STRESS-2d. Besides, experiences with WAQUA in
several previous projects seemed good and the program source was
available. Extensive descriptions and discussions of the model are
available (Leendertse, 1967; Stelling, 1984). The specification of characteristics and parameters as described in this paragraph, apply to the
rectangular WAQUA version used in STRESS-2d.
The most important parameters for the application of the model for a
specific water system are;
* the grid size,
the size of the grid determines the extent of details described by the
model and has an important influence on numerical dispersion, computation time and computer memory use;
* the time step,
the size of the time step is related to the grid size and has a major effect on computation accuracy and computation time;
* the wind stress coefficient,
the wind stress coefficient relates the transfer of energy from the wind
field to the water body. In WAQUA the wind stress coefficient is constant for all conditions;
* the bottom friction,
the bottom friction is described by the Manning-coefficient, M, which
is related to the Chézy-coefficient:
Ch = zV6-M

(4.29)

* the velocity diffusion coefficient,
* the Coriolis coefficient, f,
the Coriolis effect depends on the latitude,ê:
f « 1.46-1O"4-sin(0)

(4.30)

4.5 Model outline and parameter optimization
The numerical implications and the calibration procedures used in complex models are often misty for outsiders, no matter how extensive publications are. In a fresh attempt, a review of the entire model structure
and the calibration effort is made in these paragraphs.
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4.5.1 Model outline
A summary of the model equations is presented in Table 4.2. Only the
equations used in the Markermeer study are listed. Except for the expanded advection-diffusion equation, specific WAQUA equations are
omitted.

Table 4.2 Summary of STRESS-2d equations
rf(z-SSi) + flz-u-SSj) + flz-v-SS,) { d(z-Dh-(<5SS'/<5x)) | ójz-D^ÓSSJSy))
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In STRESS-2d, the advection-diffusion equation of WAQUA is expanded
with a source term, describing the resuspension flux, and a sink term
describing the sedimentation flux. As referred to in §4.4.2, suspended
solids concentrations are computed partly implicitly and partly explicitly
in the WAQUA model. The sedimentation and resuspension flux are
computed every half time step. As the sedimentation flux, 0S,, is dependent on the suspended solids concentration, SS|, and vice versa, the
result of the computation of the sedimentation flux is added to the implicit part of the solution of the advection-diffusion equation. The resuspension flux is independent of the suspended solids concentration and
is added to the explicit part. For each grid cell, this equation is solved
for all fractions used, which is four in the Markermeer study.
After the mass balance of the water layer and the sediment top layer
have been estimated, the mass transport between the layers by consolidation, erosion and turbation is estimated. These processes are controlled by the thickness of the sediment top layer.
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4.5.2 Calibration of the water movement model
The calibration and testing of the water movement model, the WAQUA
part of STRESS-2d, was done by M.J.M. Scholten. A summary of the final
parameter values is presented in Table 4.3.
Table 4.3 Summary of WAQUA parameters
parameter

value

dx

500

m

dt

600

s

N

3600

a

34

ru

dimension

0.021

nr-S'

f

0.015-103

s1

M

0.026

rrï'-s'

T

1.0

m2-s

The grid orientation, a, and the grid size, dx, are chosen in order to minimize the number of grid cells and the boundary effects on one hand and
on the other hand to maximize the amount of detail for the area. In
Figure 4.2 the depth schématisation of the Markermeer area is presented. The small inset in the lower right corner of the figure, represents

Figure 4.2 Depth schématisation of the Markermeer
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the Gooimeer and part of the Eemmeer. These two small lakes are not
represented very accurate, but are merely used to model the input of the
river Eem and of the Randmeren to the IJmeer, the southern part of the
Markermeer area.
For the calibration of the water movement part, water level measurements at five sluices have been used. Three periods of a few days to a
week in 1988were used,to optimize the model. Unfortunately, no stream
velocity data were available. In the calibration of the model no sources
or sinks of water, like flow through sluices, rivers and rain or evaporation, were considered and the calibration was focused on internal
transport.
The time step is an important factor to determine both the accuracy and
the computation time of the model. The optimal ratio between the grid
size and the time step is given by the Courant-number (Langerak et al,
1987);
Cr = 2-dt- x /(2-g-z)/dx

(4.31)

For the Markermeer study a time step of 10 minutes is used. Hence, Cr
is plus minus 20, which is very high. However, results seemed reliable.
The results of computations with a time step of 5 minutes, were very
similar. Results of simulations with three different values of the wind
stress coefficient were compared, 0.016, 0.021 and 0.026m ï s 1 . The best
results were obtained with a wind stress coefficient of 0.021. Three
values of the Manning coefficient were used, 0.021, 0.026 and 0.031. The
results of water level simulations were very similar, but estimated flow
velocities decreased with 0.02 to 0.03 m-s"1, with increasing values of the
Manning coefficient. Hence, the data did not allow an accurate discrimination between the values for M and a value of 0.026 has been used. The
sensitivity of the model to the velocity diffusion coefficient is very small
as far as the computed water level are concerned. Virtually no differences were detected in the simulated water level when a value of 0.1 or
10.0 m2s~1was used instead of 1.0 m2-s"1.

4.5.3. Optimization of the parameters of the
model

sedimentation!resuspension

In order to use the resuspension-sedimentation model for the Markermeer, the value or range of many parameters had to be assessed. Using
the field data series, the values of these parameters can be assessed by
parameter optimization. During parameter optimization procedures, the
results of model simulations, using a specific parameter set, are compared with observed values. Based on this comparison, parameter values are slightly modified and the comparison is repeated. In formal parameter optimization procedures the changes in the parameters values
are directioned by a mathematical search method. For both formal and
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informal parameter optimization methods, usually a large number of
simulation runs are made. As systematic formal parameter optimization
with a two-dimensional model like WAQUA is not feasible with the
accessible computer hard ware and STRESS-2d is completely integrated
with the WAQUA model, so that each run of STRESS-2d involves a
run of WAQUA as well, parameter optimization with STRESS-2d is not
feasible. This is one of the unfavourable consequences of merging both
models. Hence, formal parameter optimization was done using a zerodimensional version of STRESS-2d, ignoring horizontal transport. The
best parameter sets were tested in the 2d model and compared.
The formal parameter optimization was conducted using a Rosenbrockscheme, using optimization routines developed by Wolters (Wolters,
1992). The least sum of squares (SSQ) was used as the minimization criterium. For the parameter optimization data of both Y111 and Y112 of
1988 and 1989 were used:
- the concentration of total suspended solids (SS) collected with the
automatic samplers during the high frequency sampling periods. Data
of 1988 are grab samples, data of 1989 are the average of 4 hours
each. Additionally the total suspended solids data collected during the
incidental measurements at both sites were used (§3.3.1);
- the ratio of the different fractions (SS,) obtained from the fall velocity
distribution experiments were used (§3.4.3);
- the total sedimentation flux (SST) obtained from sediment trap data
were used (§3.4.2).
As the frequency and the accuracy of the three types of data is different,
the influence of the different types on the minimization criterium was
weighted as described in equation 4.32)
/Nt

SSQ = /

I

[Ci(SS c -SS m ) 2 + Cz-KSSI-SS"» 2 + C 3 (SST m -SST c ) 2 ]

(4 32)

To account for the fact that the value of SST expressed in gnrr 2 -s is
somewhere between 10"5and 10~4,C3 is much higher than d . As SS,data
are relatively scarce but less accurate than suspended solid concentration data or sedimentation flux data, C2 is higher than C-\ but less than
C3. Thus: C-i < C2 < C3. In the optimization procedure values for d , C2
and C3of respectively 1,4 and 230-103 (230-103 « 3600-64) were used.
In the Markermeer study four sediment fractions were defined by fall
velocity and these same fractions have been used in the resuspension
model. Hence, for each fraction values of U bcr i and K| had to assessed.
The values of U b c r i and K, for each fractions are dependent, if U b c r i increases, usually K| increases too. Besides, the values of U b c r , and K,of
the fractions are mutually dependent. Hence, for each optimization
period, afew sets of values of Ubcr,iand K| were found with the same value
of SSQ. However, the definition of U bcr is based on the assumption, that
the critical energy needed for resuspension depends on the characteristics of each fraction. In the Markermeer, U b varies between 0.0 and 0.5
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nvs~ 1 . Assuming that larger particles require more energy for resuspension, it is assumed that 0.0 < U b c r 1 < U b c r 2 < U b c r 3 < U b c r 4 < 0.5
m-s" 1 . The ratio of U bcr of the different fractions is unknown. In this study
it has been assumed that the ratio between U bcr of each fraction is the
same as the ratio in averaged fall velocities of each fraction. Hence:
ws,i:wSi2:wSi3:wSi4 = U bcr?1 :U bcr]2 :U bcr]3 :U bcr4 . This evidently is an arbitrary
choice but expresses at least the reasonable conception that heavier
particles settle faster and need more energy for resuspension. Now, the
optimization of the resuspension-sedimentation model was limited to the
resuspension constants K,and the thickness of the top layer zc. The results are presented in Appendix 10. Earlier attempts to optimize more
parameters simultaneously produced unstable calculations. From a global survey of the optimization results it becomes clear, that within the
ranges of the predetermined parameters, the model is rather insensitive
to the exact values. Hence, most of the optimization runs produced good
and comparable results and sifting is complex. Apart from the previous
defined SSQ, the mean relative error MRE was used for the final sifting
of parameter sets. Generally, results are better if the data of Y112 are
used, instead of the data of Y111.Period 89-3 generally produced better
results than period 89-2.
For both sites data of day 120 (30 April) until day number 270 (27 September) are used, excluding the high frequency sampling period of April
1989. For this period the measured suspended solids concentrations
were much higher than found during the rest of the year, even though
the wave induced energy, expressed as U b , was in the same range.
Hence, either the suspended solid data of that particular period are
incorrect or the model is not capable to simulate suspended solid concentrations during this period. The latter could be caused by the assumption that the resuspension parameters U b c r and K are constants
and no aggregation of particles occur. With this temperature effects or
other seasonal variations are ignored.
Four sets of U bcr have been tested in the parameter optimization runs as
described in Table 4.4. Using the set with the highest values of U b c r i , virtually no resuspension of SS4 occurs, even though this fraction is found
regularly in the fall velocity distribution experiments. The high set of U bcr
leads to the underestimation of the sedimentation flux. The results of
both sets with small values of U bcr are very similar. The set with Ubcrp1
of 0.002 ms" 1 (Ub-K) and Ub-Mwere used for further optimization.
During most optimization runs a certain order in the values of K, is
detected; K-i < K2 < K3 < K4. Hence higher values of U bcr produce
higher values of K.

130

Table 4.4 Used sets ofUbcr (m-s~1)

U b -G
U b -M
U b -K
Ub-K'

Ubcr,1

Ubcr,2

Ubcr,3

Ubcr,4

0.0008
0.0004
0.0002
0.0000

0.0060
0.0030
0.0015
0.0015

0.0260
0.0130
0.0065
0.0065

0.1000
0.0500
0.0100
0.0100

The critical thickness of the sediment top layer was estimated in the
range of a few millimetres to less than one centimetre. This range was
obtained through a visual inspection of the samples of the Jenkin mud
sampler. Besides, if the porosity in thetop layer is assumed to be9 5 %
(Luettich et al., 1990)andthewater depth is between 3and4m,the sediment concentration caused by direct resuspension of thetop layer may
vary between 80 and 300 g-m"3. Higher suspended solids concentrations then must be caused by erosion of the bottom layer. Values of
0.006 and 0.008 m both produce adequate optimization results. With
lower values, the optimization results deteriorate as the top layer
became immediately depleted from thesmaller fractions.
Quantitative knowledge about the erosion (M e ), consolidation (Mc) and
turbation (Mt) velocities between sediment top and bottom layer is
limited. Hence, the values of these constants have been estimated with
a so called educated guess andtested in afew runs. Assuming that the
effect of a storm on the thickness and composition of the sediment top
layer is erased within a week, two values of M c were used; a value of
1.0-10"7 ms~ 1and a value of 0.5-10"8 m-s"1. For lack of any quantitative
data about M e it was assumed M e equals M c . Hence, any relationship
between bottom stress and M e is ignored. With a value of zc of 0.006 m
the small value of M e and M c produce better results (Appendix 10). The
same tendency wasfound using thesetof UbCrwith the medium values.
For thesmall UbCror zc of 0.008 m, noclear differences were found. Suspecting a preference of the small values of M c and M e , the parameter
optimization isfocused onthem.
Further optimization has been done with the two-dimensional model
using the same data sets and using the data sets of 1988of both sites.
The parameter sets that were compared are presented in Table 4.5.A
summary ofthe results is presented inTable4.6.
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Table 4.5 Selected parameter sets
id

Ubcr

Zc

M c &M e

Ki

K2

K3

K4

3b
8b
9a
11b
12b

Ub-M
Ub-M
Ub-M
Ub-K
Ub-K

0.006
0.006
0.008
0.006
0.008

1.0-10"8
0.5-10"8
0.5-10"8
0.5-10"8
0.5-10"8

6.13-10"7
7.15-10"7
7.56-10"7
6.34-10"7
5.77-10"7

8.04-10"6
9.17-10"6
8.49-10"6
9.37-10'6
1.16-10"5

4.17-10"5
3.57-10"5
8.34-10"5
2.67-10"5
1.00-10"5

1.04-10"4
1.10-10"4
1.04-10"4
8.98-10"5
8.59-105

Table 4.6 Optimization results of STRESS-2d runs
1988

89-2

89-3

id

Y111
MRE

Y112
MRE

Y111
MRE

Y112
MRE

Y111
MRE

Y112
MRE

3b
8b
9a
11b
12b

34
31
26
32
34

55
46
37
45
43

26
27
30
27
26

23
24
27
24
23

20
18
19
18
19

16
17
23
17
18

The results of the two dimensional model with the selected parameter
sets are again very similar and it is difficult to discriminate between the
sets. Parameter set 8b and 11b give on average the best results, so a
critical sediment toplayer thickness of 0.006 gives the best results. In the
further simulation parameters set 8b has been used, the set with the
moderate values of U bcr .

4.5.4 Validation of the STRESS-2d model
In the previous paragraphs, a part of the model validation has already
been discussed. This paragraph is limited to a general overview.
In the STRESS-2d model, the driving force of the resuspension model is
wind waves, which are simulated with the SMB-based relationships. In
Figure 4.3,the simulated and the available observed wave heights of the
high frequency sampling periods are compared. It is obvious that in
general the behaviour of the model is very good. In period 89-3 at site
Y111, simulated wave heights are higher than observed wave heights,
but this might as well be caused by the wind data as by the wave model.
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Figure 4.3 Observed and simulated wave heights

One of the most important assumptions in the STRESS-2d model and
one of the most arbitrary too, is the fact that processes like aggregation
and disaggregation of floes is ignored. Although this seems disputable,
the obtained model results are very good, which is shown in Figure 4.4
and Figure 4.5. The resuspension parameters K| and U b c r i are mutually
dependent: a higher fixed value for U b c r i results in a lower estimated
value for K|and vice versa. The model is insensitive to the value of U bcr j
and K] within the parameter space derived with optimization.
The simulated sedimentation flux can be validated by comparison with
the measured sedimentation fluxes as obtained from sediment trap data.
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The error in the simulated sedimentation flux with the final parameter
set is less than 15 %, which is rather good. The suspended solids concentration at a certain site is the combined result of resuspension, sedimentation and sediment transport. Simulated and observed suspended
solids concentrations are shown in Figure 4.4 for the high frequency
sampling periods of 1988 and in Figure 4.5 for 1989. In general, the results for the Markermeer are rather good as trends are simulated rather
well. Some observed peaks are not simulated precisely. The accuracy
of the simulated values decreases when the average hourly wind
speeds increase over 10 ms~1. It should be noted that an average hourly
wind speed higher than 10 m-s"1 occurs during less than 15 % of the time
(§3.3.3).
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Figure 4.5 Observed and simulated suspended solids concentrations of
the high frequency sampling periods of 1989

The model is very sensitive to the input time series of the wind speed
and the wind direction, as these are the main driving forces for resuspension. The amount of sediment available for resuspension at the
beginning of the simulation is an important factor determining the
spatial distribution of suspended solids, due to characteristics of the bottom model. The description and calibration of the bottom model is still
primitive. At this moment, it is considered the major weakness of the
model STRESS-2d.
The modelling of the horizontal sediment transport is difficult to validate
as data of more than the sites used for optimization are scarce. Comparison of simulated suspended solids concentration maps with concentration maps derived from satellite images was only of limited use (Buitenveld et al, 1990). This is mainly due to the fact that clear satellite images are available on clear, sunny, mostly windless days and the available set of images is not a representative selection of the occurring
weather conditions. Besides, the estimated concentration maps from the
images are based on limited measurement data of samples taken at the
surface of the lake and are not very accurate near the boundaries of the
lake. In Figure 4.6, maps of the total sediment concentration and the total

135

Enkhuizen

Lelystad

AmStrTCldPll Ï A f f l *

S*\s\*. vi'l

Figure 4.6a Simulated total suspended solids concentration at 11 September 1989at 12.00 a.m.
sediment transport at 11September 1989 at 12.00 a.m. are presented. At
that particular day wind speeds over 10 m-s"1 were measured from the
North-East. The effect on the distribution of suspended solids over the
lake is clear: the suspended solids concentration increases towards the
South-West. In Figure 4.7 the same maps are shown for 15 September
1989 at 0.00 a.m.. During that night, wind speed decreased from 12 m s 1
to 5 ms" 1 and the wind direction was South-West. The simulated distribution patterns of the suspended solids concentration are very different
from those in Figure 4.6.
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Figure 4.6b Simulated total suspended solids transport at 11 September
1989at 12.00 a.m.
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Figure 4.7a Simulated total suspended solids concentration at 15 September 1989at 0.00 a.m.

138

Enkhuizen

Lelystad

tot. sed.transport (kg/sec)
-> =2.0

Figure 4.7b Simulated total suspended solids transport at 15 September
1989at 0.00 a.m.
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5 Under water light field
The under water light field is a very important factor in the ecology of
water systems. It has a major influence on the growth of phytoplankton
and macrophytes and affects the foraging possibilities of fishing birds
and the mating and grazing possibilities of some fish by influencing the
optical depth. Further, the optical depth is an important standard in the
Dutch water quality assessment system. In this study, the main concern
for the under water light field is its relation with phytoplankton growth.
The light availability is of major importance, not only in determining how
much plant growth there will be, but also which kind of species will predominate and which will evolve. Macrophytes and phytoplankton compete for solar radiation not only with each other, but also with all the
other light-absorbing components of the aquatic medium.
Many factors determine the nature of the under water light field. Hence,
the light conditions may be very site or time specific. The characteristics
of the under water light field of the Markermeer have been stated to be
the predominant cause of the absence of blooms of the blue-green algae
Oscillatoria agardhii (§1.2.1). To simulate the under water light field of
the Markermeer, the model CLEAR (Combined Light Energy Attenuation
Routine) has been developed. The model may be useful for other lakes
with a similar nature of the under water light field; shallow turbid water
in which the attenuation of light is dominated by resuspended sediment.
The nature of the under water light field is determined by two categories
of aspects: the properties of the radiation and the optical properties of
the aquatic medium. Preisendorfer (1961) distinguished two types of
optical properties of the aquatic medium:
- inherent optical properties,
which are not affected by the prevailing distribution of the radiation;
- apparent optical properties,
which depend on the prevailing distribution of the radiation.

5.1 Inherent optical properties
5.1.1 Properties of the radiation field
The three most important properties of the radiation field are the irradiance, the spectral distribution and the angular distribution.
The irradiance is defined as the radiant flux per unit area. This radiant
flux per unit area can be expressed either in terms of energy per unit
area (Wm~2) or in terms of quanta per unit area (quantam" 2 s~ 1 ). As the
amount of energy of a photon depends on the wave length, one should
be careful with the conversion between these two. To make a clear distinction between the two, l s is defined as the radiation in W m " 2 and E as
the irradiance in //Em~ 2 s" 1 , with 1 yuE = 6.02-1017 quanta. Photosyn-
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thesis is a photochemical process. Although the probability of a photon
to be absorbed is affected by its wavelength, each absorbed photon has
basically the same contribution to photosynthesis, regardless of its
wavelength (Kirk, 1977). Hence, in the context of photosynthesis, irradiance E, defined in terms of quanta per unit area per unit time, is the
more important quantity in this study. The segment of solar radiation
that can be used for photosynthesis is frequently called the Photosynthetically Active Radiation, PAR. Most commonly this is taken to be the
waveband from 400 to 700 nm.
Normally, irradiance is measured on a horizontally placed flat surface.
The downward irradiance, Ed, and the upward irradiance, Eu, are the
respective values of the irradiance on the upper and lower face. The
radiant flux traversing a unit area of this surface per second, is proportional to the cosine of the angle between the light beam and the
perpendicular to the receiving surface: this is the Lambert Cosine Law.
Due to these inherent geometric properties, Jerome et al (1990) stated
that the scalar irradiance, Es, is a better parameter in the study of photochemical or photobiological processes. The scalar irradiance is defined
as the total energy per unit area arriving at a point from all directions
when all directions are equally weighted, which is more similar to the
radiation received by phytoplankton than the downward irradiance.
Nevertheless, the downward irradiance is the more commonly measured and used variable and the data available in this study concerned
only downward irradiance. Hence, in this study the downward irradiance
is used.
The spectral distribution of the incident solar radiation, in terms of the
proportion of irradiance of different wave lengths in the total solar radiation, is determined by the length of the path through the atmosphere and
the atmospheric conditions. The atmospheric path length is determined
by the solar altitude, / , or the zenith angle. The solar elevation is the angle between the downward vertical (perpendicular) and the direction of
the sun beam and can be estimated at any given latitude, é, from the following equations (Kirk, 1983):
sin y
Ol

o2
a3

= s i n 0 s i n a-\ - c o s 0 c o s üvcos a2
= 0.396-22.91 cos a3 + 4.03-sin a30.39-cos2 a3 + 0.05sin2 a3
= 360-W24
= 360dayn/365

(5.1a)

y
0
th
dayn

(°)
(°)

= solar elevation
= latitude
= time
= Julian day number

(5.1b)
(5.1c)
(5.1d)

(h)
(-)

In Figure 5.1, examples of solar elevation for the Netherlands are
presented.
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Figure 5.1 Examples of solar elevation for the Netherlands

At lower solar altitudes, there is relatively more blue light and less red.
The composition of the atmosphere influences the absorption and scattering of incident radiation. The composition includes both gaseous and
particulate components of the atmosphere and cloud coverage. The
presence of a large water surface and consequently local high water
vapour contents, may reduce the intensity of the solar radiation considerably. This is particulary likely to happen with large lakes, where
much of the lower atmosphere may have been influenced by the presence of the lake. Scattering not only increases the path length and therefore the probability of absorption, but also the angular distribution of the
radiation. One way to use such theories in the description of the light
field is to add a stochastic atmospheric absorption to the theoretical
maximum irradiance, which has the same statistical properties of cloudcover, humidity, etcetera, as the meteorological records. However, for
this study radiation data were available hourly averaged downward irradiance, covering the energy in the range of 300 to 3000 nm (§ 3.3.5).
Hence, no detailed information about the spectral distribution was available. Lower values of irradiance are caused by cloud coverage, but no
specific information was available and the angular distribution of the
radiation is therefore hard to assess. This radiation sum was measured
above land at more than 60 kilometres of the lake (de Bilt). Assuming a
spectral distribution that is constant in time with 48 % of the total energy
in the range of PAR, the downward irradiance, Ed, is estimated (Tilzer,
1984; §3.3.5). As two years of rather different light conditions are used
in the simulations, most differences in light conditions between De Bilt
and the lake will be levelled out.
As the incident radiation crosses the air-water interface, a part of the
radiation will be reflected. The proportion of the radiation that is reflected depends on the angular distribution of the radiation, and on the
properties of the water surface. It varies from 2 % for vertically incident
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light, to almost 100 % for horizontally incoming light at an undisturbed
water surface (Kirk, 1983). In Table 5.1 reflectance values as presented
by Kirk (1983) are summarized.

Table 5.1 Percentage reflectance of unpolarized light from a flat surface
(Kirk, 1983)
elevation

reflectance

45 - 90°

<

3%

30 - 45°

3<R<

6%

20 - 30°

6<R<14%

10-20°

14<R<35%

Roughening of the water surface by wind has little effect on the reflectance of sun light from high solar elevations, but does significantly decrease reflectance at low solar elevations, since on average waves increase the angle between the incident light and the surface. Another important factor in the estimation of the reflectance is the cloud coverage,
in relation to its effect on the angular distribution of the radiation. For
overcast days with diffuse radiation, for low solar elevation reflection
will be lower than listed in Table 5.1.Various empirical determinations
indicate that 6to 8 per cent of the light from an overcast sky returns from
the surface (Hutchinson, 1957). Hence, there is no simple accurate relation between reflectance and solar elevation, wave height and irradiance. If one mean reflectance value is used for the entire year,
reflectance will be overestimated during high noon in the summer
months and underestimated around sunset and sunrise and in the winter
months.

5.1.2 Properties of the aquatic medium
The absorption and scattering properties of the aquatic medium for light
of any given wave length are specified in terms of the absorption coefficient, a, the scattering coefficient, b, and the volume scattering function.
The beam attenuation coefficient, e, is the sum of the absorption and the
scattering coefficient. The volume scattering function describes the
angular distribution of scattering. In all natural waters which have been
examined, the volume scattering function is such that most of the scattering is in a forward direction, within a rather narrow angle relative to
the incident beam (Kirk, 1977). Above a certain minimum level of turbidity, particle scattering is dominant over the scattering by other
components at all angles. Since the shape of the volume scattering function is determined by the intrinsic scattering properties of the particles
and not by their concentration, this shape is independent of the turbidity
(Kirk, 1983).
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The effect of scattering is to impede the vertical penetration of light.
Scattering by itself does not remove light, but it increases the total path
length of the photons and so increases the probability of a photon being
absorbed. The main contributors to scattering are the suspended particles, including phytoplankton.
Most of the light energy absorbed in the aquatic system, after a very
brief period as electronic excitation energy, ends up either as heat or as
chemical energy in the form of photosynthetically produced biomass.
The light absorption which takes place in natural waters can be attributed to four components of the aquatic ecosystem: water, dissolved
yellow pigments (Gilvin), the photosynthetic biota (phytoplankton) and
the inanimate particulate matter (suspended solids). The contribution of
the various components to the absorption and scattering in natural
waters is listed below, emphasizing the characteristics of the Markermeer.
Water itself absorbs light throughout the PAR spectrum, with absorption
being strongest at the red end. The absorption coefficient varies
between 0.02 and 0.65 m"1 for PAR (Smith and Baker, 1981) or up to 0.68
m"1 (Buiteveld and Donze, 1991). Water itself does scatter light but its
contribution is dwarfed by that of particles. The contribution of water
itself to the attenuation of PAR by absorption of quanta is of significance
above 550 nm.
Gilvin or the dissolved yellow substance, is a complex mixture of plant
degradation products, referred to as humic substances. As the concentration of Gilvin may be extremely variable, this also applies to the
absorption of radiation by Gilvin. This absorption is highest for the short
wave lengths and decreases to zero at wavelengths near 700 nm. The
absorption of Gilvin as a function of wave length has been described by
an exponential equation (Bricaud et al, 1981). The absorption coefficient
at 375 nm (Bricaud et al, 1981) is a good measure for the concentration
of Gilvin. According to Buiteveld and Donze (1991), the DOC concentration is not a good measure for the Gilvin content of a lake and the
absorption coefficient at 380 nm ag(380) should be used. Unfortunately,
often only DOC concentrations are available. In the Markermeer ag(380)
ranges from 3to 6 m"1 (Buiteveld and Donze, 1991) and the DOC concentration from 6to 9 g-rrr3 with a mean value of 7 g-nr 3 (§ 3.2.2).
Suspended solids, defined as resuspended sediment, contribute mainly
to the scattering coefficient and the volume scattering function of water
and in a lesser extent to the absorption. The absorption spectra of suspended solids all have much the same shape: absorption is low or absent at the red end of the spectrum and rises steadily as the wave length
decreases towards the blue end (Kirk, 1983). Particle scattering is rather
insensitive to wavelength, though shorter wavelengths are scattered
slightly more intensely. Approximately linear relationships between the
scattering coefficient and the concentration of suspended matter have
been observed, although the proportionality constant varies from one

145

kind of suspended matter to another. The refractive index and the size
distribution of the particles are properties that influence the relationship
between the scattering coefficient and the sediment concentration.
Baker and Lavelle (1984) reported a much more efficient attenuation of
light per unit of mass by smaller particles (8.5 //m) than by larger particles (48/urn) and a dependency of the attenuation on the effective diameter rather than a semi-spherical one (d s , § 4.1.1). These effects have
been explained by the dependency of light attenuation on the cross sectional area of the particles and not directly on their volume or mass.
A significant contribution to the total absorption coefficient in productive
waters is the absorption by phytoplankton, due to the absorption of light
by the photosynthetic pigments. All photosynthetic plants contain chlorophyll-a and carotenoids. Most classes of plant contain in addition other
chlorophyll pigments or biliproteins as well. The absorption spectrum of
chlorophyll-a has absorption peaks in the blue and red part of the spectrum at 440 and 675 nm. Carotenoids absorb predominantly at the short
wavelength end of the visible spectrum. One of the biliprotein chloroplasts found in blue-green algae are the phycocyanins, with their main
absorption peak in the red end of the spectrum. As phytoplankton
usually contains a mixture of pigments, their absorption spectra contain
a number of absorption peaks. Hence, the whole range of visible light is
affected by phytoplankton absorption. The amount of light harvested by
the phytoplankton cells depends not only on the total amounts of photosynthetic pigments but also on the size and shape of the algal cells or
colonies, similar to the scattering by sediment particles. For example,
the light harvesting efficiency per unit of volume of long, thin cylindric
filaments is much higher than the efficiency of spheres (Kirk, 1983). The
contribution to the scattering of light by phytoplankton is similar to the
contribution by sediment particles.
In the model CLEAR the beam absorption and beam scattering coefficient are not used independently. Instead the attenuation coefficient is
used, in which the absorption and scattering properties of the aquatic
medium are combined.

5.2 Apparent optical properties
To assess the available light energy at a certain depth and the attenuation of irradiance in natural waters, the properties of the light field and
the aquatic medium have to be combined. Downward irradiance diminishes in an approximately exponential manner with depth, expressed by
Beers' Law:
Ed^(z) = E d|/1 (o)-e- Kd ^ z
E d/ | = downward irradiance of wavelength A
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(5.2)
(/vEnr2-s~1)

Keu = vertical downward attenuation
coefficient of wavelength A

(rrr1)

The vertical downward attenuation coefficient can be obtained from irradiance measurements at different depths. In principle, the irradiance
at each secluded wavelength should be measured but in practise the
downward irradiance of PAR is measured. Thus, instead of the vertical
downward attenuation coefficient of wavelength A, Kd^, the vertical
downward attenuation coefficient of the entire PAR range of the spectrum, Kd is estimated. This Kd value thus depends on both the composition of the aquatic medium and the properties of the irradiance and
is therefore an apparent property. The effects of the averaging of Kdover
the waveband of PAR is evaluated in § 5.2.2.

5.2.1 Contribution of individual components tot the attenuation coefficient
The vertical attenuation coefficient for downward irradiance in natural
waters can be partitioned into a set of partial vertical attenuation coefficients, each corresponding to a different component of the medium:
Kd = Kdi1 + Kd,2 + .. + Kd,n
Kd; = partial vertical downward attenuation coefficient of component i

(5.3)
(rrr1)

Although the contributions of the different components of the medium to
the total attenuation of irradiance can simply be added, the nature of
their contribution can vary markedly. The partial attenuation coefficient
is a function of both the irradiance distribution and the concentration of
the component. The distribution of the irradiance is in turn affected by
the presence of the component. Hence, the value of the partial vertical
downward attenuation coefficient will not increase linearly with an increase in the concentration of the component. Nevertheless, such a
linear relationship is often used, assuming that deviations are small
(Kirk, 1983).
Kd = kd.vC, + kd,2-C2 + .. + kd,n-Cn
kdj = specific partial vertical downward
attenuation coefficient of
component i
C, = concentration of component i

(5.4)

(m2g1)
(gm - 3 )

In many studies, attenuation by suspended solids is often based on a
distinction of the suspended solids in inorganic material and an organic
fraction (ash free dry weight) and the chlorophyll-a content for living
plankton. Because the inorganic and organic material can not be separated physically, specific attenuation coefficients are estimated using
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multiple regression methods (Verduin, 1982; DiToro, 1982, Bakema,
1988). Specific partial attenuation coefficients often differ between lakes,
and even between years for the same lake. Also negative values may be
obtained. With this method applied to the Markermeer data set, both
problems occurred (Van Duin and Kuijpers, 1989). Therefore a new
method has been developed in which different components are distinguished that can actually be separated physically, so that partial attenuation coefficients can be measured directly rather than estimated
through regression (Van Duin et al, 1992). The method is based on the
fact that both the attenuation of light by particles and the settling of particles is related to the cross sectional area of the particles. Hence,
smaller particles show a relatively much higher attenuation of light than
larger particles (§5.1.2) and in general the settling velocity of smaller
particles is lower as well. Thus, particle classes defined by settling velocity are different in attenuation efficiency too. This distinction in settling rates is also more operational in the overall objectives of this study,
notably for the suspended solids balance based on resuspension and
sedimentation and also allows a direct, unbiased coupling between
STRESS-2d and CLEAR. The laboratory aspects of the method and the
results have been described extensively in § 3.4.4. The specific partial
vertical downward attenuation coefficients of the sediment fraction are
summarized in equation 3.10. In the experiments no distinction is made
between the contribution of phytoplankton and that of suspended solids,
but corrections for phytoplankton are made afterwards.
As phytoplankton families differ in pigment content, size, shape, etc, the
specific partial attenuation coefficient of phytoplankton is very sensitive
to the species composition. The specific partial attenuation coefficient of
phytoplankton, expressed in m 2 m g Chla, may vary between 0.008 to
0.027 for different phytoplankton species. Kirk (1983) observed for an
Oscillatoria population in Lough Neagh a specific partial vertical downward attenuation coefficient of 0.012-0.013 m 2 mgChla. By expressing the
attenuation of phytoplankton per unit chlorophyll-a, changes in phytoplankton composition may be overlooked. Therefore the attenuation of
certain groups of phytoplankton species is better expressed in terms of
attenuation per number of cells per volume. Unfortunately, cell number
counts (N-Osc) are very inaccurate (§ 3.2.2) and it was impossible to assess the value of kd,0sc (m2-N~1) from the sedimentation experiment data
(§3.4.4). As the phytoplankton model simulates colony numbers, a value
of kd.osc of 0.045-10"9 m 2 colony was used, as estimated by Vermij using
field data of the Wolderwijd (Vermij, 1992). The specific attenuation coefficient of O.agardhii was estimated by linear regression between the
measured vertical downward attenuation coefficient and the counted
colony number of O.agardhii per unit of volume, for data from periods
that O.agardhii was dominant in the lake. This value is probably not very
accurate while the contribution of other components is ignored in the
estimation and the counted colony number is rather inaccurate (§ 3.2.2).
In equation 5.5 the specific partial attenuation coefficients of suspended
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solids fractions, back ground attenuation and phytoplankton as derived
from the measurements are summarized.
Kd = 0.69 + 0.059SS! + 0.052SS 2 + 0.038SS 3 +
0.021 SS4 + 0.045-10'9N-Osc

(5.5)

The long term average contribution of the various components to the
attenuation coefficient is estimated by combining the estimated specific
partial attenuation coefficients with the mean concentration values. The
results are presented in Table 5.2. The average estimated vertical downward attenuation coefficient of the Markermeer is 3.9 m~1. The agreement between the computed value of 3.9 m"1 and the observed value of
3.8 rrv1 (§3.2.2) is remarkable.

Table 5.2 Average contribution of various components to the attenuation
coefficient in the Markermeer

Chla

Component

kd.,

K„,

Kd,i

(gm3)

(m 2 g 1 )

(rrv1)

(%)

0.98

25

0.0651
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SS,

202

0.059

1.18

30

SS2

132

0.052

0.68

18

SS3
SS4

52

0.038

0.19

5

72

0.021

0.15

4

Background

-

-

0.69

18

Total

_

.

3.87

100

mean value atY111 and Y112 in 1987-1989
mean value at Y111 and Y112 in 1987-1989, combined with observed
ratio between SS1:SS2:SS3:SS4 = 44:29:11:16 (§3.4.3)
mean value of 0.008 and 0.027 m 2 m g 1 (Kirk, 1983)

According to the data in Table 5.2, the suspended solids cover more
than 50 % of the average attenuation in the Markermeer. During storm
events, this contribution will increase to 90 %. This result endorses the
assumption that the light field in the Markermeer is dominated by the
attenuation by suspended solids. Furthermore, the average contribution
of suspended solids to the light attenuation is higher in the Markermeer
than in many other lakes. In the Wolderwijd the contribution of suspended solids to the attenuation of light was estimated at 27 % and in
the Veluwemeer at 33 % (Blom, 1991).
The major part of the attenuation by suspended solids in the Marker-
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meer is caused by the fractions S S Ï and SS2 (84 % ) . Hence, the average
specific attenuation coefficient of the total suspended solids is about 0.05
m2g~1. During storms this coefficient will decrease to 0.03 m 2 g~ 1 .

5.2.2 Depth dependency of the attenuation

coefficient

The exponential decrease of the downward irradiance defines the vertical downward attenuation coefficient for PAR, Kd. In fact, the decrease
of irradiance is only exponential for narrow bands of wavelengths. As
some ranges are absorbed more intensely than others in the aquatic
medium, the proportion of the most penetrating wavelengths of the irradiance increases with the depth. Hence, due to the changes in spectral
distribution of irradiance within the aquatic medium, the vertical downward attenuation coefficient decreases with depth.
In natural waters, irradiance will not penetrate without deviation from its
initial direction, but will suffer from scattering. The scattering of irradiance increases the path length of the photons. For turbid waters the
average path length increases with a factor of 2 to 3 (Kirk, 1977). This
amplification of the path length tends to increase with depth because the
light becomes increasingly more diffuse. As the light absorption increases with an increase in path length, the attenuation coefficients will
increase with depth in turbid waters.
The tendency of atténuation to increase with depth due to the scattering
effect opposes the tendency of attenuation to decrease with depth due
to changes in spectral distribution as described above. Kirk (1977)
observed that in turbid, yellow, inland waters the attenuation of total
photosynthetic available radiation closely obeyed the exponential law.
The same behaviour may be expected for the Markermeer, due to its turbid character. This has been checked using the manual irradiance measurements of 1988 (§3.2.1). In some measurements a slight decrease of
the vertical downward attenuation coefficient with depth was observed.
Mostly this occurred at days with low values of the attenuation coefficient, but in most measurements the coefficient seemed constant with
the depth. This is illustrated in Appendix 6, where a few examples of the
measured exponential decrease of irradiance are presented. Thus, by
using equation 5.5 in the model CLEAR for the computation of the available irradiance in the water column, a small error may be introduced,
especially on calm days with low suspended solids contents. To asses
the error made by assuming a constant vertical downward attenuation
coefficient, a comparison has been made between the total irradiance in
the water column as computed with a constant Kdand with the measured
total irradiance. The estimated total irradiance was estimated from
equation 5.6, which is the integrated form of equation 5.2.
ET = ^-[1-e<- K d z »]
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(5.6)

(/;E-m-1-s-1)

= total under water irradiance
Ed,o = downward irradiance near the
water surface
ET

(/vE-nr2-s-1)

In Figure 5.2 results of the high frequency sampling periods of 1988 at
Y111 are presented. The measured total irradiance is estimated by
integration of the incidental measurements done at the 10 and 20 centimetre intervals. From this figure it is obvious that the results are very
similar. The correlation coefficient is 0.99 (N= 38). The estimated total
irradiance values tend to be slightly higher, but the average difference
is small. Hence, the use of a constant attenuation coefficient for PAR,
yields good results for the estimated total light energy in the water column.

800

Etot-estimated(|iE.nr1.s'

600

400

200

Etot-meas=10.7+1.0*Etot-est
N = 38
r =0.99
200

600
800
Etot-measured(nE.m~1.s"1)

Figure 5.2 Comparison of the estimated total irradiance using a constant
Kd and the total irradiance estimated from measurements for
the high frequency sampling periods of 1988 atY111

A very practical reason to ignore the spectral distribution effect on the
attenuation coefficient, is the availability of input data for the simulation.
Only the total radiation from 300 to 3000 nm is available on a regular
basis (§ 3.3.5). These data are recorded at a rather distant station without any details about the spectral distribution. To account for small spectral variations within the water without specific knowledge about the
spectral distribution of the irradiance itself, would be a waste of time.
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Although an approximately constant value of Kd has been proven to be
justified, this may not be true for other, less turbid, lakes in the Usselmeer area. Therefore the change of the measurement method (§3.2.1)
such that the irradiance is measured at only two depths, is beforehand
not an improvement.
An additional factor related to the path length dependency is the effect
of the solar elevation. As the solar altitude decreases, the path length
of light travelling to a certain depth increases and thus the attenuation
of light increases. On the other hand, when the sun sinks, the spectral
distribution of the irradiance changes and the contribution of the red
light to PAR increases. As red light is absorbed less than blue light, the
attenuation coefficient may decrease when the solar altitude decreases.
Again, two effects oppose each other and the remaining effect is hardly
noticed. In continuous measurements, both u and n shaped variations in
the attenuation coefficient during the day have been found, which may
be attributed to the effects mentioned, but seemed merely caused by the
measurement methods.

5.3 Combined Light Energy Attenuation Routine (CLEAR)
The Combined Light Energy attenuation Routine (CLEAR) is a relatively
simple model, available in FORTRAN 77 both for PC use or in combination with STRESS-2d. The model is developed especially for the Markermeer study (Van Duin et al, 1992).

5.3.1 Model outline
In the model CLEAR the total incident radiation is converted to under
water PAR. The vertical downward attenuation coefficient is assessed on
the basis of the contributions of the suspended solids fractions and the
number of Oscillatoria agardhli cells. Finally the total under water
irradiance of PAR is estimated. The model equations are summarized in
Table 5.3, including the values of the coefficients used.

7"ab/e5.3 Summary of CLEAR-equations
Ed = 2.11-1,
Edp0 = 0.92 •Ed
Kd = 0.69 + 0.059-SS, + 0.052SS 2 + 0.038SS 3 + 0.021 SS4 + 0.045-10" 9 -N-Osc
ET = ^ - [ 1 - e ' - K d 2 ' ]
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5.3.2 Link with the STRESS-2d model
The link of the model CLEAR with the model STRESS-2d is simple, as
suspended solids fractions calculated with the STRESS-2d model are
used as input into CLEAR to assess the contribution of resuspended
sediment to the vertical downward attenuation coefficient.

5.3.3 Validation of the light energy model
To validate the model the measured and estimated values of the vertical
downward attenuation coefficient Kd are compared in Figure 5.3. The
measured values of the suspended solids fractions were used to estimate the attenuation coefficient. Only the values for the high frequency
sampling periods of 1989 are presented, as the suspended solids fraction analysis of 1988 is different (§ 3.4.3). As the number of complete
data sets of fractions are small (§ 3.4.3) and the attenuation coefficient
was not measured accurately at all days, the number of complete data
sets to compare the estimated an measured attenuation coefficient is
limited to twelve. The agreement between estimated and measured
attenuation coefficients is very good.
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Figure 5.3 Comparison of measured and estimated values of Kdof 1989

The contribution to the attenuation coefficient of temporary blooms of
other algae than Oscillatoria agardhii is not incorporated in the model.
As the average contribution of phytoplankton to the total attenuation
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coefficient is 25 %, the error in the computations may be as high as
2 5 % . Ignoring the contribution of other phytoplankton species than
Oscillatoria is one of the major imperfections of the model and limits its
applicability to specific case studies in the Oscillatoria dominated lakes
of the Usselmeer area. To implement the contribution of other species
in the model is easy if cell numbers and specific attenuation coefficients
are known. In the model CLEAR this was not done because other phytoplankton species are not incorporated in the phytoplankton model
(§6.2).
The conversion of irradiance in the 300-3000 nm spectrum to the underwater irradiance of PAR is discussed in § 3.3.5 and produces agreeable
results. The estimation of the reflection is appropriate for most hours of
the day, but will be underestimated during sunrise and sunset and in the
winter months (§ 5.1.1)
In the model CLEAR, the decrease in the attenuation coefficient with the
depth, due to changes in spectral distribution, is not accounted for. Comparison of the total under water irradiance estimated from measurements and the total under water irradiance estimated from an attenuation coefficient independent of the depth, showed no significant
differences. Hence, the use of an average vertical downward attenuation
coefficient is justified.
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6 GrowthofOscillatoria agardhii
In many lakes in the Netherlands, blooms of Oscillatoria species occur
regularly (Hosper et al, 1980). These lakes are all shallow and eutrophic
with little stratification. In lakes with Oscillatoria blooms transparency
decreases and so did the macrophyte coverage of the lake bottom. The
decrease in submerged vegetation had drastic consequences for the fish
populations. Due to the diminished refuges, the pike population in these
lakes declined which led to an explosive growth of prey fish. Bream, and
to a lesser extent roach, are very successful in the turbid waters, with
plenty of benthic organisms and little vegetation that hinder feeding
(Gulati et al, 1989). Other consequences of Oscillatoria blooms are tainting of the fish and the formation of taste and smell compounds and toxins. Due to the nuisance of Oscillatoria blooms, several studies on the
growth of Oscillatoria species have been done. Measures to overcome
this phenomenon have been and are being tested, with varying success
(Hosper et al, 1986; Meijer et al, 1990).
The growth of Oscillatoria species has been studied by the Scientific
Department of Rijkswaterstaat, Directorate Flevoland (former RIJP)
since 1971, when Oscillatoria agardhii became dominant in the lakes
bordering Flevoland for the first time. These studies were conducted in
order to investigate the causes of blooms of Oscillatoria species and to
find measures to eliminate these blooms (Berger, 1987). Results of a
habitat analysis of O.agardhii increased the insight in steering variables
for the growth and blooming of O.agardhii (Berger, 1987; Vermij and
Janissen, 1991). However, the effect of the proposed measures was always uncertain as no quantitative relationships were available. Quantitative relations obtained from laboratory experiments were difficult to
translate into field conditions (Van Duin and Lijklema, 19892; Vermij
1992).
To assess the effect of management measures two approaches may be
followed, which are schematically presented in Figure6.1:
* to simulate with deterministic models the effects of measures on the
physical and chemical characteristics of the freshwater ecosystem
and to assess whether these characteristics suit the habitat of Oscillatoria;
* to simulate the effect of measures on the growth of Oscillatoria with a
deterministic Oscillatoria growth model, including the relevant physical and chemical processes affected by the measures.
The second approach varies from the first only for the biological component. Initially, the first option seemed easier to achieve and was
therefore explored. However, as the assessment of quantitative limits of
physical and chemical conditions in a dynamic environment for the
growth of Oscillatoria agardhii seemed not yet feasible (Berger, 1988),
the second pathway was followed as well (Vermij, 1992). Detailed relationships were studied by means of field experiments (§ 3.5).
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6.1 Phytoplankton growth in the Usselmeer area
The water quality of the Markermeer is closely linked to the water
quality of the other lakes in the Usselmeer area. Originally, these lakes
formed one large lake. Presently, there is still a substantial exchange of
water between the newly created subsystems. The development of
water quality of the lakes, that would be induced by the construction of
a Markerwaard, may be similar to the changes in water quality in the
lakes bordering Flevoland. The algal community of these lakes is generally dominated by blooms of Oscillatoria agardhii. Berger (1987) stated
that the habitat of Oscillatoria agardhii can be deduced from the characteristics of these lakes.

Figure 6.1 Flow chart of both path ways to assess the effect of management measures on the growth of O.agardhii

6.1.1 Phytoplankton succession in the Usselmeer area
From 1927 to 1941 the effect on the flora and fauna in the area of the
change of the brackish Zuiderzee into the freshwater Usselmeer, was
studied by the Zuiderzee-committee (De Beaufort, 1954). The first bloom
of Oscillatoria agardhii in the Usselmeer area is detected in the northeastern part of the Usselmeer in the summer of 1933, shortly after closing of the Barrierdam (§ 1.1.1). As far as known, this is also the first
bloom of O.agardhii reported in the Netherlands (Berger, 1987). Growth
of Oscillatoria species occurred in the Usselmeer until 1936. From 1935
onwards blooms of Aphanizomenon flos-aquae were found and the
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numbers of Microcystis aeruginosa increased (Wibaut-lsebree Moens,
1954). From 1941 till 1971, no detailed time series of the phytoplankton
population in the Usselmeer area are available. Since 1971, many surveys have been made (Berger, 1987).
In the large Usselmeer, green algae (Chlorophyceae) in general make
up more than half of the biomass, mostly Scendesmus species. In
spring, temporary blooms of diatoms (Bacillariophyceae) are found.
Blooms of cyanobacteria often occur in late summer or autumn. Most
often blooms of M.aeruginosa occur (1973, 1975, 1977, 1979, 1981, 1983)
but also blooms of O.agardhii (1974, 1976, 1979, 1989), A.flos-aquae
(1982) (Berger et al, 1986) Oscillatoria redekeii or Aphanocapsa delicatissima (Berger and Sweers, 1988) are found. In the Markermeer the
same pattern, diatoms in spring and predominately green-algae during
the rest of the year, is observed. Blooms of M.aeruginosa appeared
shortly after closing the Houtribdijk (1977, 1979, 1982). Moderate blooms
of A.flos-aquae occur occasionally (1982, 1983, 1988). In 1989 a bloom of
O.agardhii was spotted for the first time (Vermij, 1991).The lakes bordering Flevoland (the Randmeren) suffer from virtually continuous blooms
of Oscillatoria species since 1970 (Berger, 1987) and only intensive
measures have recently improved the phytoplankton composition
(Hosper et al, 1986).

Figure 6.2 O.agardhii filaments as seen through a microscope (250 x)
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6.1.2 Habitat and growth characteristics of Oscillatoria

agardhii

As the ultimate goal of the Markermeer project is to assess the effect of
certain management measures on the suitability of the lake system as
a habitat for growth of Oscillatoria agardhii, the characterization of the
habitat of O.agardhii is of major importance for the structure and interpretation of the physical model. A characterization of this habitat has
been made by Berger (1987; 1988) and Vermij and Janissen (1991). In
this paragraph some of the characteristics of the habitat and of the
growth of O.agardhii are summarized.
Oscillatoria species (O.agardhii, O.redekeii, O.limnetica, O.rubescens,
etc.) belong to the family of the Oscillatoriaceae. Oscillatoria species are
solitary filamentous cyanobacteria. Within the O.agardhii species different variants are distinguished. This study is limited to the species
O.agardhii GOMONT. Each filament consists of a large number of cells.
The length of the filaments of O.agardhii is extremely variable. Inthe IJsselmeer area the mean size usually varies between 200 and 400fjm. The
size of one single cell is rather constant: 4-6 ^/m in width and 2.5-4 /vm
in length (Huber-Pestalozzi, 1966). Besides the light harvesting pigments
chlorophyll-a and various carotenoids, O.agardhii contains also c-phycocyanin, with its maximum absorption between 600 and 620 nm. The
energy harvested by this pigment is transferred to the chlorophyll-a pigment system.
Based on growth strategies, two groups of species can be distinguished:
the r-strategists and the K-strategists. The concept of r- and K-selection
was introduced by MacArthur and Wilson and is based upon the logistic
equation of growth, r being the intrinsic growth rate and K the upper
asymptote of the hyperbolic growth curve (i.e. the point at which a resource is absolutely limiting) (Reynolds, 1984). In natural environments,
there is competition both for the available space, for which rapid colonization and rapid growth as exhibited by r-strategists is advantageous,
and for the available resources, where the ability to operate close to the
environmental carrying capacity will be selecting the K-strategists. rstrategists, or the opportunists, are characterized by a short generation
time, the large amount of energy they put into reproduction and their
tendency to occur in unstable environments, where they respond quickly
to the availability of environmental resources but cannot maintain there
maximum density for long. K-strategists tend to grow and reproduce
slowly and are able to tolerate or accommodate to periods of resourcestress. They tend to be good competitors (Reynolds, 1984; Harris, 1986).
Oscillatoria species are considered to be K-strategists.
O.agardhii is photoautotropic, even at very low light energy levels
growth may occur (Berger, 1987). In continuous culture experiments it
has been established that the relation between growth and irradiance
can be divided roughly in three regions (Van Liere and Mur, 1979; Van
Liere and Mur, 1980). At low irradiance growth is light limited. The light
utilization efficiency a (the initial slope of the productivity versus irra-
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diance curve) is not constant. O.agardhii adapts to lower energy levels
by increasing the value of a per chlorophyll-a mass and increasing the
c-phycocyanin/chlorophyll-a ratio (Post et al, 19851; Post et al, 19852).
A/max. the maximal photosynthetic productivity in the optimal energy
region, is influenced by the temperature of the environment. This is attributed to the influence of temperature on the rate of the photosynthetic
electron transfer (Post et al, 19851). In the third and highest energy
range, above 85//E-m" z -s" 1 , the growth rate of O.agardhii is photo-inhibited (Van Liere, 1979). These observations indicate that O.agardhii
essentially adapts as a shade-plant that is particulary favoured by conditions of low irradiance and short day length. This phenomenon may
contribute to the absence of O.agardhii in shallow, transparent lakes
(Vermij and Janissen, 1991). The inhibition is less pronounced for high
irradiance periods with a short duration or when nutrient levels or temperature are high (Berger et al, 1986). From experiments in continuous
growth cultures, where O.agardhii was grown with a periodic supply of
light energy, it was deducted that the pigment content increased with
shorter light periods as did the growth yield on carbon and the dark
growth yield (Post et al, 19852).
Phytoplankton cells in lakes are not only exposed to a changing irradiance by the diurnal light-dark rhythm, but to other variations in light
regimes as well. The relationships between photosynthetic responses
and light are influenced by the time scale of the change in the light field.
Falkowski (1984) distinguished a number of physiological responses to
variations in the light regime:
flicker effect
these are fluctuations in light intensities with
periods in the order of 0.1 s. Photosynthesis is
sometimes increased and sometimes decreased by
this effect. The overall effect on primary production
is probably limited;
turbulent mixing
the time scale of fluctuations caused by turbulent
mixing is highly variable and little is known about its
effect on photosynthesis;
state transitions
are brought about by the alternate phosphorylation
and dephosphorylation of light harvesting chlorophyll-a protein complexes and they may last from
seconds to minutes. State transitions are frequently
studied under laboratory conditions but few studies
have been made in natural phytoplankton communities or in cultures under natural light regimes;
on time scales of a few hours to a few days, phytodiurnal changes
plankton may adjust their physiological responses
to low-frequency variations in irradiance. They include variations in the amounts and ratios of photosynthetic pigments, changes in photosynthetic responses, gross chemical composition, cell volume,
respiration, etcetera. It may be due to negative
feedback of photosynthesis by end product inhibition, changes in cellular chlorophyll content,
159

photo-inhibition
respiration

photorespiration, etcetera, and has potentially more
influence on photosynthesis at high light intensities;
photo inhibition is time dependent but careful kinetic analysis of the phenomenon are scarce;
the occurrence of irradiance dependent respiration
is observed, but little quantitative information is
available.

All processes have their own periodicity and interact in their influence
on the growth of O.agardhii. Unfortunately quantitative knowledge about
these processes and variations in light field are limited.
The conversion of photosynthetically fixed carbon into growth is particul a r efficient at low irradiance levels, while the energy requirements for
maintenance seem remarkably low. All combinations of light energy and
light period that lead to a low daily irradiance favour the growth of
O.agardhii over green algae (Van Liere and Mur, 1980, Foy and Smith,
1980). From competition experiments with O.agardhii and Scenedesmus
protuberans it was concluded that low light conditions favour the dominance of O.agardhii due to its lower maintenance requirement (Mur et
al, 1978). However, at light limiting conditions when loss rates are more
or less equal, the Scendesmus species grow faster than O.agardhii
(Loogman, 1982). Hence, the low maintenance energy of O.agardhii is
essential for the success of the species. From the patterns of adaptation
to changes in light energy and temperature it may be concluded that
these factors provide the basis for the survival of O.agardhii populations
during the winter season, yielding a favourable position of O.agardhii at
the start of the growing season (Post et al, 19851). This may explain the
observed phenomenon that lakes, once they have become dominated by
O.agardhii for the first time, seem to be more subject to subsequent
O.agardhii blooms than lakes in which no O.agardhii blooms did occur
before. As O.agardhii growths rather slowly and the initial concentration
seems important for its success during the summer season, the residence time of the water and the concentration of O.agardhii in the
incoming water are very important for the occurrence of blooms. The importance of the long residence time was the starting point of some effective measures against O.agardhii blooming in the Netherlands (Hosper
et al, 1986), which involved flushing.
O.agardhii is able to regulate its buoyancy with gas vacuoles. The sedimentation rate of algae depends on the density, size and shape of the
organism and the density and viscosity of the water (Stokes' law,
§4.1.1). Both the size and the density differences are to some extent
subject to adaptation of the filaments. The buoyancy regulation of
O.agardhii becomes advantageous compared with green algae and diatoms when mixing consistently extends beyond the penetration depth of
saturating irradiance (Reynolds et al, 1987) or when mixing is limited
and sedimentation can be prevented by buoyancy regulation only
(Vermij, 1992). In the fall velocity experiments (§ 3.4.3), in general
O.agardhii filaments were observed not to settle but remained floating.
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Loss of O.agardhii by grazing by zooplankton is very limited as filaments
exceeding 100/ym are virtually immune to ingestion (Reynolds, 1984).
O.agardhii has no nitrogen fixing capacities but may use ammonium,
nitrate and ureum as nitrogen source. Although O.agardhii is usually
found in very eutrophic lakes, it is able to achieve maximal growth rates
at relatively low nutrient availabilities (Van Liere, 1979), which enables
the species to inhabit waters with a wide range of trophic status
(Reynolds, 1984).
In summary: the characteristics of O.agardhii, which are considered important for its occurrence, are: the low energy requirement for maintenance, the occurrence of photo-inhibition at high energy levels, the
capability to adapt to low energy levels, the low specific growth rate, its
high affinity for nitrogen and phosphorus, its small sedimentation losses
and low prédation pressure by zooplankton. Therefore O.agardhii lakes
are characterized by long residence times, high turbidity and a high
eutrophic level (Berger, 1987), but the high eutrophic level is more important in relation to the turbidity than to the actual available nutrient
concentrations.

6.1.3 Characteristics of the Markermeer in relation to growth of Oscillatoria agardhii
The Markermeer is a shallow eutrophic lake with a high turbidity and
long residence times (Chapter 2). With this characterization the lake
seems suitable for excessive growth of Oscillatoria agardhii. However,
growth of O.agardhii in the lake happens only occasionally and blooms
occur only temporarily and locally (Berger et al, 1986; Vermij and Janissen, 1991). The absence of significant growth of O.agardhii are imputed
especially to the frequent fluctuations inthe turbidity (Berger et al, 1986).
Although O.agardhii is able to adapt to different light energy levels and
fluctuations (§ 6.1.2), the adaptation is slow and not efficient when the
variability is high.
In the Markermeer, the phytoplankton population is characterized by
green algae and diatoms in spring. In the summer, the growth of cyanobacteria may increase, but the population is never dominated by
O.agardhii and phytoplankton cell numbers remain low (Vermij, 1991).
Temporarily the biomass may increase by wind induced resuspension of
settled phytoplankton. This has been deduced from the high correlation
between the chlorophyll-a content and the inorganic solids content in the
field data (Figure 3.3). After settling into the sediment top layer, the
plankton is subject to the resuspension processes as described in
Chapter 4. After resuspension in the water, this plankton may participate
again in the production process, if still alive. The influence of sedimentation and resuspension may be large on the biomass of phytoplankton
in the Markermeer (Mur et al, 1990), but will be less for algae with a
strong buoyancy regulation as O.agardhii, compared to green algae.
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Jagtman and Van Urk (1988) stated that variations in the algal biomass
in the water column of the Markermeer are mainly caused by resuspension of algae present in the bottom of the lake, instead of growth of
algae in the water column itself. Their conclusion was mainly based on
the linear relation they found between inorganic solids (SS-AFDW) and
chlorophyll-a concentration at Y111 with data of 1985. However, their
data set was not representative for the Markermeer in general; all
chlorophyll-a concentrations were below 100 mg-nr 3 , whereas in 1987,
1988 and 1989 at Y111 at least 17% of the measured chlorophyll-a concentrations was higher than 100 mg m 3 . Although there is indeed a significant relation between the chlorophyll-a content and the inorganic
content, the ratio between chlorophyll-a and suspended solids concentration tends to decrease when the suspended solids concentrations increases. This is illustrated in Figure 6.3. When no sediment is resuspended, the biomass concentrations can become relatively high due to
production. The dramatic decrease between 0 and 20 g m"3 is caused by
the resuspension of sediment with a lower average chlorophyll-a content than found in the suspended solids which are continuously present
in the water phase. So at low turbidity growth also contributes to the
algal biomass.

100
125
150
Inorganic solids (g.nr3)

Figure 6.3 Chlorophyll-a/ inorganic solids ratio versus the inorganic
solids content atY111 in 1987, 1988and 1989

Occasionally, very low nutrient concentrations occur in the Markermeer,
but nutrient limited growth of phytoplankton will not occur often. Mur et
al (1990) considered the occurrence of nutrient limited growth in the
Markermeer not likely for 1987 and 1988. They found very high growth
rates during the summer season, but no relationship between the light
field at 1metre depth and the growth rate. They assumed that the phytoplankton in the sediment top layer adapted to the light limitation by
increasing its light utilization efficiency. After resuspension of these
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algae in the water, the growth rate of these algae will be high, even
when the turbidity of the water is high.
As the adaptation rate and the growth rate of O.agardhii is lower than
that of green algae, the absence of persistent O.agardhii blooms in the
Markermeer is attributed to the very high and fluctuating turbidity.
Hence, quantitative information on the extent of this turbidity and on the
fluctuations in turbidity and insight in the effect of management
measures on the turbidity are needed. To determine the effect of
changes in the mean turbidity level and in the variations of the turbidity
on the growth of O.agardhii, more knowledge is needed on the specific
relations between turbidity variations, and the adaptation to these variations of the growth rates of O.agardhii.

6.1.4 Field experiments
The ratio of the gross primary production and the sum of losses by respiration, the loss rate by mortality and nett sedimentation of organisms
under specific environmental conditions, determines whether the biomass of these organisms increases or decreases. The large number of
factors which operate simultaneously in nature, makes it very difficult to
design and perform well defined representative experiments. Thus the
relationship between theory and experiment in ecology is much less
well defined than in many other sciences (Harris, 1986). The specific
reaction of organisms on environmental conditions such as available
light energy, changes in light-dark regime, temperature and nutrient
concentration have been studied in laboratory experiments frequently
(Van Liere and Mur, 1979; Loogman, 1982; Post et al, 19851). From these
studies relationships have been derived between growth rates and physical environmental factors. However, the translation of these relationships to quantitative relationships for field conditions, where all environmental factors vary, is complex (Van Duin and Lijklema, 1989). Furthermore it is often difficult to simulate physical factors like the under water
light field in detail under laboratory conditions. Hence, field primary production measurements are often used to assess these relationships
(Vollenweider, 1974; Berger, 1987).
After the habitat analysis of Oscillatoria agardhii in the Usselmeer area
(Berger, 1987) a few questions concerning the suitability of the Markermeer as a habitat, remained unanswered:
1
Is the under water light field in the long run really the limiting factor
for the growth of O.agardhii, or is the absence of blooms of
O.agardhii merely a matter of time (§ 6.2);
2
Is the growth of O.agardhii in the Markermeer possible for short
periods and how is this related to the under water light field;
3
What is the maximal depth for growth of O.agardhii under different
light conditions;
4
What is the influence of vertically mixing on the growth of
O.agardhii;
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5
6

What is the maximal production of O.agardhii for different light
fields;
How fast do growth parameters of O.agardhii adapt to changes in
the light field.

In order to answer these interrelated questions, experimental methods
have been designed that can be carried out in the Markermeer itself, to
ensure realistic light field conditions. The rotating light and dark bottle
experiments are modifications of the well known light and dark bottle
experiments (Vollenweider, 1974). The perspex cylinder experiments
were newly designed for the Markermeer study. The general lay-out and
procedures for the experiments are described in § 3.5.
Phytoplankton biomass can be measured as either filament numbers,
filament length, chlorophyll-a content or ash free dry weight. Theoretically, the most accurate measure of phytoplankton quantity is produced
by a combination of filament number and length, but due to the errors
in the phytoplankton counts (Vermij and Janissen, 1991) filament counts
have an indicative value of phytoplankton quantity only. Chlorophyll-a
content is a good measure of living phytoplankton and plant tissue, but
makes no distinction between various phytoplankton families or macrophytes. Another disadvantage of the chlorophyll-a content as a measure
of biomass, is that the chlorophyll-a/cell biomass ratio is not only different for different phytoplankton families, but varies in time for a single
species, due to adaptations to changes in the light field. Hence, to study
the adaptation to changes in the light field, chlorophyll-a is not an objective measure for biomass. Ash free dry weight may be used as a
measure for phytoplankton biomass, but is does not discriminate
between phytoplankton, zooplankton, macrophytes, detritus, etc. In the
designed field experiments, the enclosures are filled with O.agardhii
suspensions of 95% or more. Hence, for the interpretation of these
experiments, the biomass measure does not need to distinguish
between phytoplankton families. Considering the pros and cons, chlorophyll-a seemed the biomass measure with the least disadvantages for
these experiments and is generally used in this chapter. The chlorophyll-a/ash-free-dry-weight ratio was reasonably constant for the
O.agardhii suspensions used in both years (Figure 6.4). In 1989 the estimated ratio was 0.0065 gChlagAFDW" 1 and in 1990 0.0069 gChlagAFDW-1. The average ratio for the two years is 0.0068 gChlagAFDW 1
with a standard deviation of 0.0020.
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Figure 6.4 Chlorophyll-a concentration versus the ash free dry weight
content of the O.agardhii suspensions used in 1989and 1990

As light and dark bottle experiments can be conducted for short periods
only, results of these experiments produce insight in questions 2, 3, 4
and 5 only. However they yield some additional information on growth
and respiration parameters.
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Figure 6.5 Mean nett production of the bottle experiments

The results of the bottle experiments are summarized in Tables 3.7 and
3.8. In Figure 6.5, the measured nett production averaged over the depth
for both years are presented. Differences in production vary much more
between days than differences in production between fixed and rotating
bottles. In the experiments of 1989 the production rates in September
are higher than those in July. In Figure 6.6 the gross production
averaged over the depth of the rotating bottles is plotted versus the
gross production over the depth of the fixed bottles for both years. Small
differences between fixed and rotating bottles are observed and gene-
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rally rotation of the bottles tends to enhance the production. However,
as the accuracy and the number of the measurements is small and the
differences between the values is small more data are needed to formulate significant relationships between rotation and production.
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Figure 6.6 Mean gross production of the rotating bottles versus that of
the fixed bottles for 1989and 1990
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One of the most puzzling results of the experiments are the negative
respiration values during two of the experiments in 1989. Negative respiration values means oxygen production in the dark bottles. Because the
respiration is measured in 6 bottles, the increase in oxygen concentration was found in all six bottles and the procedure followed was the
same as on the other measuring days, experimental errors are probably
not the cause of this phenomenon. The negative respiration values are
found in the experiments with a duration of less than two hours; 8-9-'89
and 15-9-'89. However, the duration of the respiration experiment of 6-9-'
89 is just as short, without resulting in negative respiration values. In
Figure 6.7 the relation between the respiration and the temperature is
represented. The temperature was the lowest for the experiments with
the negative respiration values, but no distinct relationship between the
respiration and the temperature has been found, although this was
expected (§6.2). Oxygen production in dark bottles has been reported by
others as well (Nor, 1991;Pamatmat, 1988; Pennak, 1978) but no satisfactory explanation has been given thus far.
In Figure 6.8, the gross production versus the downward irradiance at
the measuring depth is plotted, with a sketched line connecting the data
of one day. At low irradiance values an increase in production is found
with an increase in irradiance, but beyond a certain value a further increase tends to result in reduced production rates (inhibition). However,
the magnitude of the transition value beyond which inhibition begins, differs from day to day. Production models for the simulation of the experiments are presented in § 6.2.
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In Figure 6.9 the relation between the mean gross production (averaged
over the depth) and the mean under water irradiance (§ 5.3) is presented. No distinct overall relationship between the gross primary production and the total under water irradiance can be determined. This may
be due to adaptation or inhibition or the inadequacy of chlorophyll-a to
express the active cell material.
From the experiments some preliminary conclusions can be drawn. To
judge these conclusions on their merits, some shortcomings of the
experiments should be realized:
* all experiments were conducted on days with only small wave action.
Hence the turbidity during the experiments was always low;
* experiments were done for short periods only (hours) around noon,
when the irradiance is relatively high;
* the physical condition of the algae will be affected by the extensive
manipulation and the preservation in the big basin aboard the ship or
in the laboratory room.
Summarizing the results leads to the following conclusions:
* as the nett production measured in the bottles is always positive,
growth of O.agardhii is possible for periods of hours under the light
conditions of the Markermeer on all test days (question 2);
* no lower limit of the total irradiance for the growth of O.agardhii can
be deduced from the experiments. The relationship between the production per unit chlorophyll-a and the available irradiance varies very
much from day to day (questions 2 and 3);
* though some effect of vertical mixing on the growth of O.agardhii is
found, no conclusive evidence for an increase or decrease of production has been found (question 4);
* the maximum gross production (Pmâx) that has been measured lies in
the range of 14 g0 2 gChla" 1 h" 1 , but the relationship with the light field
is not unequivocal (question 5).
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The estimated nett oxygen production per unit chlorophyll-a in the cylinder for both years is represented in Figure 6.10. During the period 89-2,
the algae were transported through the upper metre of the cylinder only,
whereas during the periods 89-3, 90-1 and 90-2 they were mixed through
the entire length of the cylinder (§ 3.5.3). The temperature was slightly
higher in the period 89-2 than in the other periods. Still, the maximum
production rates of 89-2 and 89-3 are similar.
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Figure 6.10 Measured nett production per unit chlorophyll-a and the
mean under water irradiance in the cylinder in 1989 and
1990

The total under water irradiance (§ 5.2.2) at Y112 is comparable for all
periods (Appendix 5), but the mean under water irradiance for the
O.agardhii suspension in the cylinder is slightly higher for period 89-2,
as the suspension is only rotated through the upper metre of the cylinder
during this period. Figure 6.10 reveals that no nett production occurs at
mean under water irradiance values of 100 ^ / E m 2 - s 1 or less (July 9,
September 9-11, 1989 and July 5-6, 1990), but that after prolonged
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periods of low maximum irradiance values ( > 2 days), the production
efficiency increases and the nett production may become positive even
at a mean under water irradiance value of less than 100//E-nrr 2 s" 1 (September 12-13, 1989 and July 8-10, 1990). Hence, adaptation to low maximum energy levels does occur within a few days. This is referred to as
slow adaptation.
The respiration in the cylinder at night is estimated as the average of the
nett production values between two hours after sunset until two hours
before sunrise. The relationship between the thus measured mean respiration rate and the temperature at night is presented in Figure 6.11.
For the experiments of 1989 an increase in temperature tends to lead to
an increase in respiration rate. For 1990, this tendency is less pronounced and some data seem rather out of range.
1
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Figure 6.11 Mean respiration at night versus the mean temperature at
night in the cylinder in 1989and 1990

The respiration is assumed to be constant for each measurement day
and is estimated as the mean of the average respiration of the previous
and the following night. The gross production per hour is estimated as
the sum of the nett production per hour and the mean respiration.
Because the mean respiration is used and not the maximum measured
decrease in oxygen, negative production values may occur at night.
In Figure 6.12, the relationship between the gross production rate and
the mean under water irradiance is represented. For all periods the
shape of the production curve is hard to distinguish and no significant
patterns are observed. Differences in Pmax within each period can not
be attributed to changes in the temperature as the temperature during
each period is rather uniform.
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Figure 6.12 Estimated gross production per unit chlorophyll-a
cylinder versus the mean under water irradiance

in the

To assess the effect of adaptation of growth parameters of O.agardhii to
the light field within hours, production data were studied in more detail
(Appendix 8). From both years together, 30 days were selected with data
sets that were not or hardly interfered by cylinder maintenance or malfunctioning problems. For each day, the gross production per hour is
related to the total under water irradiance for that hour. If adaptation of
growth parameters to available energy occurs within hours, production
will be more efficient during hours with increasing irradiance (morning)
than during hours with decreasing irradiance (afternoon), i.e. a hysteresis effect. Each day has been judged on the occurrence of this
phenomenon. Based on an estimation of the accuracy of the production
values, a threshold value of 2 g 0 2 g C h l a " 1 h 1 is defined. If the gross
production in the morning was more than 2 g0 2 gChla" 1 h" 1 larger than
the gross production in the evening, that particular day was labelled to
the category on which adaptation of growth parameters occurred
(PPincrease >

pp

PPincrease «

PPdecrease-

decrease)-

lf a
T n e

d a t a s e t w a s not c o n c l u s i v e , it is a d d e d to
r e s u l t s a r e p r e s e n t e d in T a b l e 6 . 1 . T h e

expected hysteresis is observed in 14 of the 30 daily sets, the reverse
is never observed. From the 16 data sets without conclusive adaptation,
mean under water irradiance values stayed well below 200^/Em" 2 s" 1 for
12 days (75%). From the data sets with adaptation, during only 3 out of
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the 14 days mean under water irradiance values stayed below 200
/vE-m~2-s~1 (21%). Hence, it may be concluded that in general adaptation
of growth parameters of O.agardhii to the under water light field is
observed for days with maximum mean under water irradiance values
over 200/vEm" 2 s~ 1 . At days with maximum values below 200//Em~ 2 s~ 1 ,
adaptation usually does not occur or is imperceptible. The hysteresis
effect is referred to as fast adaptation. The occurrence of hysteresis may
be either due to diurnal changes or photo-inhibition (§ 6.1.2). In the
latter, the representation of the nett primary production instead of the
gross primary production in the curves of Appendix 8, would have been
preferable. However, for the objectives of this study, the precise physiological cause for the fast adaptation is less important than the quantification of the light field causing the adaptation.

Table 6.1 Experimental days with and without hysteresis
""increase

pp

" " decrease

r r

~ pp

increase ~ ' ' decrease

date

^mean

date

^mean

July 6, 1989

800

July 11,1989

708

July 8, 1989

Septembers, 1989
September 8, 1989

210

July 10, 1989

640
747

September 6, 1989

323

September 9, 1989

74

September 7, 1989

266

September 10, 1989

39

June 27, 1990

276

September 11, 1989

43

July 8, 1990

28

September 13, 1989

77

July 9, 1990

70

September 14, 1989

136

229

July 12, 1990

206

September 15, 1989

93

July 13, 1990

253

September 16, 1989

142

July 14, 1990

264

September 17, 1989

155

July 15, 1990

300

June 28, 1990

252

July 16, 1990

238

July 5, 1990

132

July 17, 1990

167

July 6, 1990

65

July 7, 1990

34

July 10, 1990

76

Summarizing the results leads to the following conclusions:
* growth of O.agardhii for periods of weeks is possible in the Markermeer, at least for the characteristic light field of the summer months
(question 2);
* a mixing depth of 2.8 metres is not prohibitive for growth of O.agardhii
during days with maximum total under water irradiance values > 200
/ y E m " 2 s 1 (question 4);
* the maximum gross production rate for O.agardhii is in the range of
12 - 14 g0 2 gChla~ 1 h~ 1 for temperatures around 20 °C, maximum respiration rates of 2.5 g0 2 gChla~ 1 h~ 1 are found for the same temperatures (question 5);
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* adaptation of growth parameters to low irradiance levels (mean under
water irradiance < 100 /yEnr 2 s" 1 ) occurs within a few days, this is
referred to as slow adaptation (question 6);
* during dark periods (night) growth parameters adapt to low light conditions. During days with high maximum mean under water irradiance
values ( > 200 //Em" 2 s" 1 ) growth parameters of O.agardhii usually
adapt in a few hours to high light conditions, this is referred to as fast
adaptation. During days with lower maximum values, growth parameters tend to keep their high efficiency (question 6);
* though the experiments produced valuable information about the
growth characteristics of O.agardhii under the light conditions of the
Markermeer, the experiments were not conclusive whether or not the
light field of the Markermeer is the limiting factor for the growth of
O.agardhii in the long run.
These conclusions were based on experiments, with the following short
comings:
* the physical condition of the algae will be affected by the extensive
manipulation and the preservation in the big basin aboard the ship or
in the laboratory room;
* Production and respiration rates are all expressing 0 2 per unit chlorophyll-a, but the chlorophyll-a content of the phytoplankton cells itself
will be affected by the experiments;
* the light field inside the cylinder will be different from that in the lake
itself, by influence of the perspex wall, differences in Kd inside and
outside the cylinder and by growth of organisms on the cylinder wall.
In the estimation of the under water irradiance, these effects are not
accounted for.

6.2 Modelling the growth of Oscillatoria agardhii
In ecological theory, two fundamentally different concepts are distinguished: the equilibrium and the non-equilibrium theory. The acceptance of either one has major consequences for the interpretation of
data and the development of the Oscillatoria agardhii model. A clear
comparison between both models is presented by Harris (1986), and is
summarized in the next subsection.
The equilibrium theory originates from nineteenth century naturalists
like Darwin. In this theory it is assumed that species are in equilibrium
with their environment and with other species present. In stable environments, population size and community structure depend upon population growth, competition and co-evolution. The equilibrium theory
implies the following limiting assumptions:
* the population-environment system is in equilibrium;
* at least some resources are constantly limiting;
* the environment is fully occupied or saturated with species;
* the optimum is always the same in time;
* the theoretical optimum is always attainable;
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* founder effects are not important
* and there is no effect from the past history of the population.
This led to the definition of the Gause axiom: one species- one niche.
Hence, species must use the environment differently in order to coexist
and the number of coexisting species is equal or less than the number
of resources. The equilibrium theory views the world in terms of closed
systems, where interactions take place in 'closed boxes' in equilibrium.
Thus there is no concept of history or time and no migration or disposal.
However, natural environments are not constant in time and the interactions between the environmental fluctuations and the ability of various
species to cope with and to adapt to these fluctuations will determine the
size of the population. This is the essence for the non-equilibrium
theory. According to this theory it is possible that environmental patchiness occurs and patches may open and close faster than the species
can migrate from one to the other. Non-equilibrium systems in ecology
are assumed to be characterized by the following properties:
* environmental fluctuations;
* high mortality;
* lack of competition;
* absence of limiting resources;
* environments not saturated with species;
* adaptive optima that change with time;
* the presence of founder effects
* and a strong historical component.
A non-equilibrium model requires that environmental disturbances
occur with sufficient frequency to disrupt the course of competitive exclusion. Hence, time is an explicit component. Furthermore, the environmental fluctuations themselves become a resource and thus characterization of the fluctuations is as important as the average magnitude
of a resource. The contrast between equilibrium and non-equilibrium
theory is summarized by the question whether a given community structure is the way it is because of present day (proximate) events like competition, or due to evolutionary (ultimate) causes that occurred in the
distant past. The distinction between proximate and ultimate causes lies
in the inevitable temporal component which pervades all ecological
processes. Both models give extreme points of view and it is most likely
that any given species may be limited by environmental factors at one
time and by competition at others.
In this study, the modelling of the occurrence of Oscillatoria agardhii is
based on the non-equilibrium concept, because from earlier studies on
the growth of O.agardhii in the Usselmeer area (Berger, 1987; Vermij
and Janissen, 1991) it was deduced that competitive exclusion is not important for the development of O.agardhii dominance in the area
(Vermij, 1992), even though O.agardhii is defined as a K-strategist. In
general, in highly disturbed environments /--strategists should be
favoured, but the presence of K-strategists does not necessarily imply
equilibrium conditions. Vermij (1992) concluded that O.agardhii dominance in the Usselmeer area occur in summer due to the increasing
loss rates of green algae and diatoms caused by the changing weather

174

conditions. Sedimentation rates increase at the generally lower wind
speeds and mortality increases by grazing. Thus the observed succession is the consequence of the environmental fluctuations and not of
competition for light or nutrients between O.agardhii and other algae.
If the ecological system of the Markermeer is not in equilibrium, the occurrence of algae is mainly due to the suitability of the lake as a habitat
and is not dependent on the occurrence of other phytoplankton species.
If the Markermeer is not in equilibrium yet, this does not imply that this
will never occur in future. In the final steady state O.agardhii may be the
dominant phytoplankton species. This might be deduced from the fact
that O.agardhii was not dominant in the Randmeren until 1971.After the
first year of blooming, the bloom became persistent, suggesting the importance of the historical component. The temporary blooming of
O.agardhii in 1989 may have been the first sign of this process in the
Markermeer.
In models based on the equilibrium theory, competition is the dominant
process, leading to the modelling of complex and partly unknown relationships between species. In models based on non-equilibrium concepts, the model structure becomes more complicated as time scales
and environmental fluctuations have to be incorporated. Assuming a
changing situation in a non-equilibrium state, other algal species do not
have to be modelled, but the growth model itself is much more difficult.
Besides, the calibration of the model on other lakes is objectionable
because the presence of founder effects and the historical component
are difficult, if not impossible, to compare. Insubsequent paragraphs the
development and application of models based on the non-equilibrium
concept will be discussed.

6.2.1 Model SIMPLE
For one of the Randmeren, the Wolderwijd, a simple primary production
and respiration model has been developed during an earlier study and
calibrated on measurements obtained during years with persistent
blooms of Oscillatoria agardhii (Van Duin and Lijklema, 19892). In spite
of the simple nature of the model, inclusion of the production and respiration in a dissolved oxygen model yielded a good agreement between
observed and simulated data. To examine whether a simple model approach would be sufficient for the simulation of growth of O.agardhii in
the Markermeer, this model has been applied to the data of the field
experiments. The model and its validation are described in detail elsewhere (Van Duin and Lijklema, 19892). Its description here is limited to
the basic concepts and formulas.
Primary production is modelled as a function of the specific maximum
production rate and of limiting factors related to temperature and the
available light energy. Respiration includes both maintenance and
growth respiration and the oxygen used for bacterial decay. Temper-
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ature dependencies are described according to modified Arrhenius relationships, with 20° C as the reference temperature. The photosynthetic
light response is modelled using the mathematical formula of Steele.
The model is summarized by equation 6.1 and integrated in depth in
equation 6.2.
^ p ° - = Chla-YUmax-0p<T-2O>(EdyEopt)e<1-<Ed/Eopt))
- Chla-Y-Rmax-0r<T-2°)
dDO

T 2O

= zChla-YUmax- 0 p ( -

(6.1)
( Edb/Eopt)

)-(e/k d -z)[e -

_e(-Ed,o/Eopt)]_ z-Chla-Y-Rmax-0r<T-2O>

(6.2)

DO = dissolved oxygen concentration
(g02-m~3)
DO* = mass of dissolved oxygen in the
water column
(g0 2 rrr 2 )
Chla = chlorophyll-a concentration
(gChlam" 3 )
Yp = yield coefficient of production
(g0 2 gChla~ 1 )
Umax = maximum production rate at 20° C (lr 1 )
0p = temperature coefficient for
production
(-)
T = temperature
(°C)
Ed = downward irradiance
(//E-nv2-s"1)
E d b = downward irradiance near the lake
bottom
(/yEm"2s"1)
E d 0 = downward irradiance near the
water surface
(/yEm~2s~1)
Eopt = optimal irradiance for production (/vE-rrr2-s"1)
Rmax = maximum respiration rate at 20°C (h"1)
0 r = temperature coefficient for
respiration
(-)
Yr = yield coefficient of respiration
(g0 2 -gChla 1 )
The inclusion of the external phosphate concentration as a rate limiting
factor in the model did not improve the results in the Wolderwijd study
but rather caused a negative temperature coefficient. Therefore nutrient
limitation was discarded. This was imputed to the temperature effect
upon the cycling of phosphate. The values of the optimal parameter set
for the Wolderwijd data (WW) are presented in Table 6.1.With the data
obtained from the field experiments, the applicability of the model
SIMPLE for the Markermeer is examined.
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Table 6.2 Optimal parameter set of the model SIMPLE for the Wolderwijd data
parameter

value

dimension

290

|/E-m' 2 -s' 1

©P

1.030

©1

1.081

-

E0pt

YpUmax

7.65

YvRmax

1.47

1
1
g 0 2 •gChla -h
1
1
g 0 2 •gChla -h

Gross production curves were obtained from the primary production
measurements in the fixed bottles of the dark and light bottle experiments. Simulated and observed production values are presented in Appendix 11and summarized in Table 6.3. With the parameter set obtained
with the Wolderwijd data the simulated DO-concentration is usually too
low. Inhibition is simulated above 300/yEm~ 2 s~ 1 but is usually observed
at much lower energy values. As the observed and simulated values
often matched poorly, the model SIMPLE was calibrated for each experiment using a Rosenbrock-scheme for optimization (§ 4.5.3). The parameters YpUmax and Eopt were optimized for the least mean of the sum
of squares of the differences between simulated and observed values.
The calibration results are included in the graphs of Appendix 11 and in
Table 6.3. After calibration, the model SIMPLE produces rather good
results for the individual experiments, but no uniform parameter set
seems to be appropriate for all different circumstances encountered in
the different individual tests. The optimum irradiance value for growth
varied between 247 and 7 6 9 / v E n r 2 s " \ though effectively a value above
500 //E-m~2s~1 means that no inhibition is found. The maximum production rate (Y p Umax) varied between 5.4 and 13.5 g0 2 gChla~ 1 h~ 1 .
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Table 6.3 Results of the model SIMPLE fo the fixed bottle

Wolderwijd set

Calibrated
data set

Y-Umax

experiments

E0pt

SSQ

SSQ

Wolderwijd

7.65

290

-

2.35

30/6/89

8.20

390

1.83

7/7/89

8.27

769

1.50

12/7/89

4.29

669

0.31

3.28

6/9/89

8.62

448

1.35

2.66

8/9/89

13.46

483

1.07

5.69

15/9/89

11.36

573

0.49

2.24

18/6/90

8.69

340

1.89

2.30

20/6/90

12.30

247

0.72

3.93

27/6/90

387

0.82

1.89

29/6/90

9.12
5.37

368

1.80

16/7/90

7.89

475

0.91
0.59

1.53

Similar to the simulations of the light and dark bottle experiments, the
model SIMPLE was subsequently used to simulate the DO-concentration
in the cylinder. The results of the simulations with the parameter set as
estimated for the Wolderwijd are presented in Appendix 12. Simulated
values are much too high for period 89-2 and much too low for period
89-3. Therefore the model was calibrated for each period separately and
the obtained parameter set was used to simulate the other three
periods. Simulation and calibration results are included in Appendix 12
and summarized in Table 6.4. With the model SIMPLE it is possible to
simulate the mean trend in the measurements, but daily dynamics are
not reproduced very well. The differences between the four periods are
substantial. Period 89-2 is characterized by low growth rates and virtually no inhibition by light energy, 89-3 by high growth rates and inhibition, 90-1 by high growth rates without inhibition and 90-2 by low growth
rates with inhibition. Hence, again from the calibration no general parameter set or model improvement can be deduced. The differences
between the calibrated parameter sets are even larger than the variation found for the light and dark bottle experiments, part of the variation
that is observed in the optimized parameter sets may be due to the dependency between Y p -Umax and E0pt.
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Table 6.4 Results of the model SIMPLE for the cylinder
calibration

YRmax

YUmax

Eopt

experiments

SSQof period used for validation

period
89-2

89-3

90-1

90-2

Wolderwijd
89-2

1.47

7.65

290.

8.80

12.67

4.50

1.05

2.32

946.

2.47

16.05

5.28

4.60
7.17

89-3

2.55

19.60

57.

10.23

4.83

17.09

15.98

90-1

1.59

12.05

943.

18.60

14.53

4.06

5.47

90-2

0.21

1.36

61.

3.91

10.19

4.82

3.50

The model SIMPLE may be used to simulate the oxygen production and
respiration in the enclosure experiments but the simulation results are
poor. The parameter set calibrated for the O.agardhii population of the
Wolderwijd is not transferable. This is not caused by the absence of
nutrient limitation in the model as the experiments were conducted with
nutrient rich O.agardhii suspensions. Calibration of the model for the
Markermeer field experiments gives good results for the light and dark
bottle experiments, but the results for the cylinder experiments were
less good. The differences between the parameters found for individual
experiments are large and no single set satisfying all experiments,
could be established. Hence, it may be concluded that the model
SIMPLE does not represent the processes that control the production of
O.agardhii in enclosures in the Markermeer. The major weakness is evidently the absence of adaptation of growth parameters to the changes
in light field.

6.2.2 Model ALGA
The model ALGA has been developed especially for the Markermeer
project by Vermij (1992). The aim was to produce a model describing the
growth of Oscillatoria agardhii as a function of the variable light field
and the temperature. The model is designed to be incorporated in the
model STRESS-2d and CLEAR, for the simulation of the growth of
O.agardhii in the Markermeer under prevailing conditions and after possible management measures.
The model concepts, structure and calibration are described extensively
elsewhere (Vermij, 1992;Visser, 1991). A summary of the basic concepts
and formulas is given below. Starting point of the model is the nonequilibrium concept. The model describes the growth, respiration and
decay of O.agardhii.
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dN

-°sc

= [PP - RESP - DECAY]/z
N-Osc
PP
RESP
DECAY
z

=
=
=
=
=

(6.3)

O.agardhii concentration
primary production
respiration
decay
depth

{O.agardhiim'3)
(0.agardM-m~ 2 -s' 1 )
(0.agardhii-m~2s~'1)
\o.agardhiim'2sA)
(m)

The basic response of growth rates to light energy is described with
Smith's model:
P =

EH-a
Vu.-r;

y [ 1 + (a-E d /P max ) 2 ]
P = productivity
Pmax - maximum productivity
a = light energy utilization
efficiency
Ed = downward irradiance

(s 1 )
(s"1)
(s- 1 (/vEm- 2 s- 1 )- 1 )
(/yEm- 2 s- 1 )

The temperature dependency is described with a correction factor with
respect to the standard temperature of 20° C: T/20. The column productivity is obtained by integration of Smith's formula in depth using Beers'
Law (equation 5.2), resulting in equation 6.5;
P T
e k d z + +V[e- 2 K d z +{P m a x -T/(20-ûr-E d , o )} 2 ]
PP = - M - O S C .K Ä ^2 0- M
/...,,_
zm—^^T2
d'
1 + V [ 1 + {(P max T/(20-a-E d , o )}
(6.5)
Kd = vertical downward attenuation
coefficient
z = depth
Ed0 = downward irradiance just below
the water surface

(rrr1)
(m)
(/yEm~2-s~1)

The adaptation of the maximum growth rate (Pmax) and o f t n e Iight utilization efficiency (a) to different levels of light energy, is based upon the
transient state experiments performed by Post (1986), resulting in a first
order kinetics description of the changes in Pmax and a. A threshold value, E crit , has been introduced. If the mean irradiance over the water column is below this threshold value, adaptation to low light conditions occurs and the values of Pmax and a increase. Above this threshold value
adaptation to high light conditions occurs.

^mean ^ ^cr

Pmax = Pmax,H + (Pmax-Pmax,H)-e<- C p ' L H d t )

(6.6a)

a = aH + (a-o H )-e ( - Ca ' LHdt)
Pmax = Pmax.L + ( P m a x - P m a x , L ) - e ( - C p ' H L d t )

a = aL + (a-aL)-e<-Ccr'HLdt»
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(6.6b)

•^rnean

_

ET

Z
^rnean
ET
Ecr

êz' [1_e " kdZ]

=

=
=

=

p
•max,H

=
=

•max.L

a» =
aL =
Cp.LH
Cp.HL

=

=

=
CQT.LH

C 0 ,HL

=

mean under water irradiance over the depth
total under water irradiance over the depth
critical threshold value for
growth parameters
Pmax at high irradiance
values
Pmax at low irradiance
values
a at high irradiance values
a at low irradiance values
adaption rate Pmax, from
low to high irradiance
adaption rate Pmax, from
high to low irradiance
adaption rate a, from low to
high irradiance
adaption rate a, from high
to low irradiance

(6.7)

GuE-rrr2-s-1)
(//Errr 2 s- 1 )
(/vEm- 2 s- 1 )
(s"1)
(S" 1 )

(s- 1 -(/vEm- 2 s-y
(s- 1 -(//Em- 2 -s-y
(s"1)
(s"1)
(S" 1 )

(s 1 )

In the model ALGA it is assumed that the carrying capacity of O.agardhii
of a water body is determined by the concentration of available
nutrients. The possible productivity based on nutrient availability is computed using Equation 6.8, for total phosphorus and nitrogen. This simple
nutrient limitation model is introduced to set an upper boundary to
phytoplankton growth in order to simulate the actual data obtained for
the lakes in the Usselmeer area.
p
rnut

=

p .(C nut /N-Osc)-Q nut
r op t ( c nut /N-Osc)
Pnut = productivity based on available
nutrients
Popt = optimal productivity without
nutrient limitation
C nut = nutrient concentration
Qnut = minimal internal nutrient
concentration

,RR.
[00
>
(s~1)
(s"1)
(gm3)
(gO.agardhi'r 1 )

The first order loss rate of biomass by respiration is a function of the
temperature only;
RESP = N-OscR m a x T/20
Rmax

=

maximum respiration rate

(6.9)
(s_1)
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The loss rate of biomass by mortality, grazing and sedimentation are assumed to be constant. The value of the decay constant was obtained by
calibration.
DECAY = N-OscC d

(6.10)
(s"1)

Cd = decay constant

Horizontal spatial heterogeneity of the studied water bodies is introduced by means of division of the water body into a limited number of
compartments, distinguished by depth. The influence of wind is
assessed for two extremes: total mixing of all the compartments for wind
speeds above 6 ms" 1 and total absence of mixing for lower wind speeds.
Vertical mixing is assumed to be complete at all times.
The model has been applied to three lakes in the Usselmeer area: the
Markermeer, the Usselmeer and the Wolderwijd (Figure 1.1). For the
calibration, weekly measurements of numbers of O.agardhii were used.
Parameters were varied at random over broad intervals, to obtain the
best fitting set. Parameters were calibrated for each lake separately, as
no uniform set for the three lakes could be found. For the Markermeer,
data sets of 1988 and 1989were used. The parameter set used by Vermij
is summarized in Table 6.5. The parameters obtained by calibration are
marked, the remaining parameters were obtained from literature.

Table 6.5 Parameter set of the model ALGA
relative growth (s 1 )
parameter
Pmax.H

02-prod per C h l a ( h 1 )
dimension

value
2.78-10 5
3

"max, L

2.50-10

OH

1.57-105

OL

6.70-10 5

Ecr'

(s 1 )
(S'')

((//E-m 2 -s 1 ) 1 s 1 )
((//E-m 2 -s 1 ) 1 s 1 )
(yuE-m2-s1)

10

Cp.LH

2.78-10 3

Cp.HL

9.44-104
2

value
0.196
17.65
0.111
0.473
10

dimension
( g 0 2 g C h l a •tv1)
(g02gChla

Ot/E-m2-s1)

(s )

0.100

(h 1 )

(s 1 )

0.034

(h 1 )

1

•h1)

( g 0 2 g C h l a •(//E-m 2 -s 1 ) 1 h 1 )
2
1 1 1
( g 0 2 g C h l a •U/E-m -s ) h )

C0,LH

1.08-10

(s )

0.389

(lv1)

C 0p HL

3.61-10"

(s 1 )

0.013

••max

5.56-10 5

(s 1 )

0.392

(h 1 )
( g 0 2 g C h l a •h'1)

7.22-10 5

(s 1 )

-

c„

1

'parameters obtained by calibration

The suitability of the model ALGA for the Markermeer conditions is examined with the data obtained from the field experiments analogous to
the application of the model SIMPLE. As the duration of the bottle experi-
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merits is too short to simulate adaptation of growth parameters, these
experiments were used to validate the basic concept of the model, the
response of the productivity to the available light energy based on
Smith's model (Equation 6.4) and the temperature dependency. The
value ofthe maximum gross production rate (Pmax) andthe initial slope
of the production curve (a) are estimated. The simulation results are
presented in Appendix 13 and parameter values are summarized in
Table 6.6.

Table 6.6 Results of the model ALGA for the fixed bottle
dataset

Pmax
(g0 2 gChla 1 h')

experiments

a

SSQ
(g02-gChla1-(//E-m2-s1)1h1)

30/6/89
7/7/89
12/7/89
6/9/89
8/9/89
15/9/89

6.15
7.71
5.10
7.58
10.84
11.34

0.34
0.06
0.01
0.15
0.11
0.04

1.09
1.06
0.21
0.77
1.72
0.52

18/6/90
20/6/90
27/6/90
29/6/90
16/7/90

7.65
11.66
8.39
4.44
9.49

0.23
0.16
0.09
0.10
0.04

1.15
0.63
0.67
0.51
0.62

The gross production in the light bottles is simulated rather well bythe
model ALGA. One parameter set was obtained for all the different
bottles atoneday,thus adaptation tothe mean circumstances is allowed
for each experiment. As in Smith's production curve no inhibition is
modelled, production rates at high irradiance values can be slightly
overestimated. Inthe model ALGA, where adaptation of Pmaxanda isallowed, Pmaxatthe very high energy levels would be lower to account for
inhibition. The value of Pmax and a varies from experiment to experiment. Pmax varies within the range of Pmax,H a n d pmax,i_ (Table 6.5). a
varies between 0.01 and 0.34, whereas the range of a according to
Vermij (1992) is from 0.111to 0.473 g 0 2 g C h l a - 1 ( / / E m 2 - s - y i r 1 . In 6out
of 11data sets the value of a wascalibrated to be lower thanCTH.Hence,
the light utilization efficiency computed for the light and dark bottle
experiments is lower than the efficiency found in the transient state
experiments conducted by Post (1986).
Similar to the simulations of the light and dark bottle experiments, the
model ALGA has been used to simulate the DO-concentration in the
cylinder with the parameter set as proposed by Vermij (Table 6.5).The
initial value of Pmax and a were calibrated, but the initial value of a
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seemed of little influence of the behaviour of the model. The results of
the simulations are presented in Appendix 14 and the model behaviour
is presented in Table 6.7. Because the simulated dissolved oxygen concentration in the cylinder differed much from the measured concentration, the calibration was done with data from the cylinder experiments.
Three parameters were selected for calibration: the threshold irradiance, E crit , the maximum respiration rate, Rmax and Pmax at time t= 0.
To the other parameters the values of Table 6.5 were assigned. The
obtained parameter set for each period was subsequently used for simulation of the other three periods. The results are included in Appendix
14and Table 6.7.

Table 6.7 Results of the model ALGA for the cylinder
calibration

Ecrit

r*max

experiments

SSQ of period used for validation

period
89-2
ALGA

89-3

90-1

90-2

10

0.392

2.58

9.26

3.44

3.97

89-2

2

0.479

2.12

23.92

15.07

35.60

89-3

166

1.010

7.85

7.09

2.97

5.39

90-1
90-2

164

1.124

10.16

7.32

2.95

7.27

100

0.632

2.73

8.29

3.28

3.66

The simulation results improved substantially by this calibration and the
average trend in the dissolved oxygen concentration is simulated rather
well. The daily fluctuations however are simulated poorly. Though the
estimated parameter sets were very similar for period 89-3 and 90-1,
they are very different for the other periods and no uniform parameter
set is obtained. For period 89-2, when O.agardhii rotated through the top
metre of the cylinder only, the calibrated parameters concern high light
conditions almost continuously as can be seen from the low value of E crit
of 2//E-m"2-s"1. For the three periods with rotation of O.agardhii over the
entire depth, much higher values of E crit are estimated. This implies that
with a value of E crit of 10/vErrf 2 s" 1 , the values of the growth parameters
are much too low to simulate the high production and respiration in the
cylinder. The same is true for the value of Rmax. If Rmaxis set at the original value of ALGA, only little production is allowed to balance the low
respiration and the high production and respiration rates measured in
the cylinder are not reproduced. Partly this can be contributed to the
bacterial respiration incorporated in the Rmax.
The results of the calibration are slightly better than the results obtained
with the model SIMPLE, but are still unsatisfying. Hence, including adaptation of growth parameters to changes in the light field according to the
model ALGA in its present form is not sufficient to describe the production of O.agardhii in enclosures in the Markermeer. It should be noted
however, that part of the differences between observed and simulated
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production of O.agardhii may be caused by the differences between the
light field inside the cylinder and the light field in the Markermeer.
Further, the damage of O.agardhii in passing through the pumps may
explain lower measured production rates. However, it can not explain
higher measured production rates.
In the model ALGA an upper and lower boundary are set for the maximum productivity, Pmax,and the light utilization efficiency, a. Depending
on the average irradiance over the depth the value of the growth parameters varies between these boundaries. From the field experiments it
may be concluded that the boundaries for Pmaxare chosen well for the
time being, but that the defined range for a may be too narrow. The
threshold value for adaptation obtained by calibration by Vermij is 10
yuE-nr2-s"1. For a mean depth of 3.6 m, a mean vertical downward attenuation coefficient of 4 m"1and a reflection of 10 %, this corresponds
toan irradiance E d0of 150/i/Enrr2s"1.Thisoccursduring morethan77 %
ofthe light hours inJuly.This is illustrated inTable 6.8.Atsite Y112with
a lower depth,the percentage of hours with avalue of Emean > 10//Em"
2
s" 1 will beeven higher. Thecalibrated values of Ecrit inthe cylinder experiments istherefore somewhat biassed asthe values of EmeanatY112
inJuly are notvery representative for theentire lake.However,themagnitude of these calibrated values for Ecrit is important; Ecritis calibrated
at a very low value of 2//E-m"2-s"1 for O.agardhii in the upper metre of
the column. Hence, Pmaxand a do not vary during most of the day, but
are constantly kept at their lower limits. The high values of Ecrit for
O.agardhii mixed over the entire depth, imply that only low light conditions are simulated. Thus the growth parameters are invariable set on
their upper boundary value andadaptation does (again) not occur.

Table 6.8 Distribution of mean under water irradiance in the Markermeer in 1989 (computedfrom Ed0z = 3.6mandKd= 4 m1)
month

January
April
July
October

day light hours

total hours Em> 10

%

%

36
59
68
44

12
41
52
28

day light hours EM > 10

%
34
70
77
62

The model ALGA describes general trends in production reasonably
well, if parameter setsare modified.However, gross production andrespiration are underestimated considerably, even with the modified parameters.Someconcepts of the model can not betested inthe field experiments,amongwhich ofthe rather crude division ofthe lake in compartments with different depths, the primitive concept of horizontal mixing
and of decay.These will bediscussed in§6.3.2.
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6.3 Simulation of Oscillatoria agardhii with the integrated model
To asses the suitability of the Markermeer for the growth of Oscillatoria
agardhii, the model ALGA has been incorporated in the 2-dimensional
models STRESS-2d and CLEAR. With the integrated model the Markermeer in its present state has been simulated to asses the differences
between the model ALGA and the integrated model.

6.3.1 Incorporation of ALGA in STRESS-2d and CLEAR
The integration of the model ALGA was conducted similarly to the integration of the model CLEAR within STRESS-2d. The nett increase of biomass is estimated using the under water light field produced by the
model CLEAR. The biomass concentration is computed every half time
step in the implicit part of the advection diffusion equation of the WAQUA
model, similar to the suspended solids concentration. Hence, the horizontal transport of algae is estimated as well. With the computed biomass and the suspended solids concentration the attenuation of light is
computed prior to the estimation of the nett biomass increase in the next
half time step.
By the direct integration of ALGA within the WAQUA-STRESS-2d-CLEAR
model, horizontal transport and an advanced numerical solution of the
mass balance equation are included. The computation of light attenuation is easily incorporated too. Unfortunately, the direct integration has
some major disadvantages as well. Firstly, the same time step and grid
size are used for the model ALGA as used for the WAQUA-STRESS-2d
model, whereas a much larger time step and grid size would have been
appropriate for ALGA. Hence, the computation time is unnecessarily
enlarged. Secondly, for each simulation of the algal growth model, the
water movement and sediment resuspension and sedimentation model
are simulated as well, while at least in the calibration phase this is often
not needed because there is no feed back from ALGA to STRESS-2d.

6.3.2 Optimization of the parameters of the integrated model
At first the integrated model has been used to simulate the principal
calibration period used by Vermij (1992), June, July and August 1989,
and the same parameter set (Table 6.5). The results for site Y111 and
Y112 are presented in Appendix 15. The simulated O.agardhii numbers
in the integrated model are very different from the observed values and
the values simulated with the original ALGA. It seems that production is
overestimated. This is true for both sites, though the phenomenon is
much more pronounced for site Y112 than for site Y111. This may be
magnified by the large difference in the modelling of horizontal mixing
between the two models. The effect of horizontal mixing is probably
highly overestimated by the model ALGA, which thus balanced the overestimation of growth in shallow parts of the lake.
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Assuming that growth is in principal modelled well but that rates are
overestimated, this may be compensated by increasing the decay or
respiration rate, as was suggested by the simulations of the field experiments. With the integrated model simulations are done for the same
period, using higher decay rates. The results are included in Appendix
15. From the simulation results, a decay rate of 0.0032 h"1 is selected.
This leads to an overestimation at Y112 and an underestimation atY111.
Another simulation has been performed for the entire year 1988, using
two different initial concentrations; 50-106 (A) and 5-109 O.agardhiim'3
(B), results are presented in Appendix 15. Due to the high decay rate
(0.0032 h 1 ), the concentration in spring is very low and not compensated
by growth in summer. Apart from an overestimation of the growth or an
underestimation of the decay, new problems are now encountered. As
the decay rate is constant over the entire year, a high decay rate
necessary for the summer months implies an enormous decrease of
algae during the winter months. Besides, the model is extremely sensitive to the used initial concentrations. Unfortunately, algae concentrations are never measured in winter.
In a set of simulations of the entire years 1988 and 1989, different combinations of initial concentrations and decay rates have been tested, the
most important results are included in Appendix 15. In addition the effect
of an increase in horizontal transport was studied. Decreasing the Manning-value or increasing the wind stress coefficient, may increase
stream velocities and horizontal transport of O.agardhii, but the effect is
minor. Different values of E crit were used as well, but an increase of E crit
did only aggravate the problem. The best results were produced by a
simulation with an initial value of 5-109 O.agardhiim3 and a decay rate
of 0.0026 h"1 (D).
As the simulation results are highly sensitive to the value of the decay
rate, the problem may be caused by the fact that the decay rate is constant over the year. This was based on the assumption that grazing and
sedimentation of O.agardhii are negligible and decay is dominated by
mortality. If grazing or sedimentation of O.agardhii are not insignificant,
the decay rate should not be considered constant over the year as both
sedimentation and grazing will be less in winter. Therefore a simulation
is performed in which the sedimentation and resuspension of O.agardhii
is modelled as well, by including O.agardhii in the resuspension/sedimentation part of STRESS-2d. For O.agardhii a fall velocity (ws) of
1.16-106 m s 1 is used (Vermij, 1992) and a decay rate of 0.0020 h 1 . The
resuspension parameters were considered equal to the suspended
solids fraction with the lowest fall velocity SS^ Hence, a critical maximum bottom wave orbital velocity (Ub,cr) of 0.40-10"3 ms" 1 and a resuspension constant (K) of 0.72-10"6 kg-m"3 were used. The initial concentration in the sediment layers at January 1, 1988 was assumed to be 0 kgm~3.The results were not better than those with parameter set D.
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6.3.3 Validation of the model ALGA
Results of the simulation of the growth of Oscillatoria agardhii in the
Markermeer with the integrated model and the original parameter set of
ALGA, are disappointing, as far as simulated O.agardhii numbers are
concerned. Fine tuning of the integrated model on the measurement results of 1988 and 1989 did improve the results considerably. However,
further calibration of the integrated model seems needed to obtain an
accurate simulation of the growth of O.agardhii in the Markermeer.
The model ALGA in its present form is not capable to simulate the
measured nett production in the experiments. In the integrated form
simulation of the measured numbers of O.agardhii does not agree with
measured numbers. Though the incorporation of fast adaptation of
growth parameters to variations in light conditions within hours is an
improvement compared to models with fixed growth parameters, the
model structure evidently does not accurately describe all the relevant
processes of growth of O.agardhii. This may be due to the artificial critical irradiance value (E crit ), the rather simple description of the loss rate,
the omittance of competition with other algae, the absence of slow adaptation of growth parameters to variations in light energy within days or
the absence of refined formulations of nutrient limitation.
No refined mechanisms for nutrient limitation are included in the model,
though it is recognized that temporal nutrient limitation of phytoplankton
growth does occur from time to time (Vermij, 1992). Thus, the model
ALGA is a worst case model for the growth of O.agardhii in the Markermeer area. Ifapplied carefully, the model may be used to compare simulation results for different scenarios, but the simulated absolute numbers
of O.agardhii have little value.
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7 Application of the integrated model
The integrated model comprises the models WAQUA, STRESS-2d,
CLEAR and ALGA, describing respectively the horizontal water movement; sediment transport, resuspension and sedimentation; the under
water light field and the light limited growth of Oscillatoria agardhii. The
objective of the development of the integrated model was to support the
decision making processes of the authorities as far as water quality aspects of the Markermeer are concerned.
Today's management stresses the importance of the lake as an open
water system with durable and valuable ecosystems. Strategies are directed to harmonize the different social and ecological functions of the
lake. Detailed management measures are not formulated yet, though
certain actions such as increased flushing of the lake, deepening of shipping channels have been mentioned (Ministries, 1990).
In this chapter, the results of simulation with input data of 1988 and 1989
for three different situations or scenarios are described, comprising:
* simulation of the present situation. First, this scenario is used as a
final validation of model behaviour over longer periods. Secondly, the
effect of annual variability in the weather is studied;
* simulation of the effects of impoldering of the Markerwaard. In this
scenario the lake surface is reduced to approximately one third of its
current size, which implies considerable changes to lake morphometry and morphology;
* simulation of the effects of increased flushing. Inthis scenario the supply of water into the lake and the release of water are increased considerably, effecting the water balance and residence time.
Though the direct enforcement of the last two strategies is remote, they
illustrate the applicability of the models in very different situations.
Simulation of the effects of development and management measures always involves a kind of prediction. As long as the model is used within
the range of conditions it has been calibrated and tested for, prediction
is characterized by relatively small extrapolations at relatively small
changes in system input. Examples of such applications are the simulation of annual variability in weather and the effect of flushing on hydrology, sediment transport and light field. Different kinds of applications
are made if management measures will change the system considerably. As long as the system is well defined, and governing laws and rules
are well known, reliable predictions beyond the calibrated range of variables can still be made (Van Straaten, 1986).This may apply to the simulation of the effect of impoldering of the Markerwaard on hydrology,
sediment transport and light field. Focusing on the ecosystem management and modelling, the system itself and the governing laws and rules
are less well defined. According to Van Straaten (1986) the basic problem in ecosystem management is that processes or system parts which
are not important in the present situation, may actually become impor-
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tant in a future, strongly perturbed situation. This leaves us with the
dilemma of Beck:
* either we use a model incorporating well calibrated processes only,
with the risk to predict the wrong future with great precision,
* or we incorporate processes, which can not be calibrated. This may
lead then to a correctly predicted future but with such a large uncertainty that the results have no practical value.
In order to elude the second option, the algal growth model focuses on
the processes relating growth to available light energy, with simple assumptions about decay and nutrient limitations. Unfortunately, regarding
these assumptions, this may lead to the first postulate of Beck. As the
algal growth component of the integrated model describes average
trends only and the reliability of predictions is limited, a distinction is
made between the physical models, WAQUA, STRESS-2d and CLEAR,
and the biological model, ALGA, in the evaluation of the model simulations.

7.1 Simulation of the present conditions
The 'present' conditions are the conditions as observed in 1988 and
1989. The characteristics of the Markermeer, including morphometry
and morphology, are described extensively in Chapter 2. The depth
schematization is shown in Figure 4.2. Water management procedures
and water quality characteristics of these years are described in
Chapter 3and summarized in § 7.1.1.

7.1.1 Characterization of the simulation

period

Final model simulations are restricted to a data set of two years: 1988
and 1989.The weather conditions in both years were very different; 1988
was a year with a rainfall higher than average for the Netherlands, over
900 mm near Lelystad, 1989 was a rather dry year, with a total rainfall
of approximately 630 mm. The average wind speed in both years is comparable but temperatures and global irradiance were considerably
higher in 1989 than in 1988. Hence, evaporation figures of 1989 are
higher than those of 1988. The water balance of both years is presented
in Appendix 2and examined in § 2.2.1.
In the present-day management of the Markermeer, the residence time
of water in the lake area is influenced by the inlet and outlet of water by
sluices and pumping stations on the borders of the lake (flushing). The
inlet and outlet of water by discharges are about two to three times
higher than the contributions of precipitation and evaporation, § 2.2.1.
The residence time is estimated at 1.5 to 2.5 year. The target water level
of the lake in winter is 0.40 m -NAP, in summer 0.20 m -NAP (§ 2.2.1).
The water discharged into the lake contains nutrients, chloride, phytoplankton, etc. As the concentration of blue-green algae in the Usselmeer
is generally higher than the concentrations in the Markermeer, the dis190

Charge of water from the Usselmeer into the Markermeer may influence
the concentrations and growth of blue-green algae in the Markermeer
considerably. Some influence can further be expected from water originating from the Eemmeer and Gooimeer, but as the amount of water is
much less and part of it is withdrawn by the Oranjesluices and the
sluices near Zeeburg without effective mixing with the main water body,
this effect is ignored. Water quality characteristics of the Markermeer in
1988 and 1989 are described in Chapter 3 and summarized in Appendix
4. In 1989, a temporary bloom of Oscillatoria agardhii was observed,
while in 1988 chlorophyll-a concentrations were generally lower and no
blooms of blue-green algae were observed.
In the hydraulic model WAQUA, options are provided to simulate discharges (both positive and negative). Facilities to incorporate precipitation and evaporation are not provided. If discharge stations are incorporated for the inlet and outlet sites listed in Appendix 2, but no evaporation or precipitation is included, simulated water levels will be
unrealistic. In summer, discharges in the lake by sluices and pumping
stations are large, to compensate the loss by evaporation. As evaporation is not incorporated, the estimated water level rise during summer
months may well be over 0.5 m. In winter the opposite will be simulated,
as precipitation is not included. A water level rise of 0.5 metre has a
notable effect on the water depth and subsequently on processes as
resuspension and sedimentation, the total underwater irradiance and
the estimated concentrations of sediment and phytoplankton. Hence, the
effect of flushing of the lake is not estimated adequately in this manner.
Therefore an artificial water balance is composed:
a
b

c

d

e

f

the daily variations in inlet and outlet of water are considered as
not important, inlet and outlet of water are balanced per month;
per month the nett inlet or outlet of water is used. For all pumping
stations and river discharges nett and gross discharge are equal
and positive all over the year. For most of the sluices, inflow or discharge may occur but do not change within a month with the exception of the Krabbersgat- and Houtribsluices. Using nett figures per
month leads to small round off errors only (Appendix 2);
the amount of water leaving the lake system per month at different
stations and the concentrations in this water are unchanged. This
means that the number and residence time of the phytoplankton
cells remain unchanged;
a water level rise by precipitation surplus is compensated by
increasing the discharges of the discharging stations proportionally
in the simulations;
a water level decrease by a precipitation deficit is compensated by
decreasing the discharges of the discharging stations proportionally in the simulations;
If the water is discharged through the Krabbersgat- or Houtribsluices into the Markermeer, measured cell numbers of Oscillatoria
agardhii in the Usselmeer (Vermij and Janissen, 1991) are used as
concentrations. As no phytoplankton data of the winter months are
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available, O.agardhii numbers for November through March are
obtained by linear interpolation;
if the inflow through the Krabbersgat- or Houtribsluices into the
Markermeer is changed to compensate for precipitation or evaporation effects (d and e), O.agardhii concentrations are changed
accordingly in order to keep the number of O.agardhii cells identical to the measured numbers (Figure 7.1).
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Figure 7.1 Observed and the modified O.agardhii concentrations in discharged water from the Usselmeer

In Appendix 16the modified water balance is presented. With these artifices, the computed water level in the lake coincides rather well with the
observed levels, without changing the mass balances for phytoplankton.
This is illustrated in Figure 7.2. However, the nett advective flow around
the discharge stations, river mouths and sluices is affected, but compared to the effect of wind driven circulation these artifices will not display a notable effect on the circulation patterns in the lake. .
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Figure 7.2 Simulated and observed water level atY111 in 1988and 1989

7.1.2 Sediment transport and the light field for the present

conditions

Suspended solids concentrations and the under water light field often
change dramatically within hours and differ considerably in each part of
the lake. Short term calibration of STRESS-2d and CLEAR, focusing on
hourly dynamics, were performed and are described in Chapters 4 and
5. Both models produced good results for short term simulation. Cumulative data over years are needed for long term validation of the models.
Such data are only available of the thickness and location of the Usselmeer deposit. The spatial distribution of the Usselmeer deposit is the
result of years of sediment transport and will not change dramatically
within two years if the morphometry and morphology of the lake remains
unchanged. The thickness of the bottom layer simulated with STRESS2d, representing the thickness of the Usselmeer deposit at the start of
the simulation and after two simulated years, are presented in Figure
7.3. At the starting point of the simulation, two main areas are covered
with a thick layer of Usselmeer deposit; an area between the island of
Marken and Almere and an area near Lelystad. Additionally, a small
elliptical area in the middle of the lake is covered with a 10 centimetre
layer. At the end of the simulation the two main areas still exist, but
some relocation of material from the area near Lelystad to the area
between Marken and Almere did occur. The elliptical area in the middle
of the lake has disappeared. As no extensive relocation of sediment is
expected to appear in two years, it may be concluded that the processes
defined in STRESS-2d are sufficient for the simulation of sediment transport over periods of months to a few years, but for long term simulation
model adaptations or recalibration is needed.
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Figure 7.3a Simulated thickness of the bottom layer at the start of the
simulation (1January 1988)
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Figure 7.3b Simulated thickness of the bottom layer at the end of the
simulation (31December 1989)

To assess the spatial characteristics of sediment transport and light field
in the lake through the years, the average sediment concentration and
light attenuation in 1988 and 1989 are computed for 13 different sites in
the lake. The location of the sites is presented in Figure 7.4.

195

^^•'ijlj^krabbersgatsluizen

Hoorn ••:

•

sampling sites

S

pumping station

Figure 7.4 Location of the pilot sites
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sluice

The biennial average values and the maximum daily averages are presented in Figure 7.5. As differences in wind speed and direction between
1988 and 1989 are small (§3.2.2), no distinction has been made between
1988 and 1989.
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Figure 7.5 Biennial average and maximum daily average of simulated
suspended solids concentration per site

The highest suspended solids concentrations are computed for the eastern part of the lake with the thick silt layer (Y104,Y111) and with the longest fetches during wind from the west (Y103). Occasionally, very high
concentrations are found in the Gouwzee (Y107). In the Hoornse Hop
(Y101, M12, M13) the average suspended solids concentrations are low
because of the sheltered location during western winds and the sandy
soil.
At most sites, the average concentrations of the fractions with the smallest fall velocity, SSi and SS2, are higher than those of fractions with the
highest fall velocity (Figure 7.6). However, the maximum concentration
of SS4 is by far the highest. Hence, it may be concluded that the suspended solids concentration is mainly determined by the slowly settling
fractions, but during stormy conditions the most important contribution
is made bij SS4. This is a direct effect of the composition of the sediment
layers, in which SS-i, SS2 and SS3 have low concentrations and thus are
easily exhausted. If the maximum contribution to the suspended solids
concentration of the various fractions is compared, the same tendency
is observed. The contribution of SS4 may reach up to 76 %. However the
highest maximum contribution is found for SS-i, up to 99 %, because the
suspended solids may consist entirely of SS-i during prolonged periods
of low wind speeds.
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Figure 7.6 Biennial average and the maximum daily average of simulated suspended solids concentration of the various fractions
per site

Two attenuation coefficients are computed, Kd-SS and K d -all. Kd-SS is
the attenuation coefficient derived from the attenuation by water, dissolved substances and sediment, but without the contribution of O.agardhii
(Figure 7.7). In K d -all all components included in the model CLEAR are
combined. K d -all is discussed along with the growth model (§ 7.1.3).
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Figure 7.7 Biennial average and maximum daily average of simulated
total attenuation per site

The variation in Kd-SS is entirely provoked by variations in the suspended solids composition. The spatial distribution of Figure 7.5 and 7.7 are
very similar. However, the specific attenuation coefficients of the various
fractions are rather different on a weight scale. Hence, the contribution
of each fraction to the suspended solids concentration will differ from the
contribution of each fraction to the attenuation coefficient. This is illustrated in Figure 7.8. The contribution of the fractions with the smallest
fall velocity and resuspension constants, SS-i and SS2 constitute at least
70% of the total suspended solids concentrations on average. At the
more sheltered sites with a sandy bottom in the Umeer (Y141, Y106) and
in the Hoornse Hop (Y101, M12, M13), this contribution reaches up to
80%. However, the contribution of the smaller fractions to the attenuation of light energy by suspended solids is at least 80% at all sites and
reaches up to 90% of the attenuation by suspended solids. If the maximum contribution of the fractions to the suspended solids concentration
and to the attenuation of light energy by suspended solids are compared, this tendency is even more noticeable: The maximum contribution of SS4 to the suspended solids concentration may reach up to 76%,
but the contribution of SS4 to the attenuation of light by suspended solids
is always less than 60%.
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Figure 7.8 Contributions of the various fractions to the suspended solids
concentration (SS) and to the total attenuation coefficient
composed by water, dissolved substances and suspended
solids (Kd-SS)

7.1.3 Simulation of the growth of Oscillatoria agardhii for the present
conditions
The growth of Oscillatoria agardhii is simulated with the combined
model STRESS-2d, CLEAR & ALGA for 1988 and 1989. The combined
model is calibrated on the entire period as described in Chapter 6.
Hence, validation on the same period is not significant. In the simulations described in this paragraph, the effect of flushing is incorporated.
The discussion of results is restricted to some general observations on
model efficiency and spatial effects.
In light limited phytoplankton populations, growth is expected to be
higher in shallow parts for equal attenuation coefficients. However the
attenuation coefficients in shallower areas are lower on average than in
the deeper parts and thus growth of O.agardhii can be expected to be
even higher in the coastal shallower areas. Mixing of course will smooth
gradients. These processes are simulated by the integrated model, as
is illustrated in Figure 7.9, which shows the spatial distribution of
O.agardhii concentrations at noon in four successive weeks in the summer of 1989. During these weeks, the O.agardhii concentration increase
gradually. At a certain time, concentrations decrease toward the middle
part (deeper) of the lake and towards the lee-shore (higher attenuation).
Mixing is a slow but important factor determining the concentrations.
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Figure 7.9a Simulated spatial distribution of O.agardhii around noon at
19June 1989in the Markermeer
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Figure 7.9b Simulated spatial distribution of O.agardhii around noon at
26June 1989in the Markermeer
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Figure 7.9c Simulated spatial distribution of O.agardhii around noon at
3 July 1989in the Markermeer
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Figure 7.9d Simulated spatial distribution of O.agardhii around noon at
10July 1988in the Markermeer
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The summer of 1988 is characterized by low temperatures and little
sunshine and is in contrast with the summer of 1989 which is characterized by high temperatures and a lot of sunshine. The simulated concentration of O.agardhii is much higher in 1989 than in 1988. This is illustrated for site Y111 and Y112 in Figure 7.10 and for four additional sites
in Figure7.11.
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Figure 7.10 Time series of the simulated and measured concentration of
O.agardhii for the present situation at site Y111and Y112
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Figure 7.11 Time series of the simulated concentration of O.agardhii for
the present situation at a site in the Hoornse Hop (Y101), a
site in the Umeer (Y141), a site near Lelystad-Haven (M10)
an a site near Enkhuizen (M11)

205

By comparing simulated and observed values it is evident that the
model efficiency is small. The model behaviour for the deeper part of the
lake represented by Y111, is more accurate than that of the shallower
parts (Y112). The effect of available light energy is clear: simulated
values of 1988 are too small, values for 1989 are too high, especially at
Y112. The lower measured concentration of O.agardhii in 1989 may be
attributed to competition for phosphorus, which is not incorporated in
the model. But difference between shallow and deep areas are not
explained that easily. These differences are hard to explain, considering
the knowledge of the occurrence of O.agardhii in the other lakes in the
Usselmeer area and the hypothesis of light limited growth of O.agardhii
in the Markermeer. It may be concluded that though the model ALGA
may produce acceptable results for the Wolderwijd and the Usselmeer,
its results for the Markermeer are still poor, which is not improved by
incorporation in the integrated model. This may be attributed to a
number of reasons; the simple description of the loss rate, the exclusion
of competition effects, the unrefined description of nutrient limitation, the
fact that slow adaptation of growth parameters is not included in the
model, etcetera. All these reasons make that application of the biological model for the estimation of the effect of various management
measures on the phytoplankton population in the Markermeer should be
done with great care.
In Figure 7.12, the average O.agardhii concentrations are presented,
simulated with the integrated model at 13 sites. Two sites are very different from the rest of the area: the Gouwzee (Y107) and the Gooimeer
(M14). Differences between various sites in the main water body and in
the Umeer (Y141, Y106) occur, average concentrations in the Umeer are
slightly higher, but these differences are smoothed by mixing.
In the combined model, O.agardhii cells contribute to the attenuation
coefficient and therefore self shadowing effects may occur. In Figure
7.13 the average and maximum total attenuation coefficient by water,
dissolved substances, suspended solids and O.agardhii cells per site is
presented. The average and maximum relative contribution of the simulated O.agardhii concentration is presented in Figure 7.14. Again, values
simulated for the Gouwzee and Gooimeer (Y107, M14) are very different
from the rest of the area. At those sites a high total attenuation coefficient with a high contribution of O.agardhii is simulated. Inthe rest of the
lake, where the total attenuation coefficient is comparable, the average
contribution of O.agardhii varies between 5 and 10% . In the Umeer
(Y141, Y106) and the Hoornse Hop (Y101, M12, M13) the average total
attenuation coefficient is slightly lower and the contribution of O.agardhii
slightly higher than in the deeper silty part of the lake. These results underline the importance of two-dimensional models for the simulation of
O.agardhii growth, as far as variations in space and the exchange by
mixing processes is concerned.
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Figure 7.12 Annual average and maximum daily average of the simulated concentration of O.agardhii per site
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Figure 7.13 Biennial average and maximum daily average of the total
attenuation coefficient (K^all) per site
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Figure 7.14 Biennial average and maximum daily average of the contribution of O.agardhii to the total attenuation coefficient (KdO.agardhii) per site

In Figure 7.15, the average O.agardhii concentration is related to the average attenuation coefficient by water, dissolved substances and suspended solids, resulting in a linear relationship for the sites in the
Umeer and the main water body. The situation for the Gouwzee and
Gooimeer is (again) entirely different. The simulation results of the
growth of O.agardhii with the combined model, emphasize the importance of a two-dimensional approach as far as the spatial variability
and the effects of mixing are concerned. As the simulation of observed
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O.agardhii values is insufficient, the applicability of the model in scenario studies is limited.
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Figure 7.15 Biennial average of the simulated concentration of O.agardhii versus the biannual average of the simulated attenuation by suspended solids (average K^SS)

7.2 Simulation oftheconditions after the inpoldering ofthe Markerwaard
In the history of the Zuiderzee project, the time tables and the design of
the project changed as often as decision making and implementation
were delayed. The construction of the Markerwaard has been postponed
again in 1985, in 1990 the cabinet abandoned the project for the time
being. During all the discussions many different plans for the Markerwaard were proposed. If in the near future the project shows up again,
probably a new design will be proposed with it. However, to illustrate the
usefulness of the model in the assessment of the impoldering on sediment transport, the light field and the growth of O.agardhii the design
known as the "Verkenningen Variant" (Rijkswaterstaat et al, 1985) is
used. The boundaries are included in Figure 7.4.

7.2.1 Incorporation
tization

of the polder Markerwaard

in the model schema-

The impoldering of the Markerwaard will have an enormous effect on
the morphometry of the lake, as only one third of the lake remains open
water and instead of one large open water area, a string of lakes is
created. The schematization of the lake remaining is presented in Figure
7.16.
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Figure 7.16 Depth schematization
mation

of the lake remaining after recla-

The effect on the morphology of the lake is immense as well, as the thick
layers of Usselmeer deposit are entirely enclosed by the Markerwaard
dike. Hence, in the remaining lake only the thin top layer of resuspendable material remains. However, probably during the construction of
the Markerwaard-dike itself, stream patterns and internal sediment
transport will change, therewith changing the morphology of the remaining water areas.
The effect of flushing after the construction of the Markerwaard will be
more drastic than in the present situation. With the current flushing policies, combined with the additional discharges of the Markerwaard, the
residence time of the water in the lakes, remaining after the construction
of the Markerwaard, will be reduced to an average of 0.5 year. The discharge of the Markerwaard is estimated as the sum of seepage and nett
precipitation. With a total seepage of 0.7 mm-day -1 , the nett discharge is
estimated at 275-106 m 3 y e a r 1 for 1988 and 169-106 m 3 year" 1 for 1989.
For financial reasons, the construction of one single pumping station
located at the Oostvaardersdiep is most feasible (Rijkswaterstaat et al,
1985). It is feasible that new flushing policies will be implemented, after
the reclamation of the Markerwaard, but for these simulations no
change in flushing policy is assumed. Two additions are made however:
the discharge of the Markerwaard at the Oostvaardersdiep and the extra
outlet of the same amount of water at Schellingwoude. In the simulations
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of the combined model, the same procedure is used to modify the water
balance as described in § 7.1.1.
If the same emissions are discharged after the construction of the Markerwaard on a much smaller lake area, the loads of pollutants like phosphate and chloride will increase. With the additional discharge of the
Markerwaard itself, the loads on the lake per unit area will at least triple.
On the other hand, mixing between the various small lake branches is
limited and discharges are not evenly distributed along the lake. However, affect of changes in loads on the nutrient concentrations are not
considered in the simulations, because only an elementary nutrient limitation is incorporated in the model.

7.2.2 Sediment transport and the light field for the Markerwaard
tions

condi-

The effect of the construction of the Markerwaard on the sediment transport and the light field in the remaining water area is vast. The description of this change has been the main reason for the model development
in the first place. To grasp the effect on the sediment transport, suspended solids concentrations at ten sites are compared for the current
situation and after the construction of the Markerwaard in Figure 7.17.
The location of the sites is included in Figure 7.4. The construction of the
Markerwaard results in an overall decrease of the average suspended
solids concentration of 1988 and 1989 in the remaining water areas. The
effect is most pronounced at sites M10 and M11; sites in areas that are
then located in secluded water areas. The effect is less pronounced in
the Umeer (Y106, Y141) and hardly noticeable in the Gooimeer (M14)
and the Gouwzee (Y107). Tendencies found in the average suspended
solids concentration are repeated in the maximum suspended solids
concentration, except for site M12. Due to changes in stream patterns,
the maximum suspended solids concentration at M12 is higher after the
construction of the Markerwaard than before. The effect on the suspended solids concentration is mainly caused by decreases in fetch
lengths and stream patterns. But during the construction of the Markerwaard dike portions of the Usselmeer deposit may be relocated to areas
where in the current situation little of these deposit is found. Inthat case,
the suspended solids concentration after the construction of the Markerwaard may actually be higher than simulated under the current boundary conditions.
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Figure 7.17 Comparison of the biennial average and maximum daily
average of the simulated total suspended solids concentration for the present situation (Markermeer) and after the
construction of the Markerwaard

Except for a direct effect on the total suspended solids concentration, the
construction of the Markerwaard will also change the suspended solids
composition and the fall velocity distribution. The contribution of the
various fractions to the total suspended solids concentration in both situations is presented in Figure 7.18. A general decrease in fetches will
tend to decrease the contribution of the larger fractions to the suspended solids concentrations. On the other hand, a decrease in
exchange between the different lake areas will decrease the supply of
suspended solids from other lake areas and increase the contribution of
local resuspended material. A decrease in sediment transport thus may
increase the contribution of the largest fraction. In Figure 7.18 both effects are observed. However, the effect on suspended solids composition seems much smaller than the effect on total suspended solids concentrations. Thus, the effect on the attenuation coefficient of the decrease in suspended solids concentration is much larger than the effect
of the change in sediment composition. The differences in the simulated
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attenuation coefficients for the present situation and after construction of
the Markerwaard, will be very similar to the differences between the
suspended solids concentrations of both situations.
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Figure 7.18 Contribution of the various fractions to the total suspended
solids concentration for the present situation (Markermeer)
and after the construction of the Markerwaard

7.2.3 Simulation of the growth of Oscillatoria agardhii for the Markerwaard conditions
The effect on the simulated concentration of Oscillatoria agardhii is summarized in Figure 7.19. The construction of the Markerwaard causes a
general increase in the simulated concentration of O.agardhii. Though
this increase is large, the differences between two different years are
still greater than the differences between the two scenarios. The simulated O.agardhii concentrations for 1988 after construction of the Markerwaard approach the simulated numbers for the present situation of
1989. Hence, the effect of little sunshine may be compensated for by a
lower attenuation by suspended solids and a decreased exchange
between shallow and deeper parts. Simulated concentrations after the
construction of the Markerwaard in the Gooimeer (M14) are scarcely affected, in the Gouwzee (Y107) the average concentrations actually decrease in 1988, probably due to the shorter residence time. The effect of
the Markerwaard on the light limited growth of O.agardhii is a general
increase in O.agardhii numbers. For a year with little sunshine like 1988,
the relative effect is extensive, and the scales towards blooming of
O.agardhii may actually be tipped. However, it should be realised that
these results are preliminary as the quality of the prediction by the
model ALGA is still limited.The effect of measures like changes in residence time, changes in shape or size of the Markerwaard, etc, on the
concentration of O.agardhii can be simulated, in order to study effective
measures against an increase in growth of O.agardhii.
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In Figure 7.20 time series of simulated O.agardhii concentrations for the
present situation and after construction of the Markerwaard are compared. In this figure the effect of the shorter residence time is clear. At
Y101 and Y112 concentrations are higher after construction of the Markerwaard, but the peaks in concentrations are less pronounced. At M10,
the residence time is too short to allow peak growth and concentrations
are levelled of to the level of the Usselmeer.
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average of the simulated O.agardhii concentration for the
present situation (Markermeer) and after the construction of
the Markerwaard

214

4.0e+10

O.agardhii (rrr3)
Y101

, 1989

1988

3.0e+10

Y112

/

2.0e+10
1.0e+10

\

t

,

1
1

f

1

\

, /',

1 ï

II . V
Il 1 *

1
I
1

i J| !
' I I , ,i
illlli

i ,

-

• in
"i 'i i

.'! '» J
i

*

(i

Pk *

i

^ ,

•---•r-'lJ

I

'!' »m4

J II 1
ff 1 |\ l
n' i l l i

.11

O.Oe+00 ^

•rt| \

i
1

!

. 1989

1988

Ifllllll >
NWi *

nmi"
MT l *

/TV• • i V'\

4.0e+10

Y141

1988

1989

M10

1988

1989

3.0e+10

'V^M

2.0e+10
LOe+10
0.0e+00

^

L-

•

y.
2

Markermeer

3

4
quarter

Markerwaard

Figure 7.20 Comparison of time series of the simulated O.agardhii concentration for the present situation and after construction of
the Markerwaard at four sites

7.3 Simulation of the conditions during increased flushing
To simulate the effect of increased flushing on the phytoplankton concentrations a second flushing strategy is formulated. The numbers are
based on a proposed strategy to decrease the chloride concentration in
summer, in order to improve the water quality of the water for agricultural purposes (Van Hoorn and Kolvoort, 1991). In this strategy, the outlet of water through the Oranjesluices (Schellingwoude) is increased up
to 40 m3-s"1 in winter and 70 m3s~1 in summer. In the present flushing
strategy the average discharge through the Oranjesluices was 11 m 3 s 1
in 1988 and 1989, with an average monthly value of 32 m3-s"1 in the summer of 1989. The effect on the water balance of the proposed strategy is
far-reaching as the residence time of the water would decrease from two
years to one.

7.3.1 Incorporation of increased flushing in the model
To maintain observed water levels in the model simulation, increased
flushing with discharges of 40 m 3 s" 1 in winter and 70 m3-s_1 in summer
is implemented in the artificial water balance discussed in paragraph
215

§7.1.1. The same amount of water has to be discharged into the lake.
This amount is distributed over the Houtrib- and the Krabbersgatsluices
in a ratio of 4:1. This ratio is based on the capacity of the sluices, which
are estimated at 800 and 200 m 3 s" 1 respectively. The modified water
balance is summarized in Appendix 16. As the discharges are adapted
in order to maintain observed water levels, the concentration of cell
numbers O.agardhii in the discharges of the Krabbersgat- and Houtribsluices are adapted as well, the resulting concentration is presented in
Figure 7.21. However, the adaptations are much smaller than in the case
discussed in § 7.1.1. As the discharge into the lake is much larger the
necessary corrections are smaller.
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Figure 7.21 Observed and adapted O.agardhii concentrations in discharged water from the Usselmeer for increased flushing

7.3.2 Sediment transport and the light field during increased flushing
The effect of flushing on sediment transport is small, the effect on resuspension and sedimentation is nil. A small amount of sediment is withdrawn from the system as the sediment concentration of the water
leaving the area is the same as the concentration at the site of the outlet.
However, the residence time of the sediment in the water is very short
and the supply of sediment from the silty part of the lake is that high, that
no detectable effects on the simulated sediment concentrations are
observed.
A significant effect on the total underwater irradiance can be expected
for the contribution by O.agardhii to the attenuation coefficient.
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7.3.3 Simulation of the growth of Oscillatoria agardhii during increased
flushing
The effect of flushing on the simulated numbers of O.agardhii is shown
in Figure 7.22. Except for a tiny increase, the effect on the biennial
average concentration is hardly noticeable on most sites. The increase
of the O.agardhii concentration is caused by the high number of
O.agardhii cells in the Usselmeer water, discharged through the Houtrib- and Krabbersgatsluices (Figure 7.21). The expected effect should be
most marked on the concentration at M10, due to its location very near
the Houtribsluices, while 80 % of the extra discharged water is discharged through these sluices. However, even at this site the effect is
hardly traceable.
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Figure 7.22 Comparison of the biennial average and maximum daily
average of the simulated concentration of O.agardhii for the
present situation (Markermeer) and with increased flushing

In Figure 7.23, the simulated O.agardhii concentration is presented at
four sites Y101,Y111, Y141 and M10. The effect on the concentration in
the Umeer (Y141) and the main water body (Y111) is untraceable. The
trend at site M10, near the Houtribsluices, shows a new peak in July
1989, caused by a high concentration of O.agardhii in the discharged
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water from the IJsselmeer. In reality this effect will be less pronounced
as the actual concentration is somewhat lower, but has been adapted for
the simulations to equalize the water balance (Figure 7.21).
As the suspended solids concentration are not noticeable affected by
increased flushing and the effect on the O.agardhii concentration is only
minor, no important effect on the under water light field is observed.
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Figure 7.23 Comparison of time series of the simulated O.agardhii concentration for the present situation and with increased flushing at four sites
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8 Conclusions
The main objectives of the Markermeer study, as described in this
thesis, are:
- to increase the insight and the quantitative information on the relationships between the growth of O.agardhii and the controlling characteristic physical conditions of the lake, focusing on the effect of windwave induced resuspension of suspended solids on the light field;
- to develop a deterministic model that describes the relationship
between suspended solids, the light field and the growth of Oscillatoria agardhii (Figure 1.2).
It can be concluded that, with the exception of the modelling of the
growth of Oscillatoria agardhii, these objectives are met. This is discussed in some more detail in the following paragraphs.

8.1 Characterisation of the physical conditions
The results of the weekly measurements confirmed that both the suspended solids concentration and the attenuation coefficient of light energy
are often high and very fluctuating.

8.1.1 Suspended solids
From the data of the weekly measurements it can be concluded that the
suspended solids content of the water varied both in time and in space
between 7 and 180 gm" 3 , with average values between 40 and 50 g m 3 .
The composition of the suspended solids was variable too: the percentage of organic matter of the total suspended solids varied between 15
and 75%, with an average value around 38%. This ratio decreased when
the content of the total suspended solids rose. Hence, resuspension of
sediment does not only increase the content of total suspended solids
but changes the composition of the suspended solids as well. Vertical
gradients of suspended solids content were hardly ever observed.
The sedimentation flux increased when the concentration of suspended
solids concentrations increased. The sedimentation flux at a certain site
may vary between 1and 200 g-m~2-rr1. The internal load of the lake is in
the order of magnitude of one billion tons per year. From fall velocity experiments it can be deduced that the fall velocity distribution also varies
when variations in the suspended solids concentration occur. The contribution of the fractions with a high fall velocity to the total suspended
solids concentration increased when the concentrations of suspended
solids grew. During stormy events, significant wave height rose up to
1 m and sediment was resuspended and distributed over the water
column. If the wave characteristics grew, and therewith the driving force
for resuspension, the amount of suspended sediment increased and the
contribution of the solids with a higher fall velocity to the total sus219

pended solids concentration increased as well. Hence, a certain relationship is established between the resuspension characteristics and
the sedimentation characteristics of the lake sediment. The mean fall
velocity of the suspended solids ranges from 10-10"6to 100-10"6 m-s"1.

8.1.2 Light field
From weekly measurements of the vertical downward attenuation coefficient in 1988 and 1989 at Y111 and Y112, it can be concluded that the attenuation coefficient in the Markermeer is often high and very variable
indeed. The average measured value of the vertical downward attenuation coefficient was 3.8 m"1 at Y112 and 3.4 nr 1 at Y111. The minimum
and maximum measured values were respectively 0.4 and 11.4 nr 1 . The
linear correlation between the measured attenuation coefficient and the
total suspended solids concentration at a specific site was high for 1988,
0.91, but much lower for 1989, 0.78. The estimated regression curve is
different for both years, probably due to the variable composition of the
suspended solids in both years. Variations in suspended solids compositions were accounted for in measurements of the beam attenuation
coefficient with samples from the fall velocity experiments (§ 8.1.1).
From these measurements, the specific beam attenuation coefficient of
the various fractions is estimated. This method is not very accurate but
the results showed that suspended solids with different fall velocities
have different attenuation characteristics as well. With linear regression
results of the vertical downward attenuation coefficient and the beam
attenuation coefficient, the specific vertical downward attenuation coefficient was computed for each fraction. These results show that the specific attenuation coefficient is higher for suspended solids with lower fall
velocities than for suspended solids with higher fall velocities.
With the estimated specific attenuation coefficients, the estimated background attenuation by dissolved substances, the chlorophyll-a data and
the average concentrations of the components, the contribution of the
various components to the total attenuation of light energy was estimated. The contribution of chlorophyll-a, suspended solids and the background attenuation were respectively 25, 57 and 18%. The contribution
of 5 7 % by suspended solids originated for 30% from the fraction with
the smallest fall velocity, SS^ for 18% from SS2, for 5 % from SS3 and
for 4% from SS4.
Continuous measurements of irradiance at three depths at both sampling sites are used to estimate hourly variations in the attenuation coefficient. In these measurements a slight decrease of the attenuation coefficient with the depth was observed, but this effect was often obscured by
the inaccuracy of the used sensors. In fact, it was experienced that the
utmost care is needed in the method of sensor installation and calibration, and in the measurement itself. The slight decrease in attenuation
coefficient was also observed in the weekly manual measurements as
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long as the water in the Markermeer was relatively clear. In turbid water
this effect could not be noticed.

8.2 Relationships between sediment transport and the lightfield and the
growth of Oscillatoria agardhii
With the results of the on site experiments in the Markermeer, performed with O.agardhii suspensions obtained from the Nijkerkernauw, the
insight and the quantitative information on the relationships between the
growth of O.agardhii and the characteristic physical conditions of the
Markermeer have increased.

8.2.1 Monitoring
Weekly field measurements at Y111 and Y112 in the Markermeer,
showed that the chlorophyll-a content of the water increases when the
concentrations of suspended solid rises. Thus, the phytoplankton concentration is affected by resuspension and sedimentation. However, the
ratio of the chlorophyll-a/organic matter increases when the concentrations of suspended solid decrease. Hence, a significant effect of
growth on the phytoplankton biomass does also occur. These effects are
average effects for the total phytoplankton population present in the lake
between April and November. Specific effects on the Oscillatoria agardhii population may be different as no sedimentation of O.agardhii has
been observed in the fall velocity distribution experiments. As no
O.agardhii blooms occurred in the Markermeer during the observed
period, no supplementary information on the specific behaviour of
O.agardhii could be gained from the weekly monitoring.

8.2.2 Light and dark bottle

experiments

From the experiments, performed with glass bottles filled with
O.agardhii obtained from the Nijkerkernauw, it could be concluded that
growth of O.agardhii is possible in the summer around noon in the Markermeer, as far as the light field is concerned. The maximum gross production that was observed totalled 14g0 2 gChla" 1 h" 1 . As the relationship
between the production per unit chlorophyll-a and the available irradiance ( = the efficiency) varied from day to day, adaptation of growth
parameters to the light conditions probably occurred. Though some effect of vertical mixing on the growth of O.agardhii has been found, no
systematic increase or decrease has been observed.

8.2.3 Cylinder

experiments

After some start up problems, the operation of the production experiments of O.agardhii in a perspex cylinder placed at Y112 was easy.
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From the measurement results it can be concluded that prolonged
growth of O.agardhii is possible for periods of weeks during the summer
months in the Markermeer, as far as the light conditions are concerned.
The same maximum gross production rate for O.agardhii as in the bottle
experiments is obtained: a range of 12 - 14 g0 2 gChla" 1 h~ 1 for temperatures of around 20°C. Maximum respiration rates of 2.5 g0 2 gChla~ 1 h~ 1
were found for the same temperatures. A mixing depth of 2.8 metres is
not prohibitive for growth of O.agardhii with maximum mean underwater
irradiance values > 100/vEnr 2 s" 1 .
The experimental data have shown clearly that maximum production
and the light utilization efficiency are not constant, but that their values
are frequently or maybe even continuously subject tot adaptation. Two
kinds of adaptation have been observed:
slow adaptation
adaptation of growth parameters to low irradiance
levels (mean under water irradiance < 100 fjEm"2s"1) occurs within a few days;
fast adaptation
at sunrise, light utilization efficiency is high but this
may change during the day. During days with high
maximum mean under water irradiance values
( > 200/yEm 2 -s 1 ), growth parameters of O.agardhii
usually adapt to high light conditions within a few
hours. During days with lower maximum values,
growth parameters tend to keep their high efficiency.
Though the experiments produced valuable information about the
growth characteristics of O.agardhii under the light conditions of the
Markermeer, the experiments were not conclusive whether or not light
is the limiting factor for the growth of O.agardhii in the Markermeer in
the long run.

8.3 Model development and reliability
The model that has been developed to simulate the effect of management measures on the water quality of the Markermeer, focusing on the
growth of O.agardhii, combines a sediment transport model (STRESS2d), a light attenuation routine (CLEAR) and a growth model for O.agardhii (ALGA, developed by Vermij, 1992).

8:3.1 Sediment transport, resuspension and sedimentation
The suspended solids concentration in the water of the Markermeer can
be simulated rather accurately with the two-dimensional model for sediment transport, resuspension and sedimentation in shallow lakes,
STRESS-2d. The accuracy of the model applied to the Markermeer is
very high during at least 85 % of the year. The suspended solids concentration during storm events is sometimes simulated less well. As
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extreme wind events occur generally outside the growing season, peak
events are less important within the scope of this project.
Sedimentation fluxes are well described by a linear relationship between the settling velocity and the suspended solids concentration, as
long as four different fractions are distinguished with different fall velocities. Variations in the fall velocity are thus accounted for by a varying
contribution of the fractions to the total suspended solids concentration.
In the model, resuspension is induced by wind waves. The simulation of
wind waves with a stationary model leads to good agreement between
measured and simulated wave characteristics. Resuspension by flow,
boats and fish has been ignored. Apparently this is a good concept, considering the good results in the simulation of suspended solids concentration.
The description and calibration of the two layer bottom model is primitive. In the model the rate at which sediment becomes available for
resuspension is constant and not affected by the wind induced bottom
stress, as the transport between the two layers occurs at a constant rate.
Inclusion of a wind dependent exchange rate between the two layers
would be a more realistic representation of the processes and could
also improve the simulation of suspended solids during stormy events.
Because some allocation of sediment at certain locations is simulated
with the model in its present form, which is not observed in the field,
improvement of the bottom model is recommendable for the simulation
of long term effects.

8.3.2 Light field
The model CLEAR is based on the measurement of specific attenuation
coefficients of various fractions, distinguished by fall velocity. Although
these measurements were not very accurate, results of this method are
consistent. Combined with sediment transport models the simulated attenuation coefficients agree rather well with measured data and the approach is an improvement compared to multiple regression on chemical
composition data.
At present, apart from O.agardhii no other algae are incorporated in the
model CLEAR. Hence, its application is limited to O.agardhii dominated
lakes and can be considered to provide a 'worst case' condition. Validation of the model on the Markermeer itself is not really possible. Extension of the model with other algae would be useful for a wider application.
The use of a depth averaged vertical downward attenuation coefficient
is allowed, because the model is used for the estimation of the total and
the mean under water irradiance. No significant differences have been
observed between the total under water irradiance estimated with a
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mean attenuation coefficient and the total under water irradiance estimated from measurements at many different depths.

8.3.3 Phytoplankton

growth

The modelling of the growth of Oscillatoria agardhii in the Markermeer
is based on non-equilibrium concepts. Hence, competition with other
algae is excluded but time scales and environmental fluctuations are important. With two dynamic non-equilibrium models, the production of
O.agardhii as measured in the experiments, has been simulated. With
the relatively simple model SIMPLE, which simulates light limited production with fixed growth parameters, simulation of the measured production is poor. Differences between the parameter sets, calibrated to
describe individual experiments, were considerable. Therefore it has
been concluded that adaptation of the parameters to the light conditions
occurs and that this adaptation should be incorporated in an O.agardhii
growth model.
In the model ALGA, developed by Vermij (Vermij, 1992), adaptation of
growth parameters to light conditions is incorporated. An upper and
lower boundary are set for the maximum productivity and the light utilization efficiency. If the under water irradiance is higher than the threshold value, these parameters approach the lower boundaries (high light
conditions). With underwater irradiance levels lower than the threshold
value, these parameters approach the upper limits (low light conditions).
This construction accounts for the fast adaptation of growth parameters
observed in the experiments (§ 8.2.3). Application of the model to the
data of the field experiments, leads to calibrated values of the threshold
values that are that low, that the growth parameters are equal to the
lower boundaries for most of the time. The slow adaptation of growth
parameters to the light conditions, as observed in the experiments, is
not incorporated in ALGA. Simulation of the growth of algae for periods
of months in the deeper parts of the lake showed rather good results.
Unfortunately, the fact that the growth of O.agardhii is less in the shallower parts of the lake than in the deeper parts, could not be simulated
with the model. Although the modelling of adaptation of growth parameters in ALGA is an improvement compared to fixed parameter models, the model ALGA does not yet result in an accurate simulation of the
production measured in the experiments.
Simulation of the growth of O.agardhii by combination of the model
ALGA with the models STRESS-2d and CLEAR has led to rather poor
results, which is mainly due to imperfections in the biological part of the
model, e.g: the constant loss rate, the absence of slow adaptation, the
exclusion of competition with other species, etcetera. A high loss rate,
as calibrated by Vermij, led to a dramatic decrease of cell numbers in
winter, which was not compensated by growth in summer. The use of a
lower loss rate led to some improvement of the simulation results.
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8.4 Applications
An operational tool that assesses the effects of development and
management measures on the suspended solids concentrations and the
light field in the Markermeer is available, with the combination of
STRESS-2d and CLEAR and the described parameter sets for the Markermeer. With some care the effect on the concentration of O.agardhii
can be simulated as well, by combination of STRESS-2d and CLEAR and
the model ALGA. The applicability of the models to assess the effect of
development and management measures is broad, as is illustrated by
two very different scenario studies: the effect of the construction of the
Markerwaard and the effect of increased flushing.

8.4.1 The Markerwaard
The effect of the construction of the Markerwaard on the simulated suspended solids content and the attenuation coefficient is vast. In general,
lower suspended solid concentrations and attenuation coefficients are
simulated in the areas remaining after the construction, due to reduction
in fetch lengths and changes in flow patterns. The Gouwzee, IJmeer and
Gooimeer are hardly affected.
Although some care should be taken with the interpretation of the simulation results of the biological model, it can be concluded that the growth
of Oscillatoria agardhii in the water areas remaining after the construction of the Markerwaard will probably increase compared to the present
situation. Hence, this seems to agree with the conclusions of the Uff
committee, that the possibility of the temporary blooms of Oscillatoria
agardhii is expected to increase.

8.4.2 Increased flushing
The effect of increased flushing with water from the Usselmeer on the
suspended solids concentration and the attenuation coefficient is minimal, even though the residence time of the water is halved in this scenario. Increased flushing causes a small increase in the numbers of
Oscillatoria agardhii, as the concentration of O.agardhii is usually
higher in the Usselmeer than in the Markermeer. This effect is noticed
especially near the discharging sluices, but diminishes at some distance
of the sluices because it is absorbed in the larger water body.
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Appendix 1:Symbols and abbreviations

Symbols
a
ag(380)
A
AFDW
Aph
b
B

Bac
C
CT,L>2, (-»3, C/4, O5

cd
Ci
Cnut
CPrLH
Cp.HL
CcrLH
C C T p HL

Ch
Chla
Clor
Co;
Cr
ds
Dh
Dv
dayn
dV
DECAY
DO
DO*

DOC
e
Ec,
Ed
E<u
Ed.o
^rnean
E0pt

Es
ET

Eu
f
f,
fzi

F
F,
F»
FF
g
h
Hc
Hs
HH

absorption coefficient
absorption coefficient at 380 nm
coefficient related to particle concentration
ash free dry weight concentration
Aphanizomenon species ratio
scattering coefficient
experimentally determined coefficient
Bacillariophyceae species ratio
wave celerity
constants
decay constant
concentration of component i
nutrient concentration
adaption rate Pmax, from low to high irradiance
adaption rate Pmax, from high to low irradiance
adaption rate or,from low to high irradiance
adaption rate a, from high to low irradiance
Chézy coefficient
chlorophyll-a concentration
Chlorococalles species ratio
concentration of component i
Courant number
diameter of a sphere having the same volume as
an irregular shaped particle
horizontal eddy diffusivity
vertical eddy diffusivity
Julian daynumber
particle volume per unit fluid volume
decay
Dissolved Oxygen concentration at depth z
dissolved oxygen concentration in the water column
Dissolved Organic Carbon concentration
porosity
critical threshold value for growth parameters
downward irradiance (photon flux density of PAR)
downward irradiance at wavelength A
downward irradiance near the water surface
mean under water irradiance
optimal irradiance for production
scalar irradiance (photon flux density of PAR)
total under water irradiance
upward irradiance (photon flux density of PAR)
Coriolis parameter
function of fetch parameter
function of depth parameter
effective fetch
fetch length
fetch width
effective fetch parameter
acceleration due to gravity
distance from the reference plane to the bottom
minimum value of Hs in the estimation of model
behaviour
significant wave height
wave height parameter

rrr1)
m-1)
mB"'-nrr3)
g-nr 3 )

%)
rrr1)

%)

m-s"1)
S"1)

gm" 3 )
g-m-3)
s"1)
s"1)
S"1)
S"1)

mrs' 1 )
mgrrr 3 )

%)
gm3)

m)
m2-s-1)
m2-s"1)
0.agardh//m- 2 s 1 )
g-m 3 )
(g-m-2)
(gm- 3 )

(-)

_2 _

n2s
(jC/Em-

(/yE-nr2'
öuE-nr2-s"
OuEm2s'
öuE-nr2-s(jjE-m-2s'r,
(jt/Em- 1 s
Oc/E-nr2-•s- 1
(S"1)

(m)
(m)
(m)

(-)

(m-s-2
(m)
(m)
(m)

(-)
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Is
lOS
Phaeo
kd
kd.i
Ki
Kd
Kd,
Kd,,
M
Mc
Me
M,
MSS,
MSS,
N
N-Kjel
N-NO„
N-NH4
N-Osc
n(d8)
Mic
O
Ose
pH
P
p
1

max
Pmax.H
p
1

max.L

P„u.
Popt

P-ort
P-tot
POC
PP
Qnut

Rmax
RESP
S
Secchi
See
SS
SS;
SSb
SSQ
t
td
th
ts
t,
tt
T
Ts
T„
TOC
TT
u
u
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total incident solar radiation (300-3000 nm)
InOrganic Solids concentration
phaeophytine concentration
specific vertical downward attenuation coefficient
specific partial downward attenuation coefficient
of component i
constants
vertical downward attenuation coefficient of PAR
partial vetical downward attenuation coefficient of
component i
vertical downward attenuation coefficient of wavelength I
Manning coefficient
mass transport by consolidation
mass transport by erosion
mass transport by turbation
sediment mass in top layer
sediment mass in lower layer
number of grid cells
Kjeldahl Nitrogen
Nitrogen oxides concentration
Ammonium nitrogen concentration
cell number of Oscillatoria agardhii
particle size distribution function of diameter
Microcystus aeruginosa ratio
coefficient of form resistance
Oscillatoria species ratio
acidity
productivity
maximum productivity
Pmax at high irradiance values
Pmax at low irradiance values
productivity based on available nutrients
optimal productivity without nutrient limitation
phosphor in ortho-phosphate
total phosphor concentration
Particular Organic Carbon concentration
primary production
minimal internal nutrient concentration
maximum respiration rate at 20 CC
respiration
source (or sink) term
Secchi-disk depth
Scenedesmus species ratio
Suspended solids concentration
suspended solids concenttration of fraction i
background suspended solids concentration
weighted root of the sum of squares of the difference between estimated and observed value
time
wind duration
time
characteristic time for settling
characteristic time for turbulent diffusion
wind duration parameter
temperature
significant wave period(s)
wave period
Total Organic Carbon concentration
wave period parameter(-)
vertically averaged fluid velocity in x-direction
fluid velocity in x direction

W-rrr2)
gm3)
mg-m-3)
m2-g-1)
m2-g-3)

m1)
m''-s-1)
ms1)
m-s'1)
.m-s"1)
gm- 2 )
g-m-2)
gm3)
gm3)
gm3)
m3)

:-)
%)
-)
%)
-log[H+])
s-1)
S" 1 )

s-1)
S" 1 )

:s-1)
s1)
g-m 3 )
g-nr 3 )
gm3)
0.agardhiirr\-2s-i)
g-O.agardhiï'')
h'1)
0.agardhiim-2s:)
g-nr3-s-1)
m)

%)

g-m-3)
g-nr 3 )
gm3)

s)
s)
h)
s)
s)

)

'Q
s)
g-m-3)
m-s-1)
m-s'1)

u 10

ua
ub
U„.c,
Umax
v
v
V
w
Ws
X

Xan
y
Y
z
Zc

zz
a
a,,a2,a3
au
aL

ß
A
T

e
À

e
Tc

IV

<7 S

0

0,
0,
0s
y

0

wind velocity measured at an elevation of 10
metres
wind stress factor
maximum bottom wave orbital velocity
critical maximum bottom wave orbital velocity
maximum production rate at 20 °C
vertically averaged fluid velocity in y-direction
fluid velocity in y direction
kinematic viscosity
fluid velocity in z direction
settling velocity of suspended solids
relative to the fluid
horizontal coordinate
Xanthophyllae
horizontal coordinate
yield coefficient
depth
critical thickness of the sediment top layer
thickness of the sediment top layer
depth parameter
light energy utilization efficiency
angles
a at high irradiance values
a at low irradiance values
coefficient of proportionality
limiting value of ß
velocity diffusion coefficient
beam attenuation coefficient
wave length
water level elevation relative to the reference
plane
maximum bottom stress due to currents
component of the wind stress in x-direction
component of the wind stress in y-direction
maximum bottom stress due to waves
critical maximum bottom stress due to waves
density of water
sediment or particle density
zenith angle
temperature coefficient for production
temperature coefficient for respiration
resuspension flux
gross sedimentation flux
angle of solar elevation
latitude

m-s"1)
nr 1 )
m-s-1)
m-s-1)
h"1)
ms1)
m-s-1)
m 2 s- 1 )
ms1)
m-s-1)
m-s-1)
m)

%)
m)
g0 2 gChla- 1 )
m)
m)

:-)
(s- 1 -(/7E-nr 2 -s- 1 )- 1 )

(°)

(s- 1 0/E-m- 2 -s- 1 )- 1 )
(s- 1 -(ji/E-nrr 2 -s- 1 )
'm'S'1)

'm-s-1)
[m 2 s- 1 )
[nr 1 )
!m)
m)
m-s-2)
ms2)
m-s 2 )
m-s 2 )
g-nr 3 )
gm3)

°)
(gnr 2 s- 1 )
(g-nv2-s-1)

(°)
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Abbreviations
ADI
dFL
CLEAR
KNMI
LUW
MRE
NAP
RWS
RIJP
SSQ
STRESS-2d
SWE
ZZW
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Alternating Direction Implicit
directie Flevoland
Combined Light Energy Attenuation Routine
Koninklijk Nederlands Meteorologisch Instituut
Royal Netherlands Meteorological Institute
Landbouwuniversiteit Wageniningen
Agricultural University of Wageningen
Mean Relative Error
Nieuw Amsterdams Peil (Amsterdams Reference Level)
Rijkswaterstaat
Rijksdienst voor de IJsselmeerpolders,
IJsselmeerpolders Development Authority
Sum of Square Roots: mean of the sum of the square root of the
difference between measured and observed values
two dimensional model for Sediment Transport REssuspension
and Sedimentation in Shallow lakes
Shallow Water Equations
dienst Zuiderzeewerken

Appendix 2:Water balance ofthe Markermeer area
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Appendix 3: Equipment

^è

1
2
3
4
5
6

wind speed
wind direction
irradiance
oxygen
temperature
construction for light and dark
bottle experiments

The platform used at Y112 in 1987and 1£
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Appendix 3: Continuation
transmitter
wind speed
irradiance
oxygen
temperature
. flow velocity and direction
8 water level andwave characteristics
9 automatic sampler

Thepole used atY111 in 1988and 1989.
Asimilar Doleisused at Y112 in 1989.
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F

6

E

D

6

-6
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B

A

6

thelightanddarkbottleexperimentasconductedin 1990
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Appendix 3: Continuation

1 inflow
2 outflow
3 oxygen electrode(1989)

The cylinder used in
1989 and 1990.
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Appendix 4:Summary of weekly measurement data
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Appendix 5: Data of the high frequency sampling periods
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Appendix 5: Continuation
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Appendix 6: Examples of incident irradiance measurements at Y112
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Appendix 7: Composition of the nutrient solution
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Appendix 8: Gross primary production rates related to the under water
irradiance in the cylinder
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Appendix 8: C o n t i n u a t i o n
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Appendix 8: Continuation
, gross production (g02.gChla~1.rT1)
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Appendix 8: Continuation
, gross production (g02.gChla~1.|-f1)

100

200

200

300

300

8 July 1990
morning

afternoon

100

morning

50

100

9 July 1990

100

258

0

50
100
mean under water irradiance (nE.m"2.s"1)

Appendix 8: Continuation
gross production (gC>2.gCrila"1.rf1)
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Appendix9:Behaviour ofthe different wave models
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Appendix10:Optimization ofthe parameters ofthesedimentation/resuspension model
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A p p e n d i x 10: Continuation
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Appendix 11: Simulation of the bottle experiments with the model
SIMPLE
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Appendix 11: Continuation
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Appendix 12: Simulation of the cylinder experiments with the model
SIMPLE
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Appendix 12: Continuation
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Appendix 13:Simulation of the bottle experiments with the model ALGA
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Appendix 13:Continuation
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Appendix 14: Simulation of the cylinder experiments with the model
ALGA
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Appendix 14: Continuation
dissolved oxygen (gC^.rrr^)
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Appendix 15: Optimization of the integrated model
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Appendix 15: Continuation
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Appendix 16: Modified water balance
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