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Voor het terugdringen van de sutrofidring in het zuid-west Friese boezemsysteem zijn grote reducties
nodig van fosfaatconcentraties in water aangevoerd vanuit het lJsseimeer, vanuit de omliggends
pelders en vanaf de hogere gronden ten oosten van het gebied. Het nemen van maatregelen als
bijvoorbeeld baggeren en verdergaande emissiereductie hij rioolwaterzuiveringsinstaliaties is dan ook
slechts zinvel na raductie van de bovengencemde belasting {dit proefschrift).

Uit het vergelifken van de resultaten van bemonsteringsprogramma’s van een tweetal instellingen,
betreffende de totaal-fosfaatconcentraties in het Tjeukemeer en het Slotarmeer gedurende de jaren
1985, 1986 en 1987, blijkt dat er verschillen kunnen optreden, die leiden tot een niet overeen-
stemmeand beeld van fosfaatnivo’s. Het bij het modelleren nastreven van een zo goed mogelijke "fit"
op de fosfaatgegevens van één van de instellingen dient derhalve als zinloos te worden beschouwd
{dit proefschrift).

Het verdient aanbeveling bij het beheer van polders in de toekomst de aandacht te richten op
integraal kwantitatief en kwalitatief beheer en op hat apstellen van dynamische fosfaatbalansen, die
ten dele gebaseerd zijn op onderzoek naar processen als uitspoeling, afspoeling, resuspensia,
accumulatie en "doorslag” van fosfaat {dit proafschrift).

Het verdient aanbeveling om hat gezameniijk effact van procaessen als nslevering, bezinking en
resuspensie van fosfaat te omschrijven als netto uitwisseling of netto verlies. De door Prairie
gebruikte termen als sedimentatie of netto sedimentatie kunnen leiden tot begripsvarwarring.
Prairie, Y.T., 1989. Statistical models for the estimation of net phosphorus sedimentation in
lakes. Aquatic sciences 51/3: 192-210.

Varontreiniging is overal en het miilieu selecteert nog steeds (vrij naar Beijerinck en Baas Becking).

Uit het vrijwel nalaten van het nemen van maatregelen tegen de toename van het broeikaseffect
door de Amerikaanse overheid kan geconcludeerd worden dat de spreuk "The sky is the limit" nog
niet tot het federale overheidsapparaat daar is doorgedrongen.

Gezien de veelal slechte projectie van en de handgeschraven of te klein getypte tekst op zogenaam-
de overheadsheets, zou het presenteren ervan op wetenschappelike congressen en symposia
verboden moeten worden,

Daar de mondelinge presentatie van wetenschappelijke gegevens vaak niet boeiend is, verdient het
aanbeveling ean cursus dramatische vorming-in het wetenschappelijke onderwijs verplicht te stellen.

In advertenties en sollicitatiegesprekken ten behoeve van het aantrekken van universitaire medewer-
kers wordt ten onrechte veelal niet of nauwelijks gelet op de didactische kwaliteiten van de
kandidaat. Indien van de kandidaat een aanzienlijke onderwijsbijdrage wordt verwacht, verdient het
aanbeveling deze kwaliteiten te toetsen in bijvoorbeeld een proefcollege.

De roman "De morgen loeit weer aan” (Uitgaverij De Bezige Bij, 1988} van de schrijver Tip Marugg,
genomineerd voor de AKO-literatuurprijs in 1988, kan als één van de naoorlogse hoogtepunten in de
Nederlandse literatuur beschouwd worden. Het niet toekennen van de prijs aan deze schrijver zegt
derhalve veel over de jury en weinig over de kwaliteiten van het boek.

Gezien het hoge percentage echtscheidingen en de soms daaruit voortkomende traumatische
gevolgen, verdient het aanbeveling in het huwslijksboekje met kleine letters te vermelden: "Het
huwelijk kan schadelijk zijn voor de volksgezondheid®,

Béta-wetenschappers zonder maatschappelijke en culturele belangstelling doen zichzelf en de
samenleving ernstig tekort.

BQter, brea en griene tjiis, wa't dat net sizze kin is gjin opriochte Fries.

Horeca est.

Stellingen behorende bij het proefschrift:

Modeliing water transport and phosphorus eutrophication in an interconnected lake system

A sceneario study

Harry van Huet, 26 april, 1991.
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Abstract



ABSTRACT

The water in the south-western Frisian lake district is highly eutrophicated. Summer chlorophyll-a
concentrations often exceed 150 wug.I", while total phosphorus (TP) concentrations are mosthy
above 0.2 mg.I". Therefore, a research project was started in 1984 to study the origin and
dynamics of phosphorus {P) in the area. The nutrient P was chosen because reducing TP
concentrations was believed ta result in favourabie conditions for restoration of the aguatic
ecosystem. The objective of the study was to model the TP dynamics and to use the model for the
simulaticn of management reduction scenarios. In order t0 achieve this objective, three problems
had to be solved. Firstly, information about the water transport, especially in the boundary canals,
was poor. This problem was solved by the application of a wind driven water transport model using
water levels in the boundary canals. Secondly, the lack of large-scale information about the TP
loads from the surrounding polders was solved by an intensive monitoring program. Thirdly,
knowledge about the distribution of TP in sediments and about TP exchange processes between
water and sediments had to be assessed. The simulations with the dynamic TP mass balance model
resulted in TP balances during three periods, showing that there were two main sources in the area:
from the surrounding polders and from Lake lissel. Moreover, management simulation scenarios
showed that 75% TP concentration reductions in the external loads would be necessary to achieve

the 0.15 mg.I' TP concentration standard and incidentally the 0.07 mg.l" target concentration.
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HET MODELLEREN VAN WATERTRANSPORT EN FOSFOREUTROFIERING IN EEN
KANALEN-MERENSYSTEEM Een scenario-studie

Dit proefschrift gaat in op het eutrofiéringsprobleem in het merengebied van zuid-west Friesland.
Eutrofigring kan gedefinieerd worden als de biclogische reactie van aquatische ecosystemen op het
verrijken met nutriinten. De gevolgen van eutrofiéring kunnen zijn ongewenste algenbloei, het
afnemen van het doorzicht, zuurstoftekorten en vissterfte. Eutrofiéring in opperviaktewateren
betekent vaak een verandering in de samenstelling van de waterflora en -fauna. Bepaalde scorten
gaan overheersen, zoals in Nederland o.a. blauwwieren en brasem.

Qok in de Friese meren is de waterkwaliteit als gevolg van het seutrofiéringsproces verslechterd.
Onder andere om inzicht te verkrijgen in dit proces werd in 1984 pgestart met onderzoek, het
zogenaamde FasFri-project, een samenwerkingsproject van het Limnolagisch Instituut te Oosterzee,
de Universiteit Twenie en de Provincie Friesfand. Het project werd gefinancierd door de
laatstgenaemde instelling en het ministerie VROM. Verwacht werd dat in het zuid-westelijk gedeelte
van de Friese boezem eventueel te nemen maatregelen het snelst effect zouden hebben. Vandaar
de concentratie van het onderzoek op dit gebied. Het onderzoek richtte zich op abiotische en
biotische processen. De resultaten beschreven in dit proefschrift vormen een onderdeel van het
abiatisch gedeelte. Het belangrijkste doel van dit deei was te komen tot een inventarisatie van de
fosforstromen in het gebied en tot het modelmatig doorrekenen van beheersscenario’s. Het
veldprogramma daartoe werd uitgevoerd gedurende de jaren 1984-1987. Het project werd eind
1989 afgerond.

In dit proefschrift kunnen een viertal gedeelten onderscheiden worden. Voor een schematische

waeergave, zie tabel 1.

Tabel 1. Indeling van het proefschrift. De cijfers verwijzen naar de betreffende hoofdstukken.

Inleiding Monitoring pragramma Model len Beheersopties
1¢2,3,4,5.,6,7) 2,3,4,6 56,7 1,8

In hoofdstuk 1 worden kort enkele eerder genomen maatregelen belicht die in Friesland genomen

zijn in het kader van de eutrofiéringsbestrijding. In dit hoofdstuk wordt ook uitgelegd waarom het
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onderzoek zich heeft gericht op het nutriént fosfor en waarom voornamelijk totaal-fosfaat
concentraties {TP] gemeten zijn. Ook wordt in dit hoofdstuk het doel van het gehele project nader
omschreven: namelijk te komen tat inzicht in de oorzaken van de toegnemende eutrofiéring in het
Friese boezemwater en vervolgens tot een goed onderbouwde beleidsadvisering ter beperking van
de eutrofiéring. Opgemerkt zij daarbij dat het laatste deel van deze omschrijving in de loop van het
onderzoek meer en meer gelezen werd als het doorrekenen van beheersscenario’s.

in dit hootdstuk worden ook de grote lijnen van de modeimatige benadering van het abiotisch
onderzoek toegelicht. Die benadering betekende dat een drietal problemen opgelost moest worden,
Er waren namelijk geen gegevens bekend over: a} processen en P-gehaltes in sediment; bl
tijdvariabele TP vrachten vanuit de paolders; ¢) debieten in de randkanalen van het open systeem.
Dat betekende dat een ksuze gemaakt moest worden voor enkele niet eerder toegepaste

aplossingsmethoden.

In hoofdstuk 2 is een onderscheid gemaakt tussen een zomer- en een wintersituatie in het gebied,
zo kenmarkeng voor het bestudeerde ecosysteam. Ten gevolge van de klimatolagische processen
ontstaat er in het algemeen in de zomer een neerslagtekort en in de winter @en neerslagoverschot.
Dientengevolge wordt ’s zomers chloride-rijk lJsselmeerwater ingelaten in het kanalen-merengebied
{en vindt vervolgens inlaat plaats in de polders) en wordt "s winters humus-rijk water uit de polders
gapompt op de boezem {en wordt boezemwater op het |Jsselmeer gepompt of stroomt door vrij
verval af op de Waddenzee).

Hoofdstuk 2 bevat tevens een overzicht van de resultaten van de metingen gedurende de eerste
drie onderzoeksjaren. Drie onderwerpen kunnen worden onderscheiden: het meten van
waterkwaliteitsvariabelen als TP en chloride {CF), het meten van de horizontale en vertikale
verspreiding van TP in sedimenten en het meten van TP-concentraties in polderwater en het
kwantificeren van TP-vrachten uit de polders.

Het doel van de metingen is de gegevens te gebruiken voor de modellen en voor het verkrijgen

van inzicht in de gorsprang van het water en fosfaat in het onderzoeksgebied.

Gedurende de anderzoeksjaren variéren de gemiddelde TP-concentraties in het Tjeukemeer, de
Groote Brekken en het Slotermeer van 0.23 tot 0.29 mg.l"'. De concentraties gedurende het
zomerhalfjaar liggen ver boven de Nederlandse norm (1985-1988) van 0.15 mg.I". De hoogste
iaargemiddelde CI-concentratie is 153 mg.l”", in 1986 in de Groote Brekken, ten gevolge van-een
inlaat van lJsselmearwater. De laagste jaargemiddelde CF-concentratie is 59 mg.I”, in 1987 in het
Tieukemeer, ten gevolge van een naite zomer gepaard gaande met een geringe inlaat van

lJsselmeerwater en een grote watertoevoer uit de polders.

Gedurende  1984-1987 ziin 10 keer sedimenten op 34 locaties in het onderzoeksgebied

bemonsterd en de TP-gehaltes bepaald thoofdstuk 3). Niet eerder is op dermate grate schaal een
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onderzoek verricht naar de TP-gehaltes in de sedimenten van de Friese boezemwateren, Het
gemiddelde gehalte varieert van 0.01 tot 7.78 mg.g' drooggewicht. Er ziin drie groepen
meetstations onderscheiden: in meren, mondingen van kKanalen en in de kanalen zelf. Het hoogste
TP-gehalte is gemeten in de sedimenten van de stations in de mondingen (0.86 mg.g’
drooggewicht). De gehaltes in kanaal- en meersedimenten zijn respectievelijk 0.55 en 0.42 mg.q™*
drooggewicht. De laagste gehaltes zijn in zanderige sedimenten gemeten, de hoogste in modderige
en er tussenin in veenachtige sedimenten. In het algemeen nam het TP-gehalte af met de diepte.
Vermoed wordt dat de watersnelheid en dientengevolge sedimentatie invioed heeft op het TP-

gehalte van meersedimenten.

De TP-concentraties in uitges'agen polderwater én in het water in poldersloten, alsmede TP-
vrachten vanuit de polders naar het boezemsysteem zijn beschreven in hoofdstuk 4. Een
gedetailleerd onderzoek is verricht in de Echtener Veenpolder. De brute TP-(jaar)vrachten vanuit
deze polder varigren van 1.3 tot 1.83 kg P. ha'' poldergebied. Van 11 andere polders variéren de
bruto vrachten van 1.01 tot 4.13 kg P. ha'. Met name de wintervrachten zijn relatief hoog. Deze
bruto vrachten worden op de hoezem geloosd. Ook dit onderzoek werd op deze schaal niet eerder
uitgevoerd in Friesland.

Het onderzoek in de Echtener Veenpolder leverde nog enkele andere nieuwe aspecten op. Qok
de netto vrachten {bruto vrachten minus de inkomende vrachten) zijn namelijk gekwantificeerd.
Deze variéren van 0.63 tot 1.48 kg P. ha'. Hieruit, an uit twee andere detail-onderzoekingen, kan
een bijdrage van processen in de polder worden geconcludeerd. Deze processen zijn waarschijnlijk
voornamelijk uvitspoeling en afspoeling. Een bijdrage van de polder zelf wordt bevestigd doordat
gedurende de cnderzoeksjaren de gemiddelde TP-concentratie in uitgeslagen water van de Echtener
Veenpolder hoger is dan ingelaten boezemwater (respectievelijk 0.37 en 3.28 mg.'). Het
Tjeukemeer kan omschreven worden als een typisch poldermeer: het ontvangt in het

onderzoeksgebied relatief zeer veel polderwater.

De resultaten van de veldmetingen zijn gebruikt voor twee modellen: ten eerste voor een
hydrodynamisch model en ten tweede voor een (CI" en TP} massa-balans model. Het opstellen en
doorrekenen van het water transport model was met name om praktische redenen noodzakelijk. Het
zuid-westelijke merengebied is een deel van de Friese boezem. Het is dus een open systeem. Data-
sets van de watersnelheden/debieten in de randkanalen zijn niet voorhanden en het meten van deze
grootheden zou zeer arbeidsintensief en duur zijn. Toch zijn deze debieten nodig als invoergegevens
vaor het massa-balans model. Het doorrekenen van het hydrodynamische model is bedoeld om de
gewenste debieten te kwantificeren {hoofdstuk 5). Aan dit transportmodel zijn de (gemeten}
uurgemiddelde waterhoogtes in de randkanalen en uurgemiddelde windsnelheden en -richtingen
opgelegd. Het model is gecalibreerd met behulp van waterhaogtes op drie locaties in het systeem,

Een gevoeligheids- en onzekerheidsanalyse toont aan dat de modelgevoeligheid laag is voor
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modificaties in de waarde van de windexponent en tamelijk hoog voor de modificaties in de waarde
van de bodemruwheidscoéfficiént, Aldus toont deze analyse het nut aan van gedetailleerde
invoerdata en wardt het gebruik van een gedetailleerd model gerechtvaardigd. De gevoeligheid voor
ruis op de opgelegde waterhoogtes is gematigd, haetgeen als indicatie mag worden beschouwd dat
meetfouten niet al te zeer leiden tot grove fouten in de berekende debieten. Simulaties met dag- en
weekgemiddselde wind- en waterhoogtedata leiden tot angewenst verlies van detail. Met het model

zijn drie periodes doorgerekend, met een totale lengte van 25 maanden.

Met het chloride massa-balans model (hootdstuk 6) zijn de drie periodes doorgerekend om de
nauwkeurigheid van de met het transportmode! berekende dehieten te verifiéren. Uit het vergelijken
van berekende en gemeten Cl-concentraties kan geconcludeerd worden dat de voor dit doel
berekende debieten voldoende nauwkeurig zijn.

Aldus zijn deze debieten ook gebruikt als invoergegevens voor het TP massa-balans model, dat
door middet van een term voor de schijnbare bezinkingssnelheid, waarin alle interne processen die
het P-gehalte beinvloeden zijn samengevat, verschilt van het CI-model. In een analyse is nagegaan
of het weglaten van een dispersieterm in de modellen gerechtvaardigd is. Met beide madellen zijn
concentraties in drie meren berekend: Tjeukemeer, Groote Brekken en Stotermeer. Verwacht wordt
dat het vigrde grote meer in het gebied, de Koevarder, nagenoeg de zelfde reakties vertoont als de
Groote Brekken. De resultaten van het TP madel tonen aan dat de gemeten en berekende
concentraties tamelijk goed overeenkomen. Een verdere analyse toont aan dat de gevoeligheid voor
modificaties in de schijnbare bezinkingssnelheid het laagst is in de simulaties voor de Groote
Brekken en het grootst in die voor het Slotermeer. Dit is te verklaren uit de invioed van de verblijftijd

van water in deze meren.

Met behulp van het TP model konden balansen van de drie meren worden opgesteld. Uit deze
balansen blijkt dat de grootte van de externe belasting afneemt in de volgorde Tjeukemeer, Groote
Brekken en Slotermeer. Twee axterne posten overheersen de balansen, namelijk aanvoer van
(polder)water uit het gebied ten oosten van het Tjeukemeer en aanvoer van water uit het
lJsselmeer. Uiteindelijk is het TP model gebruikt om beheersscenario’s door te rekenen (hoofdstuk
7). De eerste, niet in het proefschrift opgenomen, simulaties toonden aan dat grote TP-reducties in
lJsselmeerwater en in polderwater nodig waren. Daarom is in hoofdstuk 7 slechts gerekend met
75% reducties. Overige redukties (bijvoorbeeld in effluent van de twee waterzuiveringsinstallaties)
leidden slachts 1ot zeer marginale effecten. 8ij de simulaties is gelet op de TP norm van 0.15 mg.I"
en een streefwaarde van 0.15 en 0.07 mg.I". Het blijkt dat slechts een combinatie van de 75%-
reducties in lJsselmeerwater &n in polderwater leidt tot TP-concentraties onder de 0.15 mg.I" in het
Tieukemeer en in de Groote Brekken, terwijl de 0.07 mg.!' streefwaarde in deze meren slechts
incidenteel wordt bereikt, Het effect in het Slotermeer is geringer, hetgeen de relatief geisoleerde

ligging van dit meer opnieuw bevestigt. In een analyse is geschat wat per meer de effecten zouden
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kunnen zijn van een afname per eenheid belasting op de concentratie. Waarschijnlijk zullen de
werkelijk te bereiken effecten aanvankelijk nog wat minder groot zijn ten gevolge van een tijdelijke
toename van de interne belasting na de te nemen maatregelen. De korte-termijn resultaten van het
eenvoudige TP-modal komen goed overeen met aen soartgelijk lange-termijn model, dat gebruikt is

bij onderzoek van de Universiteit Twente.

Hoofdstuk 8 bevat een terugblik op de benadering die gebruikt is. Met name is enige aandacht
bestaed aazn de methode en aan verder onderzoek dat voar de modellering van belang kan zijn. In
dit hoofdstuk wordt aannemelijk gemaakt dat meer gedetailleerde en aanvullende gegevens,
bijvoorbeeld een betere benadering van de fluctuaties in de belastingen uit de polders en gegevens
omtrent nalevering van P door het sediment, de met het TP-model voorspelde trends niet wezenlijk
zullen beinvioeden,

Tevens bevat hoofdstuk 8 een nadere beschouwing van processen in de polders (uitspoeling,
afspoeling, opslag) en suggesties voor verder onderzoek, dat met name inzicht kan geven in de
grootte van de bijdrage van deze processen en de manier waarop in de praktijk de bruto vrachten

gereduceerd zouden kunnen worden.
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SUMMARY

This thesis deals with the phosphorus (P} eutrophication problem in the south-western lake district
of Friesland. Eutrophication can be defined as the biological reaction of aguatic ecosystems to
nutrient enrichment, It can result in algai blooms, decrease in transparency, oxygen deficiency, fish
kifls and, generally, a shift in phytoplankton, zooplankton and fish species.

The water quality in the sw lake district has deteriorated due to eutrophication. However, the
chances for rastoration in this part of the Frisian surface water network {the so-called 'boezem')
seemed relatively good. This was the main reason to start research in this area. The research
cbjective, for the project as a whole {the so-calied FosFri-project), was the simulation of scenarios
for management and policy. This thesis refers to the abiotic part of the project. A monitoring
program in the canal-lake system and in the surrounding poiders was carried out {from 1984 to
1987}, while a modelling program was started at the Limnological Institute, Tjeukemeer Laboratory,
Oosterzee (up to 1989). These investigations aimed at the P dynamics in the area and at modelling

P reduction scenarios. Four parts can be distinguished in this thesis, see Table 1.

Table 1. Organization of the thesis. The figures correspond with the chapters.

Introduction Monitoring program Models Management options

1.62,3,4,5,6,7) 2,3,4,6 5,67 7,8

The general introduction {Chapter 1) concerns a brief survey of the already existing eutrophication
research programs in the Province of Friesland. Also, in this chapter it is explained why this thesis
focuses mainly on total phosphorus {TP}. Furthermore, Chapter 1 contains a further definition of the
study objective, which is to gain an insight into the causes of the increase of eutrophication in the
Frisian surface waters and to advise the water quality decision makers in the Province of Friesland
on reducing eutrophication. Also, in Chapter 1 the approach of the abiotic resaarch is emphasized.
The modelling approach led to three main problems to be solved, because no information was
available about: a) sedimentary TP contents and processes: b) time variable TP lpads from
surrounding polders; and c) discharges in the baundary canals of the open water netwark system.
This led to some new methods in solving the prablems.
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In Chapter 2 a distinction is made between summer and winter conditions. Generally, in summer
a precipitation-deficit occurs and chioride-rich water from lJsselmeer is let in into the system. In
winter, when rainfall exceeds precipitation, humic-rich water from the surrounding polders is
pumped into the system. Consequently, the hydrochemistry of the area is strongly influenced by
the man-made water regime.

Also in Chapter 2, an overview of the preliminary results of the 1984-1986 monitoring program
is given, while a8 water transport model is introduced. The monitoring program focuses on three
main subjects. Firstly, water quality parameters, mainly TP and chloride (CF). Secondly horizontal
and vertical distribution of TP in sediments and, thirdly, external P loading from surrounding poldars.
The objective of the measurements is to use the data for the models and for obtaining insight into

the trophic level of the aquatic ecosystem, and into the origin of phosphorus.

During the years 1984-1987, the mean TP concentrations in the lakes Tjeukemeer, Groote
Brekken and Slotermeer range from 0.23-0.29 mg.I"'. Summer concentrations are far above the
water quality standard 1985-1989, laid down by the Water Action Program of the Dutch
Government {0.15 mg.!'"}. The highest annual mean CI" concentration is 153 mg.)l", measured during
1986 in Groote Brekken, a result of inflow of lJsselmeer water. The lowest mean concentration is
59 mg.l"", measured during 1987 in Tjeukemeer, a result of targe quantities of polder water pumped

into this lake and of a minimal inflow of water from |Jsselmeer.

The sedimentary TP investigations (Chapter 3) cover 34 stations, which are sampled 10 times
during 1984-1987. Investigations on this scale concerning sedimentary TP contents are absolutely
new in the Frisian surface waters. These TP contents vary from 0.01- 7.78 mg.g™' dry weight [DW).
Three groups of stations are distinguished: stations in lakes, stations located at inflow/outflow sites
and in canals. The mean TP content is highest in inflow/outflow sediments (0.86 mg.g’ DW),
moderate in canal sediments (0.55 mg.g"' DW) and lowest in lake sediments {0.42 mg.g"' DW). The
TP contents in sandy sediments are lowest, highest in muddy sediments and maoderate in peaty
sediments. Generally, TP contents decrease with depth. It appears that canals with relatively low
water velocities have higher sedimentary TP contents than canals with higher water velocities,

probably due to differences in sedimentation.

The contribution of TP-loads from polders to the eutrophication in the canal-lake system is
described in Chapter 4. The Echtener Veenpoldar, located south of Tjeukemeer and the largest
polder in the area, is investigated intensively. The Echtener Veenpolder gross annual TP-oads range
from 1.3 to 1.83 kg P.ha'' polder area. Also, annual gross loads of 11 other palders are quantified,
these loads range from 1.01 to 4.13 kg P.ha'. Especially winter loads from polders were high.
These gross loads are discharged to Tjeukemeer, Information about loads from polders on this scale

is new in the Province of Friesland.
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The investigations in the Echtener Veenpolder resulted in some more new aspects of the polder
influence. Net loads (gross loads minus incoming loads) from the Echtener Veenpolder range from
0.63 to 1.48 kg.P ha’, indicating that there is a TP contribution from processes inside the polder,
which are probably mainly leaching and surface runoff. This polder contribution is confirmed by two
other polder experiments, and by the fact that the mean TP concentration in water from the
Echtener Veenpoider is higher than in Tjeukemeer water that is let in {0.37 and 0.28 mg.l’,
respectively). Tieukemeer can be described as a typical polder lake, because it receives relatively

much polder water.

The results of the polder investigations are used as input for models that describe the water
transport and the TP and CI' dynamics in the area. For modelling the TP dynamics discharges in the
boundary canals of the sw lake district are needed. However, continuously measuring discharges
is laborious and expensive. Therefore, a detaited wind-driven hydrodynamic model is applied
{Chapter B), in order to quantify the boundary discharges. The forcing functions of this model are
the hourly mean water levels in the boundary canals and the hourly mean wind velocities and wind
directions. Model tuning is done by comparing observed and measured water levels of three water
stations inside the system. The model sensitivity is low for modifications of the wind exponent
value and rather high for the bottom roughness coefficient, while the sensitivity for noise at the
imposed water levels is moderate, indicating that registration errors do not lead to big errors in the
calculated discharges. Simulations with daily or weekly mean values of wind and water level data
result in undesirable loss of detail, indicating that detailed input data as well as the detailed model

is useful. Three periods are simulated, together covering 25 months.

Simulations during the three periods with a ClI" model, in which CI" is regarded as a conservative
mass, show a good similarity between measured and calculated CI' concentrations {Chapter 6}.
Subsequently, it is concluded that the quantified discharges in the baundary canals are sufficiently
accurate for the purpose of model input.

These discharges are also used as input data for the dynamic TP mass balance madel. This model
is similar to that of chloride; the only difference is a net loss term, that covers all internal processes
that might influence the P contents. An analysis showed that dispersion terms in the models can
be neglected. Both models focus on three lakes: Tjeukemeer, Groote Brekken and Slotermeer. It is
expected that the results for the fourth main lake in the area, Koevorder, agree well with the Groote
Brekken results, The TP model results show a fairly good similarity between measured and
simulated concentrations. The sensitivity for modifications in the apparent settling rate is lowest
in simulations of Groote Brekken and highest in simulations of Slotermeer, due to the influence of
the water residence times in these lakes. '
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P balances are the result of the dynamic model. These balances show that the external loads to
Tieukemeer are highest, moderate to Groote Brekken and lowest to Slotermeer, while two loads
dominate: from polders and from lJsselmeer. The model is used to simulate P reduction scenarios
(Chapter 7). Apparently, only large TP reductions were likely to have effects. Therefore, only 75%-
reduction scenarios are simulated. The calculations focus on TP reductions in water from lJsselmeer
and from polders. A TP standard and a target level are defined, respectively 0.15 and 0.07 mg.i”".
The simulations show that only a combination of reduction in both external loads will lead to
achieving the 0.15 mg.l" standard in Tjeukemeer and Groote Brekken, while incidentally the 0.07
mg.l" target level is reached. Slotermeer responds only to a small extent to these measures,
Probably, the short term effects will be partly counteracted by a temporary increase of internal
loading. In an analysis for each lake the effect of a theoretical load reduction to the TP
concentration is examined. The short-term simulation results predicted by the simple mass balance
mode! agree well with long-term predictions of a less detailed hydrodynamic model, which is used
at Twente University.

In Chapter 8, a final review is given of the approach and the methods. It is made plausible that
the trends, as simulated by use of the TP mass balance modei, would not have been influenced
greatly if additional information had been availabie. For example, detailed information about the
fluctuations in polder ioads and about P release data.

Chapter 8 also briefly reports the processes in the polders, such as runoff, leaching and
accumulation. Also suggestions are given for further research, which could be of value for a better
insight into the extent of the contribution of these processes and the way in which gross loads
might be reduced.




Chapter 1

General introduction
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GENERAL INTRODUCTION

Eutrophication and restoration

The term eutrophication can be defined as the biological reaction of aquatic ecosystems to
nutrient enrichment {(Marsden, 1988). Eutrophication abatement often concentrates on reduction
of phosphorus (P} scurces. P is widely accepted as the critical nutrient in determining the degree
of lake eutrophy. The measurement of biologically available P, which would be the most useful
determinant, is problematic, while total phosphaorus (TP) is easily measured (Marsden, 1989).
Therefore, for practical reasons, most strategies to cantrol phospharus inputs into lakes are based
on TP data.

In general, the abjaective of lake restoration in The Netherlands is a reduction of the phytaplankton
standing crop, a shift from blue-green algae towards green aigae, higher transparency values, and
finally, a new stable equilibrium between several communities, including zooplankton and fish
species., '

In the 1970's the strategy to reduce P levels in The Netherlands’ surface waters focused mainly
on reducing P in detergents and dephosphorization of waste water. However, in the 1980’s it
becama clear that a more integrated approach was necessary. For example, diffuse sources and

internal loading had to be considered too. Therefore in many regions integrated studies started.

Eutrophication research in Friesiand

Two institutions in Friesland have monitoring programs in Tjeukemeer and in the other Frisian
surface waters. Since the end of the 1960's the limnology of Tjeukemeer, the largest lake in the
south-western Frisian surface water network, has been the main study subject of the Limnological
Institute at Oosterzee. Moreover, during 1976-1983 investigations took place in Slotermeer, the
second largest lake in the area, by the Department of Public Works and Environment of the Province
of Friesland (Province of Friesland, 1984). Consequently, much is known about, TP and ortho-
phosphate (PO,*) levels, algal species, grawth and bioassays. The results of these programs
indicate that the water in the canal-lake system is highly eutrophic.

Since 1979, the water of the two waste water treatment plants in the sw Frisian fake district,
at Lemmer and Sloten, has been dephospharized, resulting in approximately a 30% TP reduction
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in the effluent. However, this measure did not lead to a reduction of TP levels in the lakes,
indicating that further measures were necessary. In order to further investigate the origin and
dynamics of P in this area, an integrated approach was needed.

In 1984 the so-called FosFri-project started. Three institutions cooperated in this project: the
Limnological Institute, the Department of Public Works and Environment of the Province of
Friesland, and Twente University. The study done by the Limnological Institute, described in this
thesis, focused on the sw part of the Frisian lake district and on the abiotic part of the project.
Firstly, this area was chosen because it was expected that a stand-still situation or a daecrease of
TP concentrations cauld sooner be achieved in this part of the Frisian water network ({CUWVQ,
1983). Secondly, an intensive field program could easily be realised as the Limnological Institute

at Qosterzee is situated in the study area. The study ended in 1989.

The aim of the study

The main cbjectives of the whaole project were described as follows {De Haan and Claassen,
1983). Firstly, the study aimed at gaining an insight into the causes of the increase of
eutrophication in the Frisian surface waters. A second objective was 10 advise the water quality
decision makers in the Province of Friesland on diminishing eutrophication.

The choice that was made for the abiotic part was studying only TP dynamics in the area and not
other parameters, such as PQO,* and chlorophyll-a. The reason for this choice was that in The
Netherlands’ surface waters a significant correlation was found between TP concentrations and
chlorophyli-a. Moreover, there are indications that undesirable blue-greens will no longer dominate
if the TP concentrations ¢an be reduced to lass than 0.07 mg.I" (Lijklema et af., 1988). Anocther
reason, although less important, was that some basic information about the other parameters was
available from the monitoring programs of the coordinating institutes.

The first main study objective implied that a TP mass balance study would be of great value. The
second objective meant that a dynamic mass balance model could be an important tool for
simulating management scenarios. Consequantly, two operational study objectives can be definad
as follows:

- Development/assessment of a dynamic TP mass balance model. This meant that new {field)
investigations had to be made.

- By use of this model: simutations of TP reduction scenarios for management purposes. This should
lead to a first step and necessary premise for any further control {biological control, sediment P

immobifization, etc).
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QOrganization of the resesrch

The definition of the research objectives maant that a detailed mass balance model study became
necassary. Howevaer, this study had not been done before in the area. Furthermecre, modelling was
not very easy because of the following reasons. Firstly, there was lack of knowladge about the role
of the sediments in the area. Secondly, there are time variable TP lpads from surrounding palders.
Thirdly, the sw Frisian lake district has apen boundaries with the rast of the water network.

The lack of sedimentary TP infarmation meant that a field and laboratory program had to be
started an topics such as distribution, release, sedimentation, and resuspensian of phosphorus. This
thesis describes the TP distribution, both horizontally and vertically, in relation with area site,
sediment type and water transport.

Bacause of the time variable polder loads, an intensive monitoring program started in one large
peaty palder south of Tjeukemeer, the Echtener Veenpolder. The purpose was to frequently measure
discharges and TP concentrations in discharged polder water in order to quantify gross end net
polder loads. This subject was not studied befare in the Frisian polders. Moreaver, a less detailed
study started in eleven other polders in order to compare gross TP loads.

The problem of open boundaries meant that na discharges in these boundary canals were
available. These discharges were needed as input data for the TP mass balance model. The problem
was solved by the application of a water transpart model, using hourly mean valuas of water levels
in the boundary stations and wind data as forcing functions. By use of this model the boundary
discharges could be quantified. This is a new approach in a canal-lake system in The Netherlands.
In order to verify the model reliability, for example the model sensitivity far noise on the input data
(watar levels) had to be examined.

All these research objects lead to an intensive and frequent monitaring program in the lakes,
intercannecting canals and palders. Also, water level data sets, wind data sets and data of input
discharges from lisselmeer had to be collected in order to support madel calibration, tuning and
verification, resulting in a highly integrated approach of the eutrophication problem. Fig. 1 shows
a schematic overview of the monitoring and data coilection program, of the models and the model

outputs {see also Survey of chapters).

Survey of chapters

All chapters in this thesis contain an /ntroduction and/or an Area description, which focus on the
themes of each separate chapter. However, some general overlap could not be avoided.

In Chapter 2 a survey is given of the preliminary results of the study, which can be of value to
get more insight into the problem definition. The main research items are introduced in this chapter,

viz., the sampling program, the external loading from polders and from lJsselmeer, the sedimentary
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P-distribution and the assessment of models.

The sedimentary TP distribution is described in Chapter 3, while the polder TP investigations are
described in Chapter 4. If possible, a distinction was made between summer and winter loads.
Furthermorg, it was tried to obtain an impression of the TP contribution of processes inside the
Echtener Veenpolder.

In Chapter 5 the wind-driven hydradynamic model is described. Also, in this chapter a brief survey
is given of water velocity measurements. In sub-sections model tuning, parameter sensitivity
analysis and model reliability and uncertainty are discussed. This chapter ends with the complete
water balances during 25 months, divided into three periods, and water residence times in three
lakes.

Chapter 6 deals with the results of the water quality monitoring program and the results of the
TP model are described. Special attention is paid 1o the assessment of a similar chloride model (in
order to test the accuracy of the estimated discharges}, to the representativeness of TP
concentrations and to the model calibration. The TP model is used for calculating TP mass balances
for sach fake for three periods and for simulating TP reduction scenarios, which is the subject of
Chapter 7. Two scenarios are emphasized. The effects on the TP-lavals in three lakes during the

three periods are described. Finally, the approach, suggestions for further research, polder

management options and chances for restoration, are briefly discussed in Chapter 8.
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Fig. 1. Schematic overview of the monitoring and data collaction program, the models and model
results.
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Phosphorus eutrophication research in the lake district of
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results of abiotic studies
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PHOSPHORUS EUTROPHICATION RESEARCH IN THE LAKE DISTRICT OF SQUTH
WESTERN FRIESLAND, THE NETHERLANDS. PRELIMINARY RESULTS OF ABIOTIC
STUDIES

Key words: eutrophication, phosphorus, hydrology, polder lake, modelling, loading, sediments

ABSTRACT

The water quality of the lakes in south western Friesland is influenced by a rather compiex
hydrology. The purpose of the abiotic part of the eutrophication project, started in 1884 and
focused on phosphorus, is to model hydrology and phosphorus dynamics, in order to compare
scenarios for policy and management.

A brief survey is given of the preliminary results of the abiotic studies: hydrology, water quality,
externai loading from surrounding polders, sedimentary phosphorus and internal loading. The two

largest lakes, Tjeukemeer and Slotermeer, are compared regarding these processes,

INTRODUCTION

The shallow {1-2 m) lakes - Tjeukemeer, Slotermeer, Brandemeer, Groote Brekken and Koevorder
Meer- in the south western part of the province of Friesland are highly eutrophicated. Summer
chlorophyll 8 concentrations are often above 150 pg.I" while total P and total N cancentrations are
mostly above 0.2 mg.I" and 2.0 mg.l”’, respectively (De Haan and Moed, 1984}, The lakes area {40
km?) is part of the 'boezem’, a system of interconnected lakes and canals (Fig. 1} with a total water
surface area of 140 km?. The boezem is used hydrologically for regulating the water table of
Friesland, for flushing the boezem network or for water suppiy of the province of Groningen,

Generally during April-October there is inlet of water from lJsselmeer with chloride concentrations
up to 300 mg.I" and simultaneously inflow takes place inte the surrounding polders. During
October-April humic-rich water from the surrounding polders is pumped into the boezem system
while the boezem water can be pumped into lJsselmeer or flows into the Waddenzee. This
man-made regime is reflected in, for example, the chioride concentrations in Tjeukemeer: generally

high concentrations in the summer period and low in the winter period. The humic-rich water in
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WADDENZEE

Fig. 1. (A) The Friesian 'boezem’, a system of interconnected lakes. (B} lts position in The
Netherlands. (C} The south western lake district. ®- : System boundaries; RWZI: Dephosphorisation
Units. {from Van Huet et a/., 1987).

winter in this lake leads to high optical density values in winter (De Haan and Maed, 1984). There
is hardly any upward or downward seepage in the study area, aithough local seepage may occur.
The waste water of mainly housing in the agricultural area is dephosphorized at Lemmer and Sloten
{capacities 20 000 and 16 500 inhabitant-equivalents, respectively). However, mainly at some
places in the polders, sewage water may directly or indirectly reach the polder ditches. Also in
palders manure may directly reach the ditches. For more details about the limnology, hydrology,
nutrient concentrations, and algal periodicity, see Beattie ef &/. {1978}, Leenen (1982), Moed and
Hoogveld {1982}, De Haan and Moed {1284), Claassen {1986) and Van Huet er a/. (1987).

Thuys although much research has been done on the trophic relationships especially in Tjeukemeer,
up till the 80’s hardly any investigations were made in modelling and detailad research of hydrology,
external loading, sedimentary P and internal loading. In 1984 a eutrophication project started to
study these processes, while the south western part of the boezern system was chasen as a study
area because of relatively reasonable chances for restoration. The study of biotic and abiotic
processes are the two main activities of research. Finally the integrated results of these studies

should lead to scenario simulations far policy and management.
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RESULTS AND DISCUSSION

Measuring and modelling hydrofogy

In meteorologically normal years in summer near Lemmer there is an average inflow of lJsseimeer
water of 260 x 10 m?, while 120 x 10° m® of water is pumped out of the polders into the boezem
system. In 1985, however, with much rainfall these values were 60 x 10* m® and 210 x10° m?,
respectively. Especially Tjeukemeer received much polder water in this year; as much as 91% of
the yearly inflow originated from surrounding polders, being 50% in normal years {Van Huet et a/.,
1987).

Figure 2 shows the water quantities let in near Lemmer, Tacozijl and Stavoren and the quantities
pumped into lJsselmeer near Lemmer and Stavoren during 1984-1986. It can be concluded that
during these years there is mainly inflow near Lemmer and mainly pumping near Stavoren. In 1985
inflow of water was low. In 1986 water near Tacozijl was let in, influencing chloride concentrations
in Slotermeer (see also Fig. 3A}.

It appeared that generally water residence times in Tjeukemeer are about half of thase in
Slotermeer: 1-2 weeks to 3 months and 2 weeks to 6 manths, respectively. Water velocity
measurements were done during three characteristic situations: when water of IJsselmeer was let
in near Lemmer, when water was pumped into lJsseimeer near Lemmer and Stavoren, and when
a fairly hard north eastern wind was blowing. In the case of water inflow at Lemmer, 25-40% of
the water was fransported through the Follegasloot in direction Tjeukemeer, and 10-15% in
direction Siotermeer. In the case of pumping boezem water into \Jsseimeer near Lemmer and
Stavoren, the Lemmer station pumped out hardly any water that ariginated from Slotermeer, while
30% originated from Tjeukemeer. Wind appeared to have a great influence on the water transport
{Van Huet et af.,, 1987).

Leenen {1982) used a chioride mode! to calculate the inflow and outflow of Tjeukemeer in 1971,
resulting in a regression line between inflow to the lake and inflow near Lemmer and Stavoren. He
concluded that an assumption of instantaneous mixing in the lake, often used in mathematical
models, is only a mathematical tool and not realistic.

Brinkman et a/. (1987) reported upon a water quantity and guality model for the whole boezem
network. No wind data were used. The simulation results of these authors for nitrogen were quite
satisfactory. Resuits for phosphorus were not as good, probably because data of internal loading
were poor. Scenario calculations showed that flushing the whole boezem system with water of
WJsselmeer seemed to have a positive effect by a shift from a dominance of bilue-green algae
towards one of green algae, due to the shorter residence times. Flushing, however, will lead to
higher chloride concentrations in summer. The authars conciuded that this macro madel could be

a valvable tool for an integral water gquality management.
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Although in general water velocities are low (0-10 cm.s'}, an attempt was made to model
hydrology of the south western system using a more detailed network. A node-link mathematical
Chezy-model with wind terms (Qrlob, 1972; Lijklema and Van Straten, 1977} was used. For the
Frisian situation data on water levels at the systern boundaries, the partial water balance and wind
are needed. The simulation results describe the compiete water balance of the system, water
velocities (and thus discharges) in all canals and water lavels at all nodes. Research is in progress,

and results of simulation periods and sensitivity analysis will be reported elsewhere.

Water quality and external loading from polders

The differences in hydrology of Tjeukemeer and Slotermeer are reflected in the CI and total-P
concentrations of the lake water. In Fig. 3 these concentrations are given for 1984-1986. The
chioride sequence for Slotermeer (Fig. 3A} shows fewer fluctuations than that for Tjeukemeer (Figs.
3C,E). Chloride concentrations in Groote Brekken are highest because this lake is situated close to
the inflow location (Fig. 3G).

Total-P concentrations in summer are mostly above 0.15 mg.l" {Figs. 3B,D), which is the basic
water quality standard of this component for the period April-September laid down by the Water
Action Programme 1985-1889 of the Dutch Government. The winter total-P concentrations for
Tieukemeer are higher than for Slotermeer {Figs. 3B,D}). In winter when polder water was flowing
into the east of Tjeukemeer, average total-P concentrations were 0.28 mg.I" for 1984/1985 and
0.33 mg.I" for 1985/1986 and 1286/1987 {Fig. 3F). Near the inlet location at Lammer, while water
of 1Jsselmeer was flowing intc the boezem system, the average total-P concentration during
1984-1985 was 0.18 mg.I" (Fig. 3H). Thus total P concentrations in polder water are higher than
in water of lJsselmeer. As Tjeukemeer is receiving more water of surrounding polders than
Slotermeer {see alsa next paragraph), P loading in winter is highest in this lake.

Apart from the above CI fluctuations, the water ragime is reflected in the water colour of
Tjeukemeer: greenish in summer because of algal growth and brownish in winter because of humic
polder water.

During 1984-1986 transparency values of 20-60 cm were measured. The values are a result of
algal growth, humic compounds from polder water and/or resuspension by wind. In the same period
oxygen concentrations of 5-14 mg.I"' were measured, while the pH ranged from 8.5 to 10.5.

Since 1984 the Echtener Veenpolder, a polder south of Tjeukemeer, was intensively studied (see
Fig. 4}. Daily discharges ware registered and at several locations, especially near the pumping
station in the north, water was sampled and analysed for total-P weekly. Less frequently discharges
of 14 other polders were registered and water analysed for total-P concentrations,

Figure 5A shows total-P concentrations during September-December 1984 in a canal 30 metres

scuth of the pumping station of the Echtener Veenpolder. The concentrations are increasing in time,
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Fig. 4. The south western lake district and 15 of its surrounding sampled polders, The arrows mark
the locations of the pumping stations of the polders.

which might be due to increasing rainfall causing run-off and/or increased P release from sediments.
The regression lines {least squares method) show the concentrations at times when water was
pumped into the boezem {interrupted line) and when the pumping station was not in operation
(uninterrupted line). Probably pumping caused resuspension resulting in higher total-P
concentrations. The total-P load in the boezem fr_om this polder during this period was 2150 kg P.
The average standing stock of Tjeukemeer is about BOOO kg.

Figure 5B shows the average total-P concentrations in the same polder canal from south to north
during the same period (autumn 1984} and during spring 1986. The canal transports water of the
whale polder to the pumping station. Concentrations are increasing because from south to north
the Echtener Veenpolder is receiving more and mare water from agriculture and housing. The water
in the south of the polder could be characterized as boezem water because in the south there is
inflow of boezem water for flushing. Thus there is a P cantribution from the polder.

Figure 6A shows the quantities of water of 14 other polders {see Fig. 4), which are pumped into
the boezem system during April-December 1985, and Fig. 6b shows the quantities per hectare, Two
important conclusions can be drawn: first Tjeukemeer received much more polder water than for
instance Slotermeer {Fig. 6A|_ and second except for polders 23 and 25 the relative quantities did
not greatly differ (Fig. 6B). Apart from this Tjeukemeer is receiving polder water from the small river
Tionger. Thus the eastern part of the studied area is receiving more polder water than the western
part. In 1985 the average total-P concentration of water of the Echtener Veenpolder which was

pumped into Tjeukemeer was > 0.4 mg.I".
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Fig. 5. {A) Total-P concentrations (mg.I"") in a polder canal in the north of the Echtener Veenpolder
about 30 meters south of the pumping station. ll: Pumping station not in operation; [0 Pumping
station in operation, (B) Average total-P concentrations (mg.l") at 5 locations from south to north
(distances in metres) in the same canal. [1: Autumn 1984; x: Spring 1986.

Sedimentary P and internal loading

Sampling of sediments, for studying horizontal and vertical distribution of phosphorus and for
measuring and modelling internal loading, took place during 1984-1986 at 35 locations. The total-P
concentrations in sediments varied between 0.1 and 4.0 mg P g” of dry weight, which was in
agreement with other shallow eutrophicated Dutch lakes. There was a significant correlation with
Kjeldahl nitrogen concentrations. Sediments of Tjeukemeer were mostly peaty, while sediments of
Slotermeer were mostly sandy. Yet the P contents of these sediments did not differ much and were

relatively low. Peaty sediments of Brandemeer showed relatively high P contents just as did muddy
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Fig 6. {A) Water quantities of 15 polders during April-December 1985 pumped into the boezem
system. (B) The same expressed per hectare.

sediments near or in shipping channels and sediments of inflow/outflow locations of the lakes.
Probably at places where water velocities are relatively low a sedimentation of fine particles can
take place, and these sediments have high P contents. Figure 7 shows average total-P contents of
all stations for 7 sampling dates. P contents decrease with increasing sediment depth. At present
it is not clear if there are also yearly fluctuations.

Extraction experiments according to the extraction scheme of Hieltjes and Lijklema (1980)
showed that most P was iron- and aluminium-bound, except for sediments of Slotermeer in which
mainly loosely bound P was measured. Release experiments with winter samples showed an
increased flux after 1 week under laboratory conditions. Probably mineralisation due to activation
of the microbial figra was an important process. In general P fluxes were iess than 1 mg P.m’.d".

As more detailed research is in progress no further results of release experiments ara given here.
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Fig. 7. Average total-P contents in sediments of a¥ sampling stations in mg g of dry weight.
SUMMARY AND CONCLUDING REMARKS

Although there are so far no complete water and phosphorus balances and thus no modelling

results for policy and management, yet some important conclusions can be drawn:

1) The water of the study area is eutrophic. Total-P concentrations in summer are _mostlv above
0.15 mg.I", which is the basic water quality standard of the Dutch Government.

2) Hydrology plays an important role in the studied area. Especially the water quality of Tjeukemeer
is influenced by the summer and winter hydrology. Slotermeer appeared to be a relatively isolated

lake.

3) Hydrology in the summer period can be roughly studied by monitoring CI' concentrations at
several locations.

4) In 1985 it was estimated that about 90% of the inflowing water into Tjeukemeer originated from
polders.

5) Generally the total-P concentrations of polder water are higher than those of lJsselmeer water.

6) Total-P contents in sediments varied from 0.1 to 4.0 mg.g™ of dry weight. Most P was Fe- and
Al-bound. There was a slight tendency for decreasing P content with increasing sediment depth.

7) Phosphorus release experiments with winter sediments showed that P release was less than 1
mg P.m?.d". Probably the process was influenced by mineralisation.
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HORIZONTAL AND VERTICAL DISTRIBUTION AND SPECIATION OF PHOSFPHORUS
IN SEDIMENTS OF INTERCONNECTED AND EUTROPHIC POLDER LAKES IN SW
FRIESLAND, THE NETHERLANDS

Key words: sadiments, phosphorus, nitrogen, dry weight, loss on ignition, distribution, speciation,
polder lakes, eutrophication

ABSTRACT

To study horizontat and vertical distribution and speciation of phosphorus {P) in sediments of
interconnected, eutrophic lakes in sw Friesland, 34 stations were sampled ten times during 1984-
1987. Besides total phosphorus (TP), the sediments were analyzed for dry weight {DW), arganic
matter by loss on ignition (LOl), and Kjeldahl nitrogen {KjN). The hydrochemistry of the area is
strongly influenced by the man-made water regime.

Although TP varied greatly {(.01-7.78 mg.g” of PW)}, the marphometry of the area affects the
horizontal TP distributicn. This impact could be attributed to sediment nature angd water velocities.
Sediments at inflow/outflow locations exhibited higher mean TP contents {0.86 mg.g" of DW) than
sediments from the central lake areas {0.42 mg.g"' of DW). The TP contents increased from sandy
to peaty sediments and were highest in muddy sediments. Generally, TP contents decreased with
depth. There was a slight seasonal TP variation.

A significant interrelation of all variables studied was found for all sediments. The unexpected low
correlation between LOl and TP is probably due to the accurrence of P-poor substances next to P-
rich fresh crganic matter. The horizantal TP distribution is reflected in different correlations of lake
sediments and the rest of the samples. Extraction experiments indicated that most sadimentary P

was Fe-bound.
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INTRODUCTION

Area description

The shallow Frisian lakes are a part of the ‘boezem’, a system of interconnected canals and lakes
with a total water area of 140 km? {Fig. 1A}. The boezem is mainly used for regulating the water
table of Friesland. Generally, during the summer period {(April-October), inflow of relatively Ci~-rich
water from Lake 1Jsselmeer occurs, while in the winter period {October-April), when rainfall exceeds
evaporation, humic-rich superfluous water of the surrounding polders is purmped into the boezem.
In summer inflow of hoezem water into the surrounding polders occurs and in winter the excess of
boezem water is purmnped into lJsseimeer or flows into the Waddensea.

In the research area, with a total water surface area of 40 km?, five adjacent lakes {Tjeukemeer,
Slotermeer, Groote Brekken, Koevorder Meer, and Brandemeer} and interconnecting canals are
focated near one of the major inflow and pumping stations of the Frisian boezem {Fig. 1B). As far
as known the lakes originated by excavation of surface peat for fuel, by peat burning and by floads
from the sea. The thickness of the peat layer limited tha mean depths of the lakes to 1-2 m. The
underlying layers consist of sand, clay and loam, so that the lake sediments are a mosaic of peat,
sand, loarm and clay. The fartuitous creation of the lakes caused their irregular shapes and sizes
{Beattie et a/., 1978}.

The seasonally inversgs water flow is reflected in the CIf concentration and the humus
concentration. In Tjeukemeer, for example, in summer the CI” concentration ¢an reach values of
more than 200 mg.l”, while in winter the concentration drops below 50 mg.l"". In winter the optical
density of the water at 365 om (E365), increases two to four fold (De Haan, 1982). The high
nutrient concentrations in the polder water, sometimes exceeding 1.0 mg.I' of TP {TP} and 10
mg.I" of total nitrogen (TN}, probably are the result of processes such as leaching and surface
runoff. The eutrophic nature of the inflowing |Jsselmeer water is partly due to the inflow of
nutrient-rich haline River Rhine water into the |Jsselmeer.

Thus, the man-made water regime leads to highly eutrophic lakes. The TP and TN concentrations
may exceed 0.15 and 2.0 mg.I", respectively, which are the basic water quality standards for these
parameters laid by the Water Action Programme 1985-1988 of the Dutch Government. These high
nutrient levels lead to maximum summer chlorophyll-a concentrations of over 150 pg.l' with
occasional pH rises beyand 10.0. The pH of the lake water does not drop below 7.Q. For more
details about the hydrology and water regime, limnology, water quality parameters, eutrophication
and aigal pericdicity of the Frisian lakes see Beattie er af. {1978}, Leenen {1982), Moed and
Hoogveld (1982}, De Haan and Meed (1985), Claassen {1986} and Van Huet er a/. {1987) and Van
Huet {1890). However, the role of the sediments in the eutrophication process, for example the

influence of P-release, remained obscure.
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Fig.1. A: The province of Friesland and its boezem system. B: The south-western lake district {®_:
system boundaries; RWZI: waste water treatment plants; RW90: motorway, from Van Huet et a/.,
1987). C: Sediment sampling stations.

P dynamics in sediments

P dynamics in sediments are complex and a result of physical processes (sedimentation,
resuspension, seepage, diffusion, erosion, mixing, external loading), chemical processes (adsorption,
desarption, redox reactions, precipitation} and biological processes {mineralization, bioturbation).
P release may be influenced by pH (Lijklema, 1980; Boers and Van Liere, 1986), temperature
{Kelderman, 1984, Boers, 1986}, oxygen contents in the upper sediment layer {Theis and McCabe,
1978; Bostrom, 1984), age of sediments (Lijklema, 1980; Herodek and Istvanovics, 1986),
groundwater movements {Van Liere and Mur, 1982; Van Raaphorst and Brinkman, 1984), P
concentrations in overlying water (Kelderman, 1984) and P concentrations in interstitial water

{Brinkman and Van Raaphorst, 1986).
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In this paper the results of the study of distribution and speciation of sedimentary P in the sw
Frisian lake district are reported. Emphasis was given to the possible relation between horizontal and
vertical distribution of sedimentary P and the morphometry and hydrology of the area. A P
speciation study of a few sediment types was done in order to obtain a general impression.
Additionally, we studied whether TP was related to other sediment characteristics such as dry
weight {DW}, Loss on ignition {LO1), Kjeldahl nitragen {KjN} and sediment type.

The results of this distribution study and of a P-release study, which is in progress, should lead
to quantification of the sedimentary P contribution and the impact on the eutrophication in the

research area.

MATERIALS AND METHODS

Sampling

n order 10 study the distribution of sedimentary TP, 34 sampling stations were selected so as to
cover the five lakes, their inflow and outflow locations, and their interconnecting canals {Fig. 1C}.
During 1284-1987 sediments were sampled in spring, summer, and autumn. Because of technical
reasons data of spring 1984 and summer 1985 are lacking, as well as canal data of summer 1984,

Faor the TP speciation study four sampling sites were selected. Three of them (8, 40, and 59) lie
in lakes, while sampling site 61 is a canal station. Sampling occurred on December 10, 1984,
Sediment sampling was conducted according to Van Raaphorst and Brinkman {1984). The sampler
consists of a stainless steel cutter head and a separate perspex inner tube {length = 40 cm;
diameter = 5 cm). The sampler is driven into the sediment by hand. In this way relatively

undisturbed samples can be taken.

Visual sediment characterization and analysis

Each sediment sample was characterized visually on its contents of mud, peat, clay, loam and
sand. The sampled cores were cut inta three segments: 0-2, 2-5, and 5-10 cm from the upper
surface. These subsamples were analyzed for DW, LOI, TP, and KjN.

DW was determined by drying at 103 °C. Organic matter was estimated as LOl upon heating at
600 °C during 45 minutes. TP in sediments was determined after hydrolysis to PO,-P. Wet
sediments were analyzed by suspending 10 g in 250 ml of water. From this suspension, 5 ml,
diluted with 15 ml of water, were hydrolysed with 2 ml of 7N H,SO, containing 135 g.I'" of K,S0,
during three times 30 minutes at 125, 150 and 200 °C and 90 minutes at 370 °C. After hydrolysis

the samples were replenished up to 75 ml. The hydrolysates were neutralised and analyzed for
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PO,-P with molybdenum blue after Murphy and Riley (1962). The hydrolysates were analyzed for
NH,-N with sodiumsalicylate and sodium-dichloro-cyanurate, according to the Dutch Standacd
Methods.

P speciation studies

The sediment samples were successively extracted with 1 M NH,Cl, 0.1 M NaQOH, and 0.5 M HCI
after the stepwise fractionating scheme of Hielties and Lijklema (1380). Per mg of dry sediment 1
ml of extractant was used. In this way it was tried to fractionate sedimentary P into loosely
adsorbed P, Fe and Al bound P, and P incorporated in {mainly] Ca compounds, respectively.
Phosphorus included in clays and other minerals resistant against NaOH and HCI are not extracted
by this method. The residual part, TP minus the sum of the other fractions is often considered to
be organically bound P {Bostrom, 1984, Pattersson, 1984; Jansson, 1988}. The extracts were

analyzed for TP.

RESULTS AND DISCUSSION
Reproducibility

Although every possible effort was made to sampie each time at the same locations, this was not
always possible because of, for example, waves and navigation problems. By way of experiment,
on one occasion two samples were taken 2 or 3 meters apart at three locations, in order to test the
variability induced by sampling. It appeared that large differences in P contents may occur between
these ‘duplicates’ {Table t}. This might be the result of an irregular pattern of the bottom. For
example, deeper parts can contain muddy sediments with high TP contents {see the section
Horizontal P distribution, sediment type and influence of water transport). Thaerefore, conclusions
based on individual measurements at individual locations are unretiable. Large spatial variability must
be kept in mind in interpreting results. However, the detrimental effect of the sampling variability
is considerably mitigated by the large number of sampling locations involved, and by the repetition
over a number of years. Therefore, a statistical correlation analysis of our results would give a fair

impression of relation between sediment characteristics.
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Table 1. Sedimentary TP contents (mg.g”’ DW) of ‘duplicate’ samples from three locations.

Location 10 18 38

Subsample 1 2 1 2 1 2
Layer 0-2 cm 0.10 0.81 1.50 1.49 0.29 0.38
Layer 2-5 em 0.14 1.14 1.03 0.29 0.22 0.17
Layer %5-10 cm 0.19 0.43 1.22 0.36 0.20 0.19

Visual sediment characterization

Fig. 2 shows an impression of the sediment type of lake stations, stations at inflow/outflow sites
and stations in canals at the ten dates. Although this visual characterization is the result of a
subjective observation, it gave a rather consistent pattern within the three groups, as well as of the
separate sampling sites. Fig. 2 shows that lake sediments are sandy and to a lesser extent peaty
and/or muddy. Most sediments at the inflow/outflow peints are muddy, while sediments in the
canals are muddy, sandy and/or peaty. On the whole, the compaosition of the lake sediments
appeared to be maost variable. This result may partly be due to the larger difficulty of finding the
right positian while being on a lake, and partly because of wind-induced transport of sedimentary

material.

Mean values for DW, LOI, TP and KiN

Table 2 shows the number, minimum, maximum, means, population standard deviation and
coefficient of variation (standard deviation divided by the mean value x100%) of DW, LOI, TP, and
KjN of all analyzed samples. The range for TP is 0.01- 7.78 mg.g™' DW, which does not differ much
from fiterature ranges {Dutch lakes: Hieltjes, 1980; Boers et a., 1983; Klapwijk and Bruning, 1986;
ather European or American lakes: Theis and McCabe, 1978; Hakanson, 1984; Herodek and
Istvanovics, 1986; Ostrovsky, 1987; Nurnberg, 1988). There are large differences in minimum and
maximum values, leading to rather high standard deviations. The coefficient of variation is highest
for TP, intermaediate for KjN and LQI, and lowest for DW. Kiapwijk and Bruning {1986} and Siebers
{1985) also report a rather high variability of P in sediments of Dutch lakes. The distribution for TP
data was examined (all valves as well as valuas per group and per layer, see below), by use of the
Wilk-Shapiro statistic and rankit plots. The rankit plots of the log transformed values showed
straight lines, while the Witk-Shapiro values were close to 1, indicating that TP values were
approximately log-normally distributed.
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Fig. 2. Sediment type in % of lake sediments, sediments at inflow/outflow sites of lakes and canal
sediments (M = mud; S = sand; P = peat; C = clay; L = loam).

Table 2. Number of data, minimum, maximum, means, standard deviation and coefficient of
variation for DW, LOI, TP and KjN of 34 stations sampled ten times during 1984-1987.

DM Lal P KiN

(%) (% of DW) (ng.g' DW) {mg.g"' DW)
Number 976 201 976 976
Minimum 5.7 0.1 0.0t 2.0
Maximum 88.7 95.5 7.78 47.85
Mean 33.3 24.9 0.43 4.61
Stand. dev. 20.5 23.4 0.7% 4.66
Coeff. Var.(X) 61.6 4.0 125.4 101.1

Table 3 shows the mean values of DW, LOI, TP and KjN for all layers together and for each layer
separately for all stations and per group of stations. It can be conciuded that DW, LCI and KjN in
lake sediments deviate in their depth profile from the two other groups. Organic matter, measured
as LOI, in lake sediments is increasing with depth, reflecting the peat origin of the lakes.

As in this paper the sedimentary TP contents are emphasized, a further analysis was made of
these values. The calculated mean values in Table 3 are not indicative for the status, as the
distribution is log-normal, Therefore, in Table 3 also the geometrical means of TP are given, which
might lead to a clearer interpretatian. It can be concfuded that, the trends far TP are the same in
the averages as in the geametrical mean values.

Further statistical analysis, by applying an analysis of variance (F-test} to the log transformed TP
values, indicated that a significant decrease with depth occurred for all groups of stations

(p=0.0162). In addition, also the values within each group decreased significantly with depth.






