
Light climate and its impact on Potamogeton pectinatus L. in 

a shallow eutrophic lake 

0000 0456 7224 



Promotoren: dr WJ. Wolff, 
hoogleraar in de Aquatische Ecologie 
dr C.W. Stortenbeker, 
emeritus hoogleraar in Natuurbeheer en -behoud 



V* .,C^^\ M~> + 

Light climate and its impact on Potamogeton pectinatus L. in 

a shallow eutrophic lake 

G.M. van Dijk 

Proefschrift 
ter verkrijging van de graad van doctor 

in de landbouw- en milieuwetenschappen, 
op gezag van de rector magnificus, 

dr H.C. van der Plas 
in het openbaar te verdedigen 

op woendag 11 december 1991 
des namiddags te vier uur in de aula 

van de Landbouwuniversiteit te Wageningen. 

i on : SSIQ^O . 



BII3W. ... 
ESMDBOUWUNlVEKSnMB 

BEAGENINGEM 

Voor mijn ouders 



M N d ) ^ ', / V ^ ^ 

Stellingen 

1 De rol van opwerveling van bodemmateriaal voor het lichtklimaat van de 
ondergedoken waterplant, zoals aangetoond in het Veluwemeer, is onvoldoende 
onderkend. 
Dit proefschrift 

2 Beheersmaatregelen die de opwerveling van bodemmateriaal verminderen hebben in 
het Veluwemeer op korte termijn een hoger rendement in termen van herstel van de 
begroeiing met waterplanten, dan beheersmaatregelen die een verlaging van het 
nutrientenniveau beogen. 
Dit proefschrift 

3 Het begin van de tuberproduktie van Potamogeton pectinatus L. wordt bepaald door 
de fotoperiode; het aantal tubers hangt af van de fotosynthetische periode. 
Dit proefschrift 

4 In het Veluwemeer hangt de vegetatieontwikkeling van Potamogeton pectinatus L. 
niet alleen af van de waterkwaliteit in het groeiseizoen maar ook, via de tuberbank, 
van de waterkwaliteit in de voorgaande groeiperiode(n). 
Dit proefschrift 

5 Er is niets bekend over de ecologische gevolgen van een normstelling voor stoffen die 
95% van de soorten veiligstelt. 
n.a.v. Kooijman (1987), Van Straalen & Denneman (1989), Aldenberg & Slob (1991) 

6 Bij experimented veldonderzoek in grootschalige systemen (meren, rivieren, etc.) is 
replicatie vaak onmogelijk. Past men toch replicatie toe, dan dient men niet in de val 
van pseudoreplicatie te lopen. 
Hurlbert, 1984 

7 De invasie van Corophium curvispinum in de Rijn illustreert dat restauratie van 
aangetaste ecosystemen op soortniveau niet voorspelbaar is. 
n.a.v. Van den Brink, Van der Velde & Bij de Vaate (1991) 

8 'Zorg ervoor dat je natuurlijk speelt - tast die grenzen af. Aan die grenzen voorbijgaan 
is voorbijgaan aan de essentie van het toneel.' 
W. Shakespeare: Hamlet (Vertaling: J. Boonen) 

9 blauwte x geelte = groente 
Pierre Thielen, titel van een vijfluik 

10 Ter verhoging van de effectiviteit van een staking bij het openbaar vervoer verdient 
het aanbeveling de treinen op spoorwegovergangen te parkeren. 

11 Wie altijd met beide benen op de grond blijft staan, komt slechts langzaam vooruit. 

11 december 1991 Gerda van Dijk 



Voorwoord 

Dit proefschrift is tot stand gekomen dankzij de inzet en inbreng van vele 
betrokkenen. Graag wil ik iedereen die op enigerlei wijze een bijdrage aan dit 
proefschrift heeft geleverd bedanken. Daarbij wil ik de volgende instanties en 
personen graag met name noemen. 
Dit proefschrift is gebaseerd op gegevens verzameld in het kader van het project 
'Licht en Waterplanten in het Veluwemeer' uitgevoerd in opdracht van het 
Rijksinstituut voor Integraal Zoetwaterbeheer en Afvalwaterbehandeling. Ik ben het 
RIZA zeer erkentelijk dat ik de verzamelde gegevens tot dit proefschrift heb kunnen 
verwerken. De Dienst Zuiderzee Werken droeg zorg voor het op- en afbouwen van 
de proefopstelling. Graag wil ik het RIZA en DZW bedanken voor de goede 
samenwerking. 
Prof, dr W. van Vierssen wil ik bedanken voor het opzetten en begeleiden van het 
project 'Licht en Waterplanten' waarop dit proefschrift is gebaseerd. Een groot deel 
van de gedachten gepresenteerd in dit proefschrift zijn voortgekomen uit door zijn 
onderzoeksgroep geformuleerde hypotheses. Deze onderzoeksgroep bestaande uit Jan 
Vermaat, Michiel Hootsmans, Katja Philippart en ondergetekende, ondersteund door 
Andre Breukelaar en Ronald Gijlstra vormde een inspirerende omgeving voor 
wetenschappelijke en andere discussies. Op deze plaats wil ik mijn collega's van deze 
groep graag bedanken. 
Mijn promotoren Prof, dr W.J. Wolff en Prof, dr C.W. Stortenbeker wil ik bedanken 
voor hun steun en de ruimte die zij mij gaven om dit proefschrift af te ronden. 
Mijn collega's van de vakgroep Natuurbeheer ben ik zeer erkentelijk voor hun 
wetenschappelijke, morele en praktische ondersteuning. Daarbij wil ik speciaal Theo 
Brock bedanken. Zijn collegialiteit was belangrijk voor de totstandkoming van dit 
proefschrift. 
De referenten van de verschillende hoofdstukken ben ik zeer erkentelijk voor hun 
advies en opbouwende kritiek. 
Bert Koops, Rene Lobbes en Hans Kieft wil ik bedanken voor hun assistentie bij het 
vele veldwerk onder alle weersomstandigheden en het analyseren van een eindeloze 
datareeks. Met veel plezier heb ik met hen samen gewerkt. 
Doctoraalstudenten hebben veel gegevens verzameld waarvan helaas maar een 
beperkt deel in dit proefschrift kon worden verwerkt. Eric Achterberg, Ineke Barten, 
Rob Koeze, Remy Oosterhout, Saskia Rebers, Astrid Smit, Jurgen Vet, Margriet de 
Vries en Anja Wilms wil ik hier bedanken voor hun enthousiaste inzet die niet alleen 
hun eigen onderzoek betrof. 
Mijn collega's van het RIN ben ik zeer erkentelijk voor hun collegiale ondersteuning 
tijdens de fase van de 'laatste loodjes'. 
Casper, bedankt. 

Gerda van Dijk, Amsterdam 
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II 
Introduction 

General introduction 

It is widely recognized that submerged macrophytes play an important role in a 
variety of aquatic ecosystems (e.g. Hutchinson, 1975; Wetzel, 1983). Submerged 
macrophytes affect the physical environment (light climate, water temperature, water 
movement and wave action, substrate, etc.), the chemical environment (oxygen, 
inorganic and organic carbon, nutrients, etc.) and biotic interactions. The latter involve 
the use of macrophytes as habitat or food by other organisms both aquatic and 
terrestrial (e.g. epiphytes, grazers, detrivores, fish, waterfowl) (see also review by 
Carpenter and Lodge, 1986). 

Eutrophication threatens many macrophyte dominated aquatic ecosystems all over the 
world. As a result of severe eutrophication a marked decline in abundance of the 
submerged vegetation has been recorded in many freshwaters as well as lacustrine and 
marine waters in Europe (e.g. Schiemer and Prosser, 1976; Phillips et al, 1978; 
Ozimek and Kowalczewski, 1984; Lachavanne, 1985, De Nie, 1987), North-America 
(e.g. Jones et al, 1983; Kemp et al, 1983; Twilley et al, 1985), Australia (e.g. Congdon 
and McComb, 1979; Bulthuis and Woelkerling, 1983) and Asia (e.g. Kunii and Maeda, 
1982). Considerable reductions in submerged macrophyte abundance have been 
reported for various eutrophicated freshwater lakes in The Netherlands also (e.g. Best 
et al, 1984; Van Liere, 1986; Best, 1987). 

The observed dwindling in the submerged vegetation with gradual nutrient additions 
has been explained by an associated promotion of phytoplanktonic (Jupp and Spence, 
1977) and epiphytic growth (Sand-Jensen and S0ndergaard, 1981; Sand-Jensen and 
Borum, 1984) resulting in reduced light availability to the macrophytes. Additionally, 
the molecular transport between the leaves and the ambient water may be inhibited 
by the presence of a dense periphytic layer giving a noticeable reduction in 
photosynthetic rate of the macrophytes (Sand-Jensen, 1977; Sand-Jensen et al, 1985). 
Allelopathic interactions between macrophytes and phytoplanktonic algae may be 
involved as well (Phillips et al, 1978; Wium-Andersen et al, 1982). More recently, it is 
argued that a poisoning of the community of cladocerans by organochlorine 
insecticides likely caused the switch from macrophyte to phytoplankton dominance. 
These insecticides were widely used in the 1950s and 1960s and cladocerans are 
particularly sensitive to organochlorines. Poisoning of the cladocerans allows 
phytoplankton to take advantage of the increased nutrient load because of reduced 



grazing (Stansfield et al, 1989). 
Apparently, various mechanisms may be involved in the replacement of macrophyte 
dominance by that of phytoplankton in case of eutrophication. However, it is generally 
accepted that unfavourable light climate conditions play a key role through reduced 
photosynthesis in the observed macrophyte declines. When the amount of 
photosynthetically active radiation (PAR) exceeds the light compensation point (LCP), 
net growth may be expected to occur, but the population dynamics of aquatic 
macrophytes do not depend on growth rates only. Many species have to survive 
periods unsuitable for vegetative growth each year. The life cycle of many 
macrophytes is characterized by the annual production of either generative (seeds) or 
vegetative (tubers or turions) propagules or both, to survive such periods. The 
unfavourable period in the temperate zone is usually the winter season. Therefore, the 
annual regeneration of the vegetation largely depends on the number and quality of 
the propagules being produced (Van Vierssen, 1990). Hence, to consider the life cycle 
and survival mechanisms of aquatic macrophytes is also important in evaluating the 
causes of their decline. 
The present studies aim at making a contribution to a better understanding of the role 
of light climate on the dynamics of a submerged vegetation dominated by 
Potamogeton pectinatus L. in a shallow eutrophic lake (Lake Veluwe) in the temperate 
zone. 

Study site 

Lake Veluwe is one of the manmade lakes formed along with land reclamation in the 
IJsselmeer district between the dikes of the Flevoland polders and the former 
coastline of the 'old land' in 1957. Some selected morphometric and physical 
characteristics of Lake Veluwe are presented in Table 1. 
Lake Veluwe was characterized by a high transparency of the water and a dense 
submerged vegetation with Chara sp. and Potamogeton perfoliatus L. as the dominant 
macrophytes and with locally a dense vegetation of Myriophyllum spicatum L., Elodea 
canadensis Rich., Ranunculus circinatum Sibth. and Alisma gramineum Gmel. in its 
early years (Leentvaar, 1961). The system gradually changed into a cyanobacteria 
dominated system due to severe anthropogenic eutrophication starting in the early 
sixties. Oscillatoria agardhii Gomont was the dominant species during the 1970s 
(Brinkman and Van Raaphorst, 1986). Probably, light became limiting for growth of 
the submerged macrophytes and consequently, the submerged vegetation disappeared 
almost completely. Only monospecific stands of Potamogeton pectinatus L. remained, 
with P. perfoliatus stands less frequent at certain sites (Bick and Van Schaik, 1980). 
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Table 1: Summary of some selected morphometric and physical characteristics of Lake Veluwe 
after Hosper (1983) and Brinkman and Van Raaphorst (1986). 

Characteristic Lake 

Area 
Volume 
Direction of major axis 
Mean depth 

ca. 70% of total area 
ca. 24% of total area 
ca. 6% of total area 

Primary inflow sources 

Primary outflow mechanisms 

Sediment characteristics 
more deeper parts 
more shallow parts 

32.4 km2 

41.5 * 106 m3 

N E - S W 
1.15 m (summer) - 1.40 m (winter) 
depth <0.90 m 
depth 0.90 m - 2.00 m 
depth >3.70 m 
streams, precipitation, seepage (from the 
'old' land, sewage plants, sluices 
pumping, seepage (to the polders), 
evaporation, sluices 

silty and clayish 
sandy 

Light penetration increased considerably in the 1980s because of lower phytoplankton 

due to a reduction in the external phosphorus loading and through regularly flushing 

of the lake (Hosper, 1984). As a result the underwater light climate improved and the 

macrophyte vegetation slowly recovered. P. pectinatus became the dominant 

macrophyte. However, a complete recovery was not established and Lake Veluwe was 

still characterized as a turbid eutrophic lake with low macrophyte biomass at the time 

of the present studies. Some chemical characteristics of Lake Veluwe at that time are 

summarized in Table 2. 

The present studies 

Various studies have described effects of eutrophication on algal and vascular plant 

growth or abundance, but few have examined interactive mechanisms directly under 

field conditions. In the present studies, the impact of light climate on submerged 

macrophytes has been investigated under controlled field conditions. The hypothesis is 

tested that the low macrophyte biomass in Lake Veluwe can be explained in terms of 

high phytoplanktonic and epiphytic algal biomass, which decreases the available light 

to leaves for macrophyte productivity. 
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Main objectives of the present studies are: 
- to elucidate quantitative and qualitative aspects of the light climate for the 

submerged macrophytes, 
- to gain insight into the factors governing light climate for the submerged 

macrophytes, 
- to elucidate the impact of light climate on growth and survival of a P. pectinatus 

population in Lake Veluwe. 

In Chapter 2, the underwater light climate is characterized in terms of amount and 
spectral composition of PAR during the growing season of P. pectinatus in 1986 and 
1987. Furthermore, the relative contribution of water itself, gilvin (defined as the 
filtrate passing through a filter of 0.22 jum), phytoplankton and tripton (detrital and 
inorganic particulate matter) to the attenuation of irradiance by the water column are 
determined. Special attention is paid to the impact of wind-induced resuspension of 
sediment particles. 

Table 2: Mean, minimum and maximum value of some chemical parameters of Lake Veluwe 
measured fortnightly (around noon) in 1986 (from 2 April until 27 October) and 1987 (from 
15 April until 30 September), respectively. 

Parameter mean min max 

1986 

Total nitrogen (mg.r1) 1.48 0.82 3.04 
Total phosphorus (mg.l1) 0.12 0.01 0.32 
Carbonate (mg.l1) 4.5 0 18 
Bicarbonate (mg.l1) 101 17 154 
Ph 8.5 7.9 9.5 

1987 

Total nitrogen (mg.l1) -* 
Total phosphorus (mg.l"1) 
Carbonate (mg.l1) 5.2 0 13 
Bicarbonate (mg.l1) 107 60 140 
pH 8.8 8.4 9.1 

-* not measured 

12 



In Chapter 3, mass dynamics and attenuation characteristics of periphyton upon 
artificial substrate are studied during two subsequent growing seasons (1986 and 1987) 
under four experimental light conditions. Concurrently, additional observations are 
made on periphyton upon leaves of P. pectinatus. Insight is given in the potential 
impact of periphyton on light climate of submerged macrophytes during the growing 
season and the impact of light climate in the water column on the attenuation 
characteristics of the periphytic layer. 

Chapters 4 and 5 deal with the impact of light climate on the growth and survival of a 
P. pectinatus population. In Lake Veluwe, P. pectinatus performs an annual life cycle 
and survives the winter period unfavourable for growth by means of vegetative 
propagules: tubers. The annual reestablishment of the vegetation depends almost 
completely on tubers (Van Wijk, 1988). 
In the present studies, the photon flux density is experimentally manipulated by 
creating three levels of shading and one control situation in a more or less 
homogeneous P. pectinatus vegetation in Lake Veluwe. Chapter 4 provides 
information on the impact of light climate on the seasonal dynamics of P. pectinatus 
biomass during the growing season of 1986. Insight is given in the impact of light 
climate on the biomass dynamics, tuber induction and production, and size of the 
tuber bank. 

Chapter 5 discusses the results concerning the biomass development and survival of P. 
pectinatus in various experimental areas varying in light climate and light climate 
history during three growing seasons (1986-1988). Main objective of this Chapter is 
assessing the impact of light climate history on biomass dynamics and survival of a P. 
pectinatus population. Furthermore, the regeneration potential of a P. pectinatus 
population which had been shaded in the previous season(s) has been studied under 
Lake Veluwe conditions. Insight is gained in the importance of the hibernated tuber 
bank as a controlling factor for biomass dynamics and survival of a P. pectinatus 
population. 

In the final chapter, Chapter 6, an overview is given of the role of macrophytes in 
some well-documented restoration projects of eutrophic lakes in The Netherlands. 
Taking into account the conclusions of Chapters 2 and 3, expectations for large scale 
restoration projects and the potential role of submerged macrophytes before and after 
biomanipulation are discussed. 
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2| 
Light climate in the water column of a shallow eutrophic lake 
(Lake Veluwe) in The Netherlands 

with Eric P. Achterberg 

Abstract 

In situ irradiance measurements were performed during 1986 and 1987, to obtain 
information on the nature of the light climate and on factors governing the absorption 
(a), scattering (ft) and beam attenuation coefficient (c) in the water column of a 
shallow eutrophic lake (Lake Veluwe). 
Phytoplankton chlorophyll-a concentration ranged from 2 to 85 mg.m"3, the seston 
concentration from 8 to 148 mg dry weight.l'1 and gilvin concentration from 0.79 to 
1.11 m1 (gm). 
The vertical attenuation coefficient (Kd) varied between 1.56 and 6.76 m'1. The 
relative effects of water itself, gilvin, phytoplankton, and tripton on a, b and c showed 
relatively small seasonal variation. The relative effects of water and gilvin on c were of 
minor importance (less than 10%). Phytoplankton attributed 6 to 20% to a, 3 to 33% 
(with a peak value of 55%) to b and less than 30% to c. Tripton was the dominant 
factor determining the diminution of irradiance penetrating the water column in Lake 
Veluwe. Irradiance was strongly scattered which was mainly due to tripton. 
The spectral distribution of the photosynthetically active radiation was progressively 
compressed with depth into a region between 550 and 700 nm. Water absorbed 
strongly in the red regions of the spectrum, and gilvin and seston in the blue regions. 
The seston concentration was positively correlated with wind-induced resuspension of 
bottom material. 
It was concluded that an improvement of the underwater light climate requires a 
reduction in resuspension of bottom particles. 
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Introduction 

The growth of submerged macrophytes is limited by the nature of the light climate in 
the water column in many eutrophic waters. The underwater light climate in aquatic 
ecosystems is the result of incident solar radiance, reflectance properties of the water 
surface, and absorption and scattering properties of components comprising the water 
column. The absorption and scattering of irradiance within natural waters is 
attributable to the water itself, gilvin (defined as the filtrate passing through a filter of 
0.22 /im), phytoplankton and tripton (detrital and inorganic particulate matter) (Kirk, 
1983). 
The optical properties of natural waters can usefully be separated into inherent and 
apparent optical properties. The inherent properties are those whose operational 
value at a given point in a given medium are independent of changes in the radiance 
distribution. These are the absorption coefficient, the scattering coefficient, the beam 
attenuation coefficient (being equal to the sum of the absorption and the scattering 
coefficient), and the volume scattering function which describes the angular 
distribution of scattering. All these properties are defined in terms of the behaviour of 
a hypothetical parallel beam of irradiance incident on a thin layer of the medium and 
can so be regarded as properties belonging to the water itself, regardless of the light 
regime to which the water might be exposed in nature. In principle, all these proper­
ties can be measured in water samples from the field under laboratory conditions. 
The apparent optical properties are those whose operational value at a given point in 
a given medium are not independent of changes in the radiance distribution. Vertical 
attenuation coefficient and reflectance (ratio of upward to downward irradiance) are 
apparent optical properties. The apparent optical properties can only be measured in 
the water body itself. The apparent properties define the light climate within the 
water column and these very properties are routinely measured by limnologists who 
deal with photosynthesis or underwater visibility. However, to understand the impact 
of the various absorbing and scattering components of the aquatic medium on the 
underwater light climate, their effect on the inherent optical properties must be 
considered. 

Recently, progress has been made in analyzing in situ irradiance measurements to 
obtain information on the scattering and absorption properties of the water column 
(e.g. Kirk, 1983). Furthermore, both field and laboratory studies derived predictive 
relationships between concentrations of the constituents in the water column and ab­
sorption and scattering properties (Vant and Davies-Colley, 1984; Weidemann and 
Bannister, 1986; Morel, 1987; Effler et al, 1988; Oliver and Ganf, 1988). These results 
seem to open the way to simple, theoretically sound, examinations of the light climate 
in an aquatic medium. In the present Chapter light climate in the water column of 
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Lake Veluwe is studied during two years (1986-1987). 
Wind-induced resuspension of sediment particles plays an important role in Lake 
Veluwe (Brinkman and Van Raaphorst, 1986). Consequently, wind-induced turbulence 
may increase the attenuation of penetrating irradiance considerably in Lake Veluwe. 
Main purpose of the present Chapter is to describe the underwater light climate in 
terms of amount and spectral composition of photosynthetically active radiation 
(PAR). The relative effects of pure water, gilvin, phytoplankton, and tripton on 
irradiance quantity and quality are examined as well as the extent to which wind-
induced resuspension of sediment particles affects the underwater light climate in 
Lake Veluwe. 

Materials and methods 

Seston 
Water samples were taken fortnightly at the water surface at a fixed location in Lake 
Veluwe, during the periods April-October 1986 and 1987. Lake water (200 to 1000 
ml) was filtered (precombusted and preweighted Whatman GF/C filters) in fourfold 
for mass determination of the seston. The filters with seston were dried (105 °C, 24 
h), weighted (dry weight; DW) and subsequently ashed (510 °C, 4 h) and weighted 
again (ash weight; AW). Ash-free dry weight (AFDW) was calculated by subtracting 
AW from DW. 
For seston chlorophyll-a content determinations, lake water (200 to 1000 ml) was 
filtered (Whatman GF/C filters) in fourfold. These filters with collected matter were 
deep frozen until they were treated according to the method of Vernon (1960), 
modified following Moed and Hallegraeff (1978) to control post-acidification Ph in the 
sample. 
Generally, the variation in procedure of seston mass and chlorophyll-a content was 
less than 10%. 
Dominant phytoplankton genera were determined by counting at random 100 to 200 
individual algae in a concentrated water sample using a phase-contrast microscope. 

Light climate 
Upwelling and downwelling PAR (400-700 nm) were measured during the periods 
from May until September 1986 and 1987. Three Bottemanne RA 200 A Quantum 
Sensors (flat-plate, cosine-law) were clamped to a floating device, in such a way that 
the sensors were positioned at fixed depths relative to the water surface, independent 
of wave motion or changes in water level. The downwelling irradiance was measured 
at depths of 0.15 and 0.30 m; the upwelling irradiance at a depth of 0.35 m. The 
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upward irradiance was assumed to be unaffected by bottom reflection at the depth of 
measurements. The maximum depth of the lake at the location was only about 0.70 m 
but the bottom was relatively dark brown coloured. PAR was measured every minute 
simultaneously with water temperature. Mean PAR of the last 15 measurements was 
recorded digitally every 15 minutes. 
The spectral distribution of downwelling PAR was measured at different depths in 
Lake Veluwe using a submersible spectroradiometer (Techtum QSM 2500). 
Changeable incident irradiance due to variable meteorological conditions during the 
measurements was corrected by referencing the spectral distribution measurements to 
the incident PAR measured simultaneously by a Bottemanne quantum sensor placed 
in open air. 
Absorption spectra for gilvin were obtained from irradiance spectra of filtered lake 
water (Millipore filters 0.22 ixm) relative to distilled water. An experimental setup was 
used, consisting of the Techtum spectroradiometer placed underneath a vertically 
placed long tube (height: 2.00 m, diameter: 0.085 m) with a silver coating on the 
inside and a bottom of glass. The irradiance source was a 500 W halogen lamp. 

Wind 
Wind velocity and direction were measured continuously using an anemometer. Mean 
daily values were calculated. 

Sedimentation 
Sedimentation rate was determined by using cylindrical sediment traps having a 
height:diameter ratio of 10 and a diameter of 0.015 m. Cylindrical traps give the most 
reliable estimations for sedimentation (Brinkman and Van Raaphorst, 1986). The 
used traps were deep and narrow enough to prevent resuspension (Blomqvist and 
Kofoed, 1981). The traps were placed vertically in a frame on a fixed location nearby 
the experimental setup for irradiance measurements with the opening at a depth of 
ca. 0.50 m (pa. 0.20 m above the bottom). 

The traps were emptied fortnightly (3 to 5 replicates). The overlying water was 
decanted carefully. Settled matter was collected in preweighted porcelain cups and 
dried to constant weight (24h, 105°C). AFDW was calculated after combustion at 
550°C (4h). 
The attenuation spectra of the settled matter were determined on 4 and 18 August, 
1986. Trapped matter was resuspended (3 traps) in distilled water (4 1) and was 
measured against distilled water (4 1) in the same experimental setup described above. 
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Calculations and statistical analyses 
The daily mean downwelling vertical attenuation coefficient (Kd) and the daily mean 
reflectance (R) were calculated from the PAR values registrated every 15 minutes, in 
case the irradiance reaching the lowest sensor exceeded 10 ^E.m^.s'1. Kd was 
calculated according Lambert-Beer's law and R as the ratio of upwelling to 
downwelling PAR (Kirk, 1977). The data for the upwelling PAR measured at 0.35 m 
were extrapolated to a depth of 0.30 m in calculating R, assuming the mean upwelling 
vertical attenuation coefficient (Ku) and Kd had the same value. This is a sound 
assumption at depths near or below the euphotic depth (the depth at which the 
irradiance has been reduced to 1% of the subsurface value) (Tyler and Preisendorfer, 
1962; Kirk, 1983). It was assumed that the error involved would be of minor 
importance although the euphotic depth was much deeper (in case Kd=2.5, the 
euphotic depth is 1.8 m). 

The ratios of scattering to absorption coefficient (b:a) were derived from the 
nomograms of Kirk (1981), relating the calculated R and Kd to /x (= the average 
cosine of the radiance distribution) and b:a ratio. The nomograms for a zenith angle 
of 45° were used, which is a fair approximation for all zenith angles from 0° to 60° 
(Weidemann and Bannister, 1986). These nomograms were calculated for the depth at 
which the irradiance has been reduced to 10% of subsurface value (= Z01) (Kirk, 
1981). It was practically impossible to conduct irradiance measurements at Z01 in 
Lake Veluwe because of its shallowness (Z01 corresponds to a depth of about 0.9 m, 
in case Kd = 2.5 m"1). The error introduced cannot be ruled out, but is assumed to be 
of minor importance, since in quite turbid lakes (i.e. Lake Veluwe) the asymptotic 
radiance distribution will be established at small depths (Kirk, 1981). Furthermore, R 
never varies more than 0.01 m'1 with increasing depth (Weidemann and Bannister, 
1986; Oliver and Ganf, 1988) implying that Kirk's functions are scarcely affected by 
depth. 

The value of the absorption coefficient was obtained from the Gershun-Jerlov 
equation (Jerlov, 1976): 

(1) a = n * Ke 

where a is the absorption coefficient, n is the average cosine of the radiance 
distribution and K. is the vertical attenuation coefficient for net downward irradiance. 
Kd was used instead of Kt in equation (1) in calculating the absorption coefficient 
because Ke was not measured. The difference between Kd and Ke is about 1% for a 
homogeneous water column (Weidemann and Bannister, 1986) and the water column 
of Lake Veluwe can be assumed to be homogeneous given its shallowness. 
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Furthermore, Kd provides a reliable estimate for Ke (Kirk, 1981). 
The scattering coefficient was calculated from the estimated value of a and the b:a 
ratio. The beam attenuation coefficient was derived by summing the absorption and 
scattering coefficients. 
The optical contributions of gilvin, phytoplankton and tripton in terms of absorption, 
scattering and beam attenuation coefficients are proportional to their concentration 
(e.g. Vant and Davies-Colley, 1984): 

(2) a = aw + ag + a^ + a, 

with aw, ae a^ and a, representing the absorption coefficients due to water itself, 
dissolved gilvin, phytoplankton, and tripton, respectively. Similar equations can be 
derived for b and c. A value of 0.23 m"1 was used for aw (Weidemann and Bannister, 
1986) and a value of < 10"2 m"1 for bw (Jerlov, 1976) in the present Chapter. Gilvin 
concentration is expressed in absorption coefficient at 440 nm due to dissolved colour 
(g440 m"1, base e; Kirk, 1976). Empirically derived relationships between gilvin 
concentrations and ag (Kirk, 1976) were used to obtain ag. The value of bt is negligible 
(Kirk, 1976). The phytoplankton contributions to a and b (a^ and b^, respectively) 
can be expressed in terms of chlorophyll-specific coefficients and their chlorophyll 
concentration: 

(3) aph = ka* chl 
and 
(4) bph=kb* chl 

Values of ka and kb presented by several workers are listed in Table 1. k0 was 
estimated in the high range of these values: 0.0100 m2.mg_1 chl in order not to 
underestimate the actual a^ for Lake Veluwe. A range of 0.05-0.15 m2.mg"1 chl was 
assumed for kb. 

No attempts were made to measure the values of a„ b, and c, directly. Similar 
estimates of the absorption coefficient are obtained from R and Kd by Kirk's 
nomograms and by summing the separately determined absorption contributions 
(Weidemann and Bannister, 1986). Therefore, it is reasonable to calculate a, by 
subtracting the sum of a^, ag and a„ from a derived by Kirk's nomograms. The same 
applies to b and c. 

Approximate estimates of in situ attenuation spectra were calculated at 10 nm 
intervals from the underwater irradiance spectra following Kirk (1979). This involved 
correcting the measured vertical attenuation coefficient for monochromatic downward 
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Table 1: Summary of chlorophyll-specific absorbtion (ka, m
2.mg4 chl) and chlorophyll-specific 

scattering coefficient (kk, m
2.mg_1 chl) values presented in the literature. 

*. 

0.009 

0.008 
0.010 

0.008-0.010 
0.005-0.007 

K 

0.09-0.60 

0.16 

0.05-0.10 
0.05-0.09 

water type 

marine phytoplankton 
multiple linear re­
gression analysis for 
27 New Zealand lakes 
Lake Otisco 
cultured freshwater 
phytoplankton 
eutrophic hard-water lake 
South Australian lake 

reference(s) 

Bricaud et al. (1983) 
Vant and Davies-Colley (1984) 

Weidemann et al. (1985) 
Davies-Colley et al. (1986) 

Weidemann and Bannister (1986) 
Oliver and Ganf (1988) 

irradiance for solar altitude and for refraction at the water surface. 
The contribution of seston (tripton plus phytoplankton) to the attenuation spectra was 
calculated as the difference between the attenuation spectra measured in the field and 
the sum of the attenuation spectra for gilvin (measured in the laboratory) and pure 
water (Smith and Baker, 1981). 
The SAS statistical package was used for statistical analyses (SAS Institute Inc., 1985). 
In all cases p< 0.05 has been taken to indicate statistical significance. 

Results 

Seston 
The organic content of the seston varied from 5 to 25 mg.l"1 with a peak value at 1 
September of 48 mg.r1, during the sampling period in 1986. It varied from 7 to 28 
mg.l"1 during the sampling period in 1987 (Fig. 1). The inorganic fraction seston 
(represented by fraction AW of DW) averaged about 40% in both years with some 
peak values at the end and at the beginning of the sampling periods (Fig. 1). 
Chlorophyll-a content of seston displayed a range of 2-85 mg.m"3 during the sampling 
periods in 1986 and 1987 (Fig. 1). Chlorophyll-a content expressed in seston AFDW 
ranged from ca. 0.5 to 4 mg chl-a.g'1 AFDW, in both years. 

The seasonal variation in AFDW, DW, inorganic attribution to DW and chlorophyll-a 
content showed no obvious trends. Generally, AFDW, ash and chlorophyll-a content 
were higher in 1987 than in 1986 at the beginning of the sampling periods. 
Phytoplankton was dominated by diatoms (Fig. 2) with Nitzschia and Diatoma 
elongatum Agardh. as the most abundant genera in spring, in both years. From May 
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Fig. 1: Seasonal variation in the mean organic content (top), ash content (AW as a percentage 
of DW; middle) and chlorophyll-a concentration (bottom) of seston in Lake Veluwe during 
the sampling periods in 1986 and 1987, respectively. 

onwards, green algae became the dominant group with highest abundances of 
Botryococcus, Scenedesmus and Monoraphidium. In May 1986, cyanobacteria became 
more abundant and contributed for a maximum of 20% to the total number of 
phytoplanktonic algae during the rest of the sampling period. Most abundant 
cyanobacteria genera were Oscillatoria during spring and autumn and Microcystis 
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Fig. 2: Seasonal variation in relative distribution of phytoplankton over various algae groups in 
Lake Veluwe during the sampling periods in 1986 (top) and 1987 (bottom), respectively. 

during summer. Cyanobacteria contributed for less than 10% to the total number of 
phytoplanktonic algae with Lyngbya contorta Lemm. and Oscillatoria as the dominant 
genera until mid August in 1987. Oscillatoria agardhii Gomont was only scarcely 
observed in both years. Substantial amounts of tripton were observed in the 
concentrated water samples. 

Light climate and factors affecting it 
The Kd varied between 1.56 m"1 and 6.76 m"1 with a mean of ca. 2 m"1 in 1986 and ca. 
3 m"1 in 1987. Kd was strikingly high on 1 September, 1986 and on 4 August, 1987 
(6.76 and 6.74 m"1 respectively) (Table 2). These high values coincided with stormy 
weather conditions. 
The variance in Kd was significantly explained for 77%, 92%, 92%, 59% and 60% by 
variance in seston AFDW, DW, AW and chlorophyll-a content, respectively in 1986. 
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Table 3: Results of correlation analyses (coefficient of determination: r2 and significance: p) of 
attenuation coefficient (Kd) and AFDW, AW, DW, chlorophyll-a content (chl-a) of seston in 
the water column for the dataset of 1986 (11 Degrees of Freedom) and 1987 (9 Degrees of 
Freedom), respectively. 

Independent 
variable 

AFDW (mg.11) 
DW (mg.11) 
AW (mg.11) 
chl-a (mg.m"3) 

DW (mg.11) 
AW (mg.11) 
chl-a (mg.m"3) 

AW (mg.11) 

Dependent variable 
1986 1987 

r2 P r2 P 

0.77 
0.92 
0.92 
0.59 

0.88 
0.76 
0.65 

0.96 

Kd (m
1) 

0.0002 
0.0001 
0.0001 
0.0036 

0.65 
0.16 
0.06 
0.61 

AFDW (mg.11) 
0.0001 0.56 
0.0002 
0.0016 

DW (mg. 
0.0001 

0.36 
0.55 

I-1) 
0.96 

0.0088 
0.2805 
0.5367 
0.0126 

0.0199 
0.0896 
0.0214 

0.0001 

In 1987, the variance in Kd was explained significantly for 65% and 61% by variance 
in AFDW and chlorophyll-a content, respectively. Variances in DW and AW did not 
explain the variance in Kd in that year. The explained variance in AFDW by variance 
in DW and AW was much lower in 1987 than in 1986. The explained variance in DW 
by variance in AW was high (96%) in both years (Table 3). 
Irradiance penetrating the water column was considerably scattered (Table 2). b was 
about one order of magnitude higher than a on all sampling dates. 
Consequently variations in proportional contributions of various components in the 
water column to b have a more pronounced effect on c than on a. 
Gilvin concentration was determined on only a restricted number of sampling dates 
and varied from 0.73 to 1.11 m'1. Mean gilvin concentration was used as an estimate 
for gilvin concentration for sampling dates on which no gilvin concentrations were 
measured, since the seasonal variation in gilvin is generally small (Weidemann and 
Bannister, 1986). The relative contribution of gilvin to a (ag) was slightly higher than 
the relative contribution of pure water to a (a J). 
The relative contribution of water to a ranged from 5 to 24%. The relatively high 
contributions were observed on sampling dates on which Lake Veluwe was relatively 
clear {Kd = 1.56 m"1; 30 September, 1986). The relatively low contributions (5-10%) 
were observed in more turbid situations (Kd > 2.5 m"1). The relative contribution of 
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water to c was small (ranging from 1% to 5%). The relative contribution of gilvin to c 
ranged from 1% to 8%. The maximum relative contribution of gilvin to a was 40% 
(K4 = 1.56 m"1; 30 September, 1986). The contribution to a ranged from 9% to 20% 
in situations the lake was more turbid (Kd > 2.5 m"1). 

Due to the wide range of estimated kh (0.05-0.10 m2.mg chl-a), the derived b^ and c^ 
showed a wide range as well and thus did the derived b, and c, values. However, 
obviously, tripton contributed mostly to the beam attenuation coefficient of the water 
column of Lake Veluwe during both sampling periods. 
The spectral distribution of downward PAR showed a similar pattern on all dates 
measured, notably, a plateau from 550-700 nm and often a dip at about 670-680 nm. 
Irradiance was also diminished at the red end of the spectrum although not to the 
same extent as at the blue end. Only a small amount of PAR was available at 
wavelengths below 500 nm at depth 0.40-0.50 m (Fig. 3). 
The estimated contribution of gilvin, pure water and seston (tripton plus 
phytoplankton) to the attenuation spectrum have been calculated for those sampling 
dates on which gilvin spectra were determined. Water was always the strongest 
attenuating component in the red regions of the spectrum, gilvin and seston played no 
part there. Both gilvin and seston attenuated strongly in the blue regions of the 
spectrum (Fig. 3) considering water itself hardly attenuates in these regions (Smith 
and Baker, 1981). Apparently, seston played a dominant role in attenuation on most 
sampling dates. This observation is in accordance with results presented in Table 2. 
The attenuation spectra for seston showed a similar shape on sampling dates with 
relatively low seston DW concentrations; attenuation at wavelengths below 450 nm 
was primarily due to gilvin, whereas seston attenuated strongly in the 450-650 nm 
region of the spectrum. This is illustrated by sampling date 18 August (Fig. 3). 
Attenuation was relatively high at all wavelengths on 1 September. This was also 
reflected in the relative high Kd of 6.76 m"1 (Table 3). The contributions of water and 
gilvin to the attenuation spectra were of minor interest, seston (DW: 148 mg.1"1) was 
the major attenuating factor at that time. 

Effects of wind field on seston concentration 
Wind velocity showed no apparent seasonal trends nor apparent differences between 
the two years. No data were available on 1 September due to malfunctioning of the 
registration system. Stormy weather conditions occurred on that date all over the 
Netherlands (wind velocity > 9 m.s"1 at the climatological station at Den Bilt). 
The variance in AFDW, AW and DW of seston was explained by wind velocity for 
51%, 61%, and 63% respectively, in case the data-pairs of two periods measured were 
pooled (Table 4). Apparently, both inorganic and organic matter were stirred up by 
wind-induced turbulence. Chlorophyll-a content of the seston was not significantly 
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Fig. 3: The spectral distribution of PAR at various depths in Lake Veluwe for some selected 
sampling dates in 1986. The corresponding attenuation spectra are given for each date. Beside 
the total attenuation spectra (a), the attenuation spectra for water plus gilvin (b) and seston 
(c) are shown as well when available. 
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Table 4: Results of correlation analyses (coefficient of determination: i2 and significance: p) on 
AFDW, AW, DW and chlorophyll-a content of seston in the water column with wind velocity 
(11 Degrees of Freedom). 

Dependent 
variable 

Independent variable 
i2 P 

wind velocity (m.s"1) 
0.51 0.0087 
0.61 0.0028 
0.63 0.0020 
0.07 0.4092 

AFDW (mg.11) 
AW (mg.11) 
DW (mg.11) 
chl-a (mg.m'3) 

affected by wind velocity. This result indicates that the resuspension of living benthic 
algae was negligible. 
Beside wind velocity, fetch is another major factor determining resuspension of 
bottom material. Fetch is the distance the wind has travelled over open water to reach 
the point of interest (Smith, 1979). The prevailing wind direction was south-west 
implying that the fetch corresponded with the length axis of the lake and was 
maximum. The data-pairs are indicated by an arrow in case the wind direction was 
north-west which corresponded with a fetch of only about 200 m. This is probably why 
two data-pairs did not fit very well in the observed pattern (Fig. 4). 

DWfmg.f1 

100 

wind velocity (m.s" 

Fig. 4: Seston concentration against wind velocity in Lake Veluwe for the data of 1986 and 
1987 pooled. The fetch was about 200 m in cases the data-pairs are indicated by an arrow, 
otherwise the fetch varied from 5 to 14 km. 
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Sedimentation 
Settled matter consisted mainly of inorganic matter (Fig. 5). Generally, AW 
contributed more than 80% to DW. The composition of settled matter was different 
from the composition of the seston which showed an inorganic content in range of 20-
75%. 
The sedimentation rates showed highest values in May and June and in the second 
half of August and September during both sampling periods. On the whole, the 
sedimentation rates were about one order of magnitude higher in 1987 than in 1986. 
There was no parallel trend nor any correlation between sedimentation rates and 
wind velocity during the periods sampled. Apparently, wind effects, if any, were 
masked by the length of the periods over which sedimentation was measured. 
Resuspended settled matter mainly scattered PAR. Absorption was restricted only to 
the blue regions of the spectrum (Fig. 6). 

Discussion 

Seston 
The inorganic particulate matter made only a relatively small contribution to total 
seston weight in Lake Veluwe. The inorganic fractions of seston were almost similar 
in Lake Veluwe and in a natural water column of a pond in The Netherlands, 
relatively rich in detritus (about 40% read from Figs. 38 and 39, Roijackers, 1985). 
The organic fraction of seston consisted of considerable amounts of detrital matter 
considering its relatively low chlorophyll-a content (0.5-4.0 mg chl-a.g"1 AFDW). 
Chlorophyll-a content ranged from 1.8 to 8 mg chl-a.g"1 AFDW in a natural water 
column a pond in The Netherlands, relatively rich in detritus (read from Figs. 39 and 
42, Roijackers, 1985). It was about 25 mg chl-a.g"1 AFDW in a Minnesota lake low in 
detritus (Megard and Smith, 1974) assuming an AFDW:C ratio of 2.5. A chlorophyll-a 
content of about 20 mg chl-a.g"1 AFDW is considered as typical for waters with low 
chlorophyll-a content and of about 83 mg chl-a.g"1 AFDW for waters with relatively 
high chlorophyll-a content both low in detritus (Lorenzen, 1968). 

Light climate and factors affecting it 
Lake Veluwe can be characterized as a moderately turbid lake. Changes in the 
concentration of tripton were the major cause of variation in the beam attenuation 
coefficient; other components had only additional effects. The relative contributions of 
water and gilvin to the beam attenuation coefficient were low: maximally 5% and 8%, 
respectively. The gilvin concentration in Lake Veluwe was relatively low compared 
with values reported for other lakes (Table 3.2 in Kirk, 1983; Davies-Colley and Vant, 
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Fig. 5: Seasonal variation in the mean sedimentation rates in Lake Veluwe, during the 
sampling period in 1986 (top) and 1987 (bottom), respectively. Note the differences in scales. 
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Fig. 6: Attenuation spectra of resuspended settled matter in Lake Veluwe for 4 August, 1986 
(a) and 18 August, 1986 (b), respectively. 
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1987; Elser, 1988; Heinermann and AM, 1988). However, the rate of increase of 
attenuation with increasing gilvin concentration is greatest at low gilvin concentration 
(Kirk, 1976; Eloranta, 1978; Canfield and Hodgson, 1983) and therefore, the impact 
of gilvin should not be neglected. 
The relative contribution of phytoplankton to the absorption, scattering, and beam 
attenuation coefficient was relatively small. The relative contribution to the absorption 
coefficient (maximum value: 20%) was even smaller than those for water and gilvin 
respectively, and the relative contribution to the scattering and beam attenuation 
coefficient was less than about 30% on most sampling dates. 
In the present Chapter, published data on chlorophyll-specific absorption coefficient 
and chlorophyll-specific scattering coefficient were used to estimate the relative effects 
of phytoplankton to the absorption, scattering, and beam attenuation coefficient. The 
chlorophyll-specific absorption coefficient value is dependent on size and shape of 
algae, chlorophyll content, and depth. Phytoplankton consisting mainly of 
nanoplankton increases the chlorophyll-specific absorption coefficient value 
considerably compared with phytoplankton dominated by larger algal cells (Kirk, 
1975). However, nanoplankton was not abundant at the present study site. The 
influence of cell shape and differences in composition and concentration of assessory 
pigments on chlorophyll-specific absorption coefficient is not considered in the present 
Chapter. Therefore, variation in chlorophyll-specific absorption coefficient from the 
used value can not be ruled out completely. Probably, the chlorophyll-specific 
absorption coefficient was independent of depth in Lake Veluwe, since the 
chlorophyll-specific absorption coefficient decreases barely with increasing depth in 
green waters dominated by green algae and diatoms (e.g. Lake Veluwe) (Atlas and 
Bannister, 1980). The absorption coefficient due to phytoplankton was not 
underestimated because the maximum reported chlorophyll-specific absorption 
coefficient value was used in the present study. 

Recently, several studies have been conducted to enlarge the theoretical background 
considering the factors controlling the value of the chlorophyll-specific scattering 
coefficient for marine algae (see review Bricaud et al, 1983; Morel, 1987; Bricaud et 
al, 1988) and for freshwater algae (Davies-Colley et al, 1986). However, practical use 
of these results is still limited. 

Calcium carbonate particles precipitated from the water column, a phenomenon 
known as 'whiting', may increase scattering in hard-water lakes markedly (Effler et al, 
1987; Koschel et al, 1983; Weidemann et al, 1985). Probably, 'whiting' played only a 
minor role if any at all, in Lake Veluwe because the sum of the HC03 ' and C03

2 ' 
concentration was relatively low (ranging from about 0.9 meq l"1 in summer to about 
2.5 meq l"1 in other seasons (see Chapter 1)). If 'whiting' occurred in Lake Veluwe, its 
effect has been attributed to tripton due to the computation method used. 
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The spectral distribution of Lake Veluwe showed a broad plateau from 550-700 nm. 
Water itself did impoverish strongly the red end of the spectrum and gilvin the blue 
regions of the spectrum at various depths in Lake Veluwe. Apparently, there was still 
sufficient gilvin present to attenuate markedly the blue regions of the spectrum 
although, the gilvin concentrations were relatively low. This is in accordance with the 
observation that gilvin plays an important role in affecting the spectral distribution in 
many lakes (Kirk, 1976; 1977; 1981; Watras and Baker, 1988). 
Generally, phytoplankton contributes considerably to the attenuation of penetrating 
irradiance (Tailing, 1960; Kirk, 1975) and spectral changes (Jewson, 1977; Dubinsky 
and Berman, 1979) in productive waters, with chlorophyll concentrations > 10 mg.m"3. 
The spectral distribution curves did show an absorption trough in the vicinity of the 
chlorophyll-a absorption peak (675 nm) on a number of sampling dates with 
chlorophyll concentrations exceeding 10 mg.m"3 (e.g. 9 June, 1986). High tripton 
concentrations obscured probably the effect of absorption by chlorophyll-a on 1 
September, 1986 (55.39 mg chl-a. m"3). 

Seston attenuated strongly in the blue regions of the spectrum. This absorption was 
likely due to gilvin adsorbed onto suspended particles (Kirk, 1980; Davies-Colley, 
1983; Hickman et al, 1984) or detritus which made a large contribution to the seston. 
Detritus absorbs strongly in the blue regions of the spectrum due to its yellow-brown 
colour (Kishino et al, 1984). This might explain the underwater spectra of the turbid 
Lake Veluwe were very similar to those for non-turbid humic lakes (Bowling et al, 
1986). Changes in the shape of the spectra were primarily due to changes in 
concentrations of particles in the water column of Lake Veluwe. There was hardly any 
irradiance available at wavelengths below 500 nm at depths around 0.40 m on dates 
with a relatively high DW concentration (9 June, 1986: 40 mg l'1, 1 September, 1986: 
148 mg l1). 
It should be stressed again that the method used to derive the curves of gilvin+water 
and seston, is approximate and gives a guide only. Kirk (1979) and Bowling et al. 
(1986) discussed the shortcomings of this technique. 
Lake Veluwe can be very well compared with Lake Sorell given its spectral 
distributions of PAR (Bowling et al, 1986). Both lakes are relatively low in gilvin and 
moderately turbid (Lake Sorell with gH0 = 1.21 m'1 and Kd = 1.8 m'1; ). The spectral 
distribution of Lake Sorell showed also a broad plateau from 550-700 nm, interrupted 
by an absorption trough of chlorophyll. The vertical attenuation coefficient and 
spectral distribution of PAR in Lake Veluwe is also comparable to Lake Ginninderra 
(Kirk, 1979) in which turbidity was the major attenuating factor. 
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Wind-induced resuspension 
The amount of seston in the water column was largely determined by wind-induced 
resuspension which is in accordance with previous results (Brinkman and Van 
Raaphorst, 1986). The bottom is characterized as fine sandy with an uppermost layer 
consisting of benthic algae and considerable amounts of detrital matter at the location 
of measurements. Wind-induced stirring up of the uppermost layer together with a 
relatively low settling rate of detritus (Brinkman and Van Raaphorst, 1986) explain 
the relatively high detrital content of seston. Furthermore, resuspension of sediments 
may be enhanced by foraging benthivorous fish (e.g. Lammens 1986). 
The present observed relatively high inorganic content of settled matter in the traps is 
consistent with the relatively high settling rate of (re)suspended inorganic matter 
(Brinkman and Van Raaphorst, 1986). The highest resuspension of sediment particles 
occurred in May and June and in August and September in both periods measured. It 
is well known that the presence of macrophytes lower the resuspension by wind-
induced turbulence considerably by stabilizing sediments and dissipating wave energy 
(Schiemer and Prosser, 1976; Schroder, 1988). The relatively low sedimentation rates 
in July of both years corresponded with relatively high aboveground biomass of the 
macrophytes (Chapter 5). On the whole, the sedimentation and consequently 
resuspension rates were higher in 1987 than in 1986 during the period measured. This 
might be explained by the lower aboveground biomass of macrophytes in 1987 than 
1986 (Chapter 5). 

Ecological implications 
Tripton gives rise to intense scattering when present in high concentrations. However, 
it has little competitive effect on the collection of irradiance by phytoplankton in some 
waters (Kirk, 1985). Tripton also attenuated much of the blue parts of the spectrum in 
Lake Veluwe. The virtual abolition of most of the blue irradiance at quite moderate 
depths must have important ecological impacts. The chlorophyll absorption bands at 
the red end of the spectrum are always of limited use in aquatic systems because of 
rapid attenuation by water itself. Thus the ability of aquatic higher plants and many 
algae to photosynthesize and grow will be remarkably affected by the limited 
availability of blue irradiance. 

Green algae and aquatic higher plants have absorption bands in the blue region of the 
spectrum (chlorophyll-soret band, carotenoid band) and are likely to be disad­
vantaged. Diatoms which have a useful absorption in the green (500-550 nm) due to 
the carotenoid fucoxanthin (Iverson and Curl, 1973; Kirk, 1976) will be better 
equipped to use the PAR available in Lake Veluwe. Cyanobacteria, with phyco-
biliprotein pigments absorbing strongly in the 540-660 nm region (Kirk, 1975; 1979), 
seems best adapted to the spectral irradiance composition in the water column. 

35 



In the present study, phytoplankton was dominated by diatoms in spring, and by green 
algae during the rest of the season. Apparently, green algae and diatoms were able to 
maintain their dominance in spite of the favourable light climate for cyanobacteria. 
The relative contribution of cyanobacteria to phytoplankton was higher in 1986 than 
in 1987. Cyanobacteria are not competitively dominant at relatively low temperatures 
(10°C and 17°C) though show competitive advantage at higher water temperatures 
(24°C) (Tilman et al, 1986). The observed differences in relative contribution of 
cyanobacteria between the two years might be explained by the higher temperatures 
in 1986 than in 1987 (KNMI, climatic station). The longer lasting ice-covering of the 
lake during the winter of 1985/1986 than during the winter of 1986/1987 might have 
disadvantaged the early growth of cyanobacteria stronger in 1986 than in 1987. 
Further improvement of the underwater light climate requires lowering of 
resuspension of the sediment. Further lowering of the phytoplankton biomass will only 
slightly affect the underwater light climate positively on a short term, in case the 
tripton concentration will remain the same. However, on a long term, reduction of the 
phytoplankton concentration will decrease the detritus concentration, which in turn 
will favour visibility. Therefore, water quality management of Lake Veluwe and of 
comparable shallow eutrophic lakes sensitive to wind-induced resuspension, should 
concentrate on achieving a reduction in phytoplankton concentration and moreover, in 
resuspension of sediment particles in order to improve the underwater light climate 
for submerged macrophytes. A higher biomass of submerged macrophytes will in turn 
minimize the resuspension of sediments, and in this way stabilize its own light climate. 
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