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Stellingen 
1. Hoewel discussies rond het Nederlandse mestbeleid wellicht anders doen geloven, is 

de strijd tegen de 'groene soep' in de Nederlandse meren en plassen nog niet 
verloren. 

2. Bloei van draadvormige cyanobacteriën (zoals Oscillatoria agardhii) en overmaat aan 
planktivore en benthivore vis, zijn de grootste blokkades voor ecologisch herstel van 
meren en plassen, nadat de externe fosfaatbelasting eenmaal is gereduceerd. 

3. Het sterk uitdunnen van de visstand in een eenmalige wintervisserij, is voor kleinere, 
afgesloten plassen een effectieve en efficiënte maatregel voor bestrijding van algen -
bloei, zelfs bij relatief hoge fosfaatgehalten. 

4. In grote meren- en plassengebieden kunnen reguliere wintervisserijen, gericht op het 
verlagen van de stand aan planktivore en benthivore vis, een bijdrage leveren aan de 
bestrijding van algenbloei. 

5. pe Ecologische Hoofdstructuur (EHS) verdient tenminste dezelfde publieke en 
politieke aandacht als andere grote infrastructurele projecten, zoals de Betuwelijn, de 
Hoge Snelheidslijn (HSL) en een tweede Schiphol. 

6. De leus 'Lelystad, een dijk van een stad' zou sterk aan geloofwaardigheid winnen, en 
waarschijnlijk zelfs overbodig zijn geweest, als deze stad aan de dijk was gebouwd. 

7. In een 'open plan proces' maakt 'Jutlandisering' een goede kans het te winnen van 
'Nederland- Distributieland '. 

8. Voor kennismanagement geldt dat het feitelijke leiderschap zal liggen bij diegene die de 
relaties in een netwerk van mensen op de meest aantrekkelijke wijze weet te voeden. 
Joseph W.M. Kessels, Het Corporate Curriculum, Inaugurele Rede 23 februari 1996, Rijks Universiteit Leiden. 

9. Voor de ontwikkeling van de Europese gedachte is een 'eurotaai' belangrijker dan een 
'euromunt'. 

10. Symptoombestrijding wordt aantrekkelijker, als de oorzaken al zijn weggenomen. 

Stellingen bij het proefschrift 'Clearing lakes, an ecosystem approach to the restoration and management of shallow 
lakes in the Netherlands'. 

Harry Hosper, Wageningen, 13 mei 1997 
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Abstract 

Eutrophication of lakes is a major problem for water management in the Netherlands. Lake 
restoration has been focused on the control of external P loading from point sources. 
However, this approach did not result in the water quality desired. The algae-dominated 
turbid water state may be extremely stable, and then additional measures are necessary to 
remove certain 'blockages', such as: the persistent bloom of Oscillatoria algae, the bloom-
mediated P release from the sediments, and the abundance of fish, preventing zooplankton 
and submerged macrophytes from developing. This thesis addresses: (1) the lake conditions 
prior to disturbance, (2) the relationships between nutrient loading and lake response, (3) the 
control of P release from the sediments and Oscillatoria blooms by lake flushing and (4) the 
perspectives of fish stock management for the restoration of shallow lakes. 

.. we have presented a version of eutrophication and of ecosystem behavior devoid of all 
assumptions but one, that phosphorus is important. Well, what is the answer? The answer is that 
we too mustplugour ears and sail past the Sirens. We must learn to juggle all of the balls, if not 
at once, then a few at a time... 

Joseph Shapiro (1979) 
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General introduction 

Identification of the problem 

Lake restoration is one of the major issues in water management in the Netherlands. 
Hundreds of millions of guilders are being spent yearly for nutrient control and additional 
lake restoration measures (Anonymous, 1995). In the first half of this century, the majority of 
shallow lakes was clear and the lake bottom was covered with vegetation. Now, most lakes 
look murky and green because of an excessive algal growth and the resuspension of sediments 
by fish and wind. Wildlife and recreational values have been severely negatively affected. 
Submerged plants have disappeared and the fish stock is characterized by large numbers of 
only a few species of prey fish, like bream and roach, and relatively low numbers of predatory 
fish, such as pike, pike-perch and perch. Eutrophication, i.e. increased nutrient loading, is the 
main cause for the deterioration of the lake ecosystems. Other perturbations, such as 
chemical pollution toxic to zooplankton, and the loss of lake-marginal wetlands, will have 
reinforced the effects of nutrient enrichment. The lake restoration strategy in the Netherlands 
has been focused on reduction of the external phosphorus loading. However, so far the 
control of external loading has not resulted in the water quality desired (Van Liere & Gulati, 
1992; De Deckere et al, 1996). The turbid lake ecosystem tends to be resistant to recovery and 
solely reducing of external nutrient loading seemed to be insufficient for attaining clear water 
conditions. A comprehensive approach to lake ecosystem functioning may provide 
additional tools for lake restoration. 

General concepts and scope of this thesis 

The development of the lake restoration strategy started with the 'Vollenweider approach', 
which aimed at criteria for external nutrient loading from the analysis of large numbers of 
different lakes (multi-lake studies) (Vollenweider, 1968). It then became clear that lake 
sediments, where most of the phosphorus (P) had accumulated, could act as a source of P, 
once the external loading had been reduced (Golterman, 1977). So, the reduction in external 
loading may be counteracted by (enhanced) internal loading, giving a marginal response in 
water quality. Additionally, ecologists argued that the biotic structure of the turbid water 
ecosystem (e.g. large numbers of zooplankton-eating and benthos-eating fish and no 
submerged macrophytes) also contributes to the resistance of the lake to recovery (Shapiro, 
1980; Moss, 1983). Shapiro etal. (1975) had already emphasized the necessity of treating lakes 
as ecosystems, rather than 'containers of algae and phosphorus'. For understanding the algal 
dynamics and the mechanisms causing resistance in lake recovery, an ecosystem approach is 
needed. Fig. 1.1 shows a simple model of phytoplankton biomass, as a result of production 
and loss processes. Production by photosynthesis is controlled by external and internal 
nutrient loading and the availability of sunlight. Loss processes are consumption by filter-
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feeders (such as zooplankton and mussels), mortality (due to factors such as limiting 
resources or parasites), and sinking of algae to the sediments. Inflow and outflow are omitted 
in this model. 

nutrients 

Fig. 1.1 Algal biomass is the net result of production and loss processes. 

The algae are part of the lake ecosystem and the feedback from this ecosystem to the algae is 
lacking in the above model. Algae affect the physical (e.g. water turbidity), chemical (e.g. pH 
and oxygen levels) and biological lake conditions (e.g. food web structure, abundance of 
submerged macrophytes) and this effect is dependant on both the species composition and 
biomass of the algae. The changed lake conditions may, in turn, promote the algae, leading to 
a self-perpetuating process of increasing algal blooms (Fig. 1.2). 

© 
algae 

lake 

ecosystem 

Fig. 1.2 Interaction of algae and the physical, chemical and biological conditions of the lake ecosystem. 

Finally, light availability, which depends on lake depth (or mixing depth for stratified lakes) 
and non-algal turbidity, determines the upper limit of algal biomass. Understanding these 
feedback mechanisms is of primary importance for restoration and management of shallow 
lakes, as can be illustrated by the following examples: 
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Physical conditions 
Algae make the water turbid. Beyond a certain threshold of lake turbidity, populations of 
submerged macrophytes in shallow lakes collapse, and with that the 'clearing effects' of the 
submerged vegetation. Providing refuge to grazing zooplankton, competition for nutrients 
between macrophytes and algae, and protecting the sediments against wind- or fish-induced 
resuspension, are among the major mechanisms by which vegetation makes the water clearer. 

Chemical conditions 
Algal production leads to a high sediment oxygen demand (by decomposition of sinking 
algae) and high pH (by net consumption of C02). Both factors, low redox potential and high 
pH at the water-sediment interface, enhance P release from the sediments (internal loading), 
thus fueling algal growth. 

Biological conditions 
Highly productive lake systems favor the development of blue-green algae (cyanobacteria). 
Cyanobacteria may show conspicuously low rates of loss, due to low maintenance energy 
requirements (low mortality rates), reduced edibility for zooplankton (low consumption 
rates), and buoyancy control by gas vacuoles (low sinking rates). Turbid lakes, devoid of 
vegetation, are low in piscivorous (fish-eating) fish, and high in planktivorous (zooplankton-
eating) and benthivorous (benthos-eating) fish. Abundant planktivores control the 
zooplankton, resulting in low grazing of algae. Large numbers of benthivores, unhindered by 
plants, stir up the mud, thus contributing to turbidity and P release. 

In addition to nutrient enrichment, several other perturbations affecting the lake ecosystem 
may indirectly result in a further deterioration of lake water quality (Fig. 1.3). Examples are 
the loss of shallow lake-marginal wetlands, intentional destruction of aquatic vegetation, 
heavy stocking of benthivorous fish, the inlet into lakes of external water with a significantly 
different macro-ionic composition, or pollution with toxic chemicals. The loss of lake-
marginal wetlands, by strictly stabilizing the water levels (Coops, 1996) or by drainage, can 
enhance algal blooms. Wetland areas provide spawning and nursery habitat for the predatory 
fish pike, thus contributing to top-down control of algal biomass (Klinge et al, 1995). 
Furthermore, vegetated areas act as a sink for nutrients, fine resuspended sediments and 
algae. High stocks of benthivores, like common carp and bream, may destroy existing stands 
of submerged vegetation. Altering the macro-chemistry by letting in river water (rich in 
macro-ions such as bicarbonate, sulfate and chloride) to peat lakes which were previously 
isolated, may enhance the internal loading of P from the sediments (Roelofs & Smolders, 
1993; Beltman & Van der Krift, 1997). Pollution with chemicals toxic to zooplankton, may 
result in reduced grazing of algae (Hurlbert, 1975; Scholten et al, 1994). In the 1970s, the 
Rhine river was acutely toxic to Daphnia magna (Sloof et al, 1985), making it most likely that 
toxic chemicals reinforced the effects of eutrophication in Rhine-fed lakes at that time. 
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wetland loss 

vegetation destruction 

benthivore stocking 

altering macrochemistry 

toxic chemicals 

Fig. 1.3 Perturbations other than increased nutrient loading may also indirectly promote algal blooms. 

A number of processes and factors regulating algal biomass, can be utilized for lake 
management purposes. Light and nutrients (and temperature) control the algal production. 
Light availability for algae may be reduced, for instance by deepening of the lake. Deepening 
and turning a shallow, vertically mixed lake into a deep stratified lake can also be effective for 
increasing the sedimentation of algae and non-algal suspended solids. The latter type of 
measures (changing the morphometry of the lakes) is beyond the scope of this thesis. Here, 
attention is focused on the control of external and internal nutrient loading and on 
biomanipulation, i.e. the manipulation of fish stocks aiming at increased consumption of 
algae and reduced resuspension of algae and sediments. It should be noted, however, that in 
lake restoration and management, negative influences such as pollution with toxic chemicals, 
and the loss of wetlands and littoral vegetation, should also be reversed. The lakes under study 
are shallow (mean depth 1-4 m) and vertically mixed throughout the year. 

Structure of this thesis 

Development of the lake restoration strategy (chapter 1) 
In the lake restoration strategy the scope gradually broadened from solely controlling point 
sources of P, towards a more comprehensive and ecosystem-based approach. At present, P 
removal from sewage is common practice in the Netherlands, and phosphates in household 
detergents have been replaced by less harmful compounds. P levels in rivers and lakes are 
going down, but algal blooms tend to be persistent. Additional in-lake measures are being 
explored now. 

Historical lake conditions (chapter 2) 
A good picture of the undisturbed situation provides the basis for defining the goals and 
objectives for lake restoration. One natural lake (Naardermeer) and two lake areas resulting 
from peat mining (Reeuwijk lakes and Oude Venen) were selected for a reference study. 

External nutrient loading and lake response (chapter 3) 
From multiple lake studies in North America and Europe, Vollenweider (1968,1975) derived 
relationships for external nutrient loading and in-lake variables, such as total-P (TP), total-N 
(TN), chlorophyll a and transparency. A first national eutrophication survey was conducted 
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in 1976-1977, covering about 65 lakes, in response to Vollenweider's work. More extensive 
surveys were carried out during 1983-1985 (Lijklema et al, 1988, 1989) and 1980-1988 
(STOWA, 1993). From these data sets, criteria for nutrient loading and nutrient and 
chlorophyll a concentrations could be derived. 

Internal phosphorus loading (chapter 4) 
Sediments act as a source of P and so lake managers, investing in the control of the external P 
loading, are interested in the extent and duration of the internal loading and possible 
additional measures to reduce the internal loading. In the lake sediments in the Netherlands, 
iron plays a key role in the binding of P (Van der Molen & Boers, 1994). The solubility of P is 
determined by pH and redox conditions. Raised pH and low redox result in P release 
(Lijklema, 1977, 1980). So increased algal abundance, by photosynthesis and decay, may 
stimulate P release. This hypothesis was tested in Veluwemeer, a large shallow lake (3,356 ha, 
mean depth (z) = 1.25 m), which suffered from persistent cyanobacterial blooms. The lake 
has been flushed during winter in order to interrupt the algal bloom and to break the vicious 
cycle of high algal biomass, raised pH and related P release from the sediments. 

Biomanipulation (chapters 5 and 6) 
In biomanipulation, food web interactions are manipulated to increase lake clarity. By 
removing planktivorous fish during winter, the spring zooplankton is favored, resulting in 
increased grazing, low algal biomass, clear water and consequendy more submerged 
macrophytes. Strong 'clearing effects' of submerged vegetation lead to a stabilization of the 
clear water state. By removing benthivorous fish, sediment resuspension is reduced, thus 
contributing to reduced turbidity of the lake water. After a number of successful, small-scale 
case studies (chapter 5), a biomanipulation experiment was conducted in the large and 
shallow Wolderwijd (2,555 ha, z = 1.60 m) (chapter 6). 

Guiding restoration and management (chapter 7) 
In the final chapter an integration is attempted, resulting in practical guidelines for 
restoration and management. The lake condition is described in relation to the process of 
eutrophication and the reverse process of oligotrophication. The concept of 'stable states, 
buffers and switches' explains the resistance of shallow lake ecosystems to changing nutrient 
loading. Lessons for lake restoration could be learned from the biomanipulation case studies 
and from the stepwise restoration process of Veluwemeer. 

Development of the lake restoration strategy 

From the late 1960s to the 1990s, the strategy for lake restoration gradually evolved from 
solely phosphorus stripping at sewage treatment plants towards a more comprehensive and 
ecosystem-based approach, including the control of non-point nutrient sources and in-lake 
measures such as dredging, flushing and biomanipulation. In his report for the OECD, 
Vollenweider (1968) brought the problem of eutrophication to the notice of administrators 
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and water management authorities. Although the key role of P was not yet generally 
recognized (Legge & Dingeldein, 1970), the OECD report triggered a great deal of political 
and scientific activity, which focused on P control. The proceedings of the symposium 
'Eutrophication; causes, consequences, correctives' (NAS/US, 1969) is another excellent 
reference from the early days. Vallentyne (1974) addressed the non-specialist audience with 
his book The Algal Bowl, the tide of which refers to the great American Dust Bowl of the 
1930s. Sweden was a pioneer in lake restoration. As early as 1975, P removal from sewage was 
common practice and the effects on water quality were extensively monitored (Forsberg et al, 
1975; Hosper, 1975; Ryding & Rast, 1989). In 1970-1971, dredging of sediment was carried 
out successfully to control internal nutrient loading in the Swedish lake Trummen (200 ha) 
(Björk, 1972; Eiseltovâ, 1994). Andersson et al. (1978) and Andersson (1988) had already 
experimented with biomanipulation in Trummen in the 1970s. 

The importance of P release from sediments and particularly the relation of mobilization to 
redox conditions, was already recognized by Einsele (1936,1938) andMortimer (1941,1942). 
Golterman et al. (1969) pointed out the relevance of P release for lake restoration and in 1976 
the first international conference on the interactions between sediments and freshwater was 
organized in Amsterdam (Golterman, 1977). It became clear that significant P release also 
occurred under aerobic conditions, during the growing season (Golterman, 1977). Andersen 
(1975) and Lijklema (1977, 1980) emphasized the effect of raised pH in shallow lakes, as a 
result of photosynthesis, on P release. Altering the alkalinity or sulfate content (Roelofs & 
Smolders, 1993; Smolders & Roelofs, 1995) or the salinity (Barendrecht, 1993; Beltman & 
Van der Krift, 1997) of the lake, by the inlet of river water into formerly isolated peat lakes, 
has been suggested to be a cause of P release from peaty sediments. 

Hrbâcek et al. (1961), Brooks & Dodson (1965) and Brooks (1969) emphasized the role of 
fish and zooplankton in controlling phytoplankton. Later, other researchers stressed the 
importance of this top-down control for lake management and restoration (Hurlbert et al, 
1972; Shapiro et al, 1975; Shapiro, 1980; Andersson et al, 1978; Fott étal, 1980; Moss, 1983, 
1987; Lampert, 1983; Benndorf et al, 1981, 1984; Carpenter et al, 1985). An inadvertent 
biomanipulation in Lake Washington (USA) showed very clearly the relevance of food web 
interactions for algal biomass and transparency (Edmondson, 1979,1991). Some fish species 
invaded Lake Washington, and this resulted in a decline of the planktivorous Neomysis, an 
increase in large, algae-grazing zooplankton and consequently, an increase in clarity of the 
lake. Practical experience with biomanipulation in whole lakes, however, was still very limited 
at that time and mosdy directed to manipulation of predatory fish (Benndorf, 1988; Guiati et 
al, 1990). 

In the Netherlands, the problem of eutrophication was first described by Golterman (1965, 
1970) and Leentvaar (1970), and later by the 'task force on phosphates' (KNCV, 1976). 
Numerous research reports and government policy documents followed (CUWVO, 1976, 
1978,1980; Hosper, 1978a, 1978b, 1980a; Schmidt-Van Dorp, 1978; Anonymous, 1979). 
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The state of the art then was presented at the symposium Eutrophication in the Netherlands 
(Dorgelo & Bakker, 1980) and later at the KNCV symposium (KNCV, 1984). In the 1980s, it 
was increasingly recognized that in addition to a general (inter-)national nutrient control 
policy, a lake-specific approach is necessary for successful restoration (CUWVO, 1983; 
Anonymous, 1989). The general policy of reduction of the P loading from sewage and 
industrial waste water in the Netherlands and in the international Rhine river basin, was very 
successful. The P discharge from point sources within the Netherlands (sewage, industry), 
decreased by around 65%, during the period 1985 to 1995 (Fig. 1.4). Presently, the major 
contribution comes from non-point sources (mainly agriculture) and reduction of these 
sources can be anticipated in the long term only (WSV, 1996). The P flow in the river Rhine, 
the main source of freshwater for the Netherlands, has also shown a significant decline (Fig. 
1.5). In the years to come, N elimination from sewage will be phased in (Anonymous, 1995). 

non-point sources 

sewage 

industry 

300 

250 

~ 200 H 

WD 

™ 150 

100 -

50 

0 
1985 1990 1992 1995 1985 1990 1992 1995 

Fig. 1.4 Discharges of TP and TN into surface waters from different sources in the Netherlands (from Anonymous, 1995). 
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Fig. 1.5 Flows of TP and TN in the Rhine river at Lobith (German-Netherlands border), 1973-1995 (from Anonymous, 
1995 and RIZA). 

Examples of a lake-specific approach include diversion or treatment of nutrient-rich inflows, 
manipulation or dredging of sediments and biomanipulation. Cooke et al. (1993) provide an 
excellent review of the available restoration procedures. Other handbooks for the control of 
eutrophication have been written by Ryding & Rast (1989), Eiseltovâ (1994) and Moss et al. 
(1996). In the Netherlands, a temporary government grant for lake restoration (the REGIWA 
grant, 1991-1994), stimulated new large-scale pilot projects. Recently, biomanipulation, 
particularly fish stock reduction, has shown promise as a powerful tool for restoration of 
shallow lakes in the Netherlands (Hosper et al, 1987; Van Donk & Guiati, 1989; Gulati et al, 
1990; Hosper et al, 1992). 
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Chapter 2 

Shallow lakes in the Netherlands: 
searching for lake restoration objectives 

Introduction 

Sustainable use, conservation of biodiversity and self-regulation are the leading principles for 
water management in the Netherlands (Anonymous, 1989). It is obvious, that for decision 
making in water management planning, these broad goals have to be translated into more 
specific objectives. What kind of ecosystems, in relation to water uses, provide guarantees for 
the fundamental values of sustainable use, biodiversity and self-regulation? Ten Brink et al. 
(1991) presented a semi-quantitative method for description and assessment of aquatic 
ecosystems, the so-called AMOEBA-approach. The assumption is made by the authors, that 
the ecosystem prior to disturbance, the 'reference system', offers the best guarantee for the 
desired ecological sustainability. Such an approach is in agreement with the 
recommendations of the National Research Council U.S. (1992), which stated that the goals 
of aquatic ecosystem restoration are 'to emulate a natural functioning, self-regulating system 
that is integrated with the ecological landscape in which it occurs'. An ecosystem which has 
not, or has been only slighdy influenced by human activities, may provide clues to define key 
variables and processes, expressing ecological sustainability. The closer one comes to the 
reference system the larger the guarantee for ecological sustainability and vice versa. Society 
will choose its objectives somewhere between 'zero' and the point of reference. The search for 
a concrete ecological objective can therefore be reduced to the question: what is the 
maximum acceptable deviation from the reference system? Accepting this approach, lake 
restoration can now be defined as all efforts which bring the lake closer to the historical 
reference system. For recent manmade lakes an historical reference does not exist and in these 
cases goals and objectives for lake management could be derived from knowledge of 
comparable natural lake systems elsewhere, or from ecological theory (Ten Brink era/., 1991). 

Most shallow (1-4 m) lakes in the Netherlands are located in the low-lying peat areas of the 
northern and western part of the country (Fig. 2.1). These relatively 'old' lakes (at least by 
Dutch standards) originate either from flooding and erosion of the peat, or from peat mining. 
Some of the peat lakes were excavated for sand production down to a depth of 10 to 50 m. In 
the 20th century, other large manmade lakes have been constructed by (partly) damming off 
estuaries from the sea. Lakes bordering the large rivers result from flooding or from sand, clay 
and gravel mining. Numerous small and mostly low alkalinity lakes are found in the sandy 
eastern and southern part of the Netherlands. Some of these lakes are also the result of sand 
extraction for construction purposes. 
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Fig. 2.1 Lakes and large rivers in the Netherlands. 

In this chapter, an attempt is made to reconstruct the historical reference system for three 
peat lakes in different parts of the Netherlands: Naardermeer (North-Holland province), 
Reeuwijk lakes (South-Holland province) and Oude Venen (Friesland province). The 
reference system will be described in terms of target variables, such as transparency, 
macrophyte cover and fish stocks and related steering variables, such as nutrient loading, 
water level manipulations and fish stock management. For a better understanding of the 
characteristics and the functioning of shallow peat lakes, this chapter begins with an overview 
of the origin of this type of lakes. 
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Shallow lakes in the Netherlands 

Origin of peat lakes in the Netherlands 

Schultz (1992) and Van de Ven (1994) give excellent overviews of the history of water 
management and land reclamation in the Netherlands. The following is derived from these 
references, supplemented by information from local water management authorities. 

By 800 AD, man had, as yet, little influence on the landscape. The main processes forming the 
landscape were the formation of peat and the sedimentation and erosion by the sea and the 
rivers. Extensive peat areas covered large parts of the Netherlands and the surface level of 
most of the peatland was well over mean sea level. After 800, man became more and more the 
decisive factor in the formation and degradation of the landscape. The peat areas behind the 
coastal dunes were reclaimed for agricultural purposes by artificial drainage (with ditches and 
canals). Consequently, the surface level of the reclaimed peat areas dropped considerably, in 
some areas by several meters. These lowlands became extremely vulnerable to flooding and 
erosion. Between 800 and 1250 there was an enormous loss of land. Around 1250 numerous 
freshwater lakes had come into being in the western Netherlands (e.g. West Friesland lakes, 
Beemster, Schermer, Purmer, Spieringmeer and the large Haarlemmermeer, 18,000 ha) and 
in die northern part of the country (in Friesland, the swamps of the Lage Midden with among 
others Tjeukemeer, Slotermeer, Fluessen and Sneekermeer). Due to continuing land 
subsidence, drainage of the peat areas became more and more difficult. Sometimes it was 
impossible to drain during prolonged periods of time, as the water level outside was higher 
than in the ditches. This problem was solved by the introduction of the windmill in the early 
15th century. 

The period of 1600-1850 was very dynamic in landscape forming. On the one hand numerous 
new lakes were created by peat mining, on the other many natural lakes and peat mining lakes 
were drained and turned into arable land. Peat was the main source of energy before coal, oil 
and natural gas were available on a large scale and at a reasonable price. For centuries, the 
population dug or dredged and subsequently burned up this 'burnable land'. Two techniques 
can be distinguished for the digging of peat. The oldest technique is peat cutting above the 
groundwater level, which is also called dry peat cutting. The other technique involves peat 
dredging below the groundwater level, which is also called wet peat cutting. The method 
became popular in Holland and Utrecht around 1550. The dry technique was used in 
Overijssel, Friesland and Groningen, but from the mid 18th century onwards, the wet peat 
digging was used in these provinces as well. In the technique of wet peat digging the peat was 
pulled out of the water by a hand drag from a barge or a plank and thrown into the barge. 
After that it was spread evenly across a so-called 'legakker', a strip of ground conserved for 
this purpose. When the peat had dried sufficiently, it was cut into the required shape and 
piled up in stacks for further drying. The land that had been dredged turned into water, the 
so-called broad meres, and the remaining strips of ground were used as hay meadows. Under 
the influence of wind and the wash of waves the strips of ground eroded and gradually 
disappeared in many places, and the broad meres expanded. Many lakes of today in the 
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prevention of flooding. Additionally, there was the advantage of obtaining arable land. The 
most spectacular land reclamation in the 19th century was the Haarlemmermeer in 1852. The 
present-day Kagerplassen, Westeinderplassen and Braassemermeer are the remains of the 
former Haarlemmermeer and other large lakes in the area. The large lake Zuidplas (4,000 ha), 
between Rotterdam and Gouda, was reclaimed in 1839 and the danger that the whole of 
midden-Holland would turn into one big expanse of water had been averted. The 
Zevenhuizerplas and the Rotte Meren are remains of the former Zuidplas. The reclamation of 
the broad mere Alexanderpolder (2,700 ha), adjacent to the Zuidplas, followed in 1873. The 
Kralingse plas remained out of this reclamation project. The present-day Alkmaardermeer 
and Uitgeestermeer are remains of former large lakes in North-Holland. 

In search of a reference system for peat lakes 

"In our shallow lakes generally sunlight reaches the bottom. Macrophytes can grow down to a 
depth of 4 to 5 meters and usually cover the whole lake bottom ". This quote from Redeke ( 1948) 
indicates that in the 1940s, the shallow lakes in the Netherlands used to be clear and rich in 
submerged macrophytes. So, at that time the lakes differed largely from the present-day 
turbid lakes and for that reason the years before 1950 have been focused on in this study. 
After a broad survey of the literature, which gave insight in the availability of data, three lake 
areas were selected for further study: the natural peat lake Naardermeer and two lake areas 
resulting from peat mining, the Reeuwijk lakes and the Oude Venen. 

Naardermeer 

Description of the lake 
The present-day Naardermeer of about 200 ha of open water (mean depth 1 m) and 800 ha 
of marshland is one of the oldest 'natural' lakes in the Netherlands. The lake has a 
predominandy sandy sediment, with peat, clay and soft organic mud locally. The lake was 
formed in the middle ages by flooding, followed by erosion of the peatland. Around 1500, the 
lake was dammed off from the river Vecht and the Zuiderzee. Because of insufficient return 
on the necessary investments, the lake 'survived' several attempts of drainage and reclamation 
(in 1628 and in 1884). A railway track across the lake was completed in 1874. Since 1906, the 
lake has been a nature reserve. Until the beginning of the 17th century, the Naardermeer was 
one large lake. Later on, extended marshlands developed in and around the lake and the area 
of open water fragmented into some smaller lakes. The lake is fed by nutrient-poor 
groundwater from the adjacent, elevated sandy area ('t Gooi). Groundwater extraction in 
't Gooi for drinking water supply, and the continuing drainage of the surrounding grasslands, 
resulted in a decreased inflow of groundwater to the lake. Therefore, in the summer season 
more and more nutrient-rich water from outside has had to be supplied, leading to 
eutrophication. In 1960 the lake manager decided to stop this inflow and parts of the lake 
desiccated in summer, as a result. From 1984 onwards, the water supply has been resumed, 
but now phosphorus is removed from the inflow by chemical treatment. In 1985 the location 
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of the large cormorant colony (> 2,000 pairs), was hydrologically isolated from the lake 
(Barendrecht et al., 1989). 

Target variables 
Van Zinderen Bakker (1942) wrote: "Looking overboard, in the middle of the lake, I am 
searching the lake bottom. An endless meadow of light green stonewort stretches out before me... 
These stoneworts are seen in all parts of the lake. " In 1943 at least the following Charophytes 
were found: Chara aspera, Chora vulgaris, Nitella flexilis and Nitella obtusa (Nat et al, 1994). 
A few years later, Van Zinderen Bakker (1948) gave his observations about the littoral 
vegetation: "Nowhere else in the western Netherlands, do we find such a broad belt of emergent 
vegetation, providing habitat for numerous plants and animals. The lakes of the Naardermeer 
may be small and shallow, the reedbelts and woodlands however, are very extensive ...It is a great 
advantage that these littoral zones are not split up into narrow strips of land, as is the case in all 
the lakes formed by peat digging. " The same author in discussion with the local fisherman, 
states that eel is most important for commercial fishery, but that other species such as tench, 
perch, pike, rudd and bitterling are abundant as well. The first observations of algal blooms 
in the lake were made in 1959 (Bakker et al, 1976). Otters were observed in the area until 
1963. 

Steering variables 
There are no data on nutrient levels before 1950. It can, however, be assumed that nutrient 
loading was extremely low, during the years that groundwater and rainwater were the only 
possible external nutrient sources. The water level of the Naardermeer was fairly constant 
over the year. Fluctuations were less than 10 cm and the peaty, littoral zones follow these 
movements of the water level (Van Zinderen Bakker, 1942). Fishing is of minor importance 
to the functioning of the Naardermeer ecosystem. For many generations, only one family (the 
Hoetmer family) fished in the lake, mainly for eel. It is obvious that the changed hydrology (a 
negative water budget, due to decreasing inflow of groundwater and ongoing drainage of the 
surrounding polders), necessitating the inlet of nutrient-rich water from outside, is the 
fundamental cause of deterioration of the lake. 

Reeuwijk lakes 

Description of the lake 
The Reeuwijk lake area consists of eleven, interconnected shallow lakes, in all 714 ha of open 
water with a mean depth of about 2 m. The lakes have a varied sediment of sand, peat and clay 
and originate from peat mining in the 16th and 17th century. Small-scale peat digging 
continued up to the 1950s. Adjacent to, but completely isolated from the shallow lake area, is 
the deep lake Broekvelden-Vettenbroek. This lake has a maximum depth of 30 m, as a result 
of sand extraction in the 1960s. The shallow and peaty Reeuwijk lakes have become highly 
eutrophic during the last decades. Lake shore residents remember the early 1960s as the 
period of transition from a clear water state towards a turbid water state (Van Gemeren, 
1993). The main sources of nutrients are the inlet of water from the Rhine river (for water 
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level management) and the effluent from the sewage treatment plant for the city of Reeuwijk. 
Phosphorus was removed from the sewage by chemical treatment from 1986 onwards (Van 
der Vlugt & Klapwijk, 1990). No improvement in algal biomass and transparency has been 
observed so far (Van der Vlugt & Klapwijk, 1990; Van der Vlugt & Van der Veer, in press). 

Target variables 
Van Gemeren (1987,1993) analyzed the historical development of the lakes and described the 
conditions in 1930: "In those days the water was unimaginably clear. While removing their egg 
shells, peat diggers could watch them fall down to the bottom of the lake". Nat et al. (1994) in 
their extensive historical review of the abundance of Charophytes, report that in 1938-1944, 
Chara contraria, Chora globularis and Nitellopsis obtusa, were observed in one of the lakes. 
Van Gemeren (1993) concluded that the Reeuwijk lakes, and particularly the southern part, 
were dominated by submerged macrophytes in the 1930s. In the northern part the water was 
more turbid and brownish and the macrophytes were less abundant. Aerial photographs in 
Van Gemeren (1993), show an extensive littoral vegetation of reed (Phragmites) and cattails 
( Typha). In 1930, 95% of the shores of the lakes Groot Vogelenzang and Klein Vogelenzang 
were vegetated, while 28% was left by 1989. Scheygrond (1933) reported about the fish stock: 
"In the past years, valuable fish species were successfully introduced, such as pike-perch, houting, 
common carp, tench and eel... By seine fishing large numbers of pike, bream, white bream, roach 
and perch are being caught. Every year some thousands of pounds of white bream are removed 
and stocked elsewhere". Oskam (1973) interviewed the fishermen about the abundance offish 
in the 1940s, compared to the 1970s. All species showed a decrease or were stable. A major 
decrease in abundance was reported for smelt, bleak and burbot. Some other species 
decreased as well: pike, tench, bitterling, roach, rudd and perch. In both periods bream was 
abundant and pike-perch was a common species. Finally, otters were observed in the area up 
to the mid 1970s. 

Steering variables 
Unfortunately, long-term trends in nutrient loading from the different sources are not 
available. It is most likely that the inlet during dry periods of increasingly polluted river water, 
together with the sewage discharge, caused the collapse of the clear water state around 1960. 
A large number of fishermen were active in these lakes, compared to the Naardermeer. 
Scheygrond (1933) reported that about 30 to 50 families earned a living by fishing. Pike-perch 
has been introduced in the lakes, since the end of the 19th century. Oskam (1973) mentioned 
that, especially in the 1920s, the lakes were stocked with pike-perch. It was noted before that 
every year some thousands of pounds of white bream were removed from the lake 
(Scheygrond, 1933). It might be speculated that the commercial fishery in these lakes 
contributed to the stability of the clear water state. Regular fishing on planktivorous fish may 
promote the zooplankton and consequendy the grazing on algae. Because of intra-specific 
prédation in populations of predatory fish (e.g. pike and pike-perch), the removal of the 
larger specimen of predatory fish indirectly leads to an enhanced prédation on planktivorous 
fish. Additionally, the removal of benthivorous fish leads to reduced resuspension of 
sediments (see chapter 5). 
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Oude Venen 

Description of the lake 
The Oude Venen is a varied wedand area of lakes and marshland, 2,500 ha in all. The six 
largest lakes have a mean depth of 1.7 m. The sediment of the lake is peat and sand, with 
some clay locally. Around 1700, the greater part of this area was still peatland. Shordy after 
then peat digging started. The peat was removed down to the sandy subsoil, leaving open 
water. Large broad meres came into being, reinforced by wind and waves. The peat digging 
continued up to the 19th century. Some of the lakes were drained and turned into grasslands. 
On the west side, the lakes were in open connection with the Friesland lake system. On the 
east side, nutrient-poor groundwater from the sandy hills of Drenthe and the Garijp-Oudega 
area seeps into the lake (Klink, 1987). Continuing drainage of the surrounding polders to ever 
lower water levels, resulted in a loss of water from the lakes to the polders. Consequendy, the 
influence of the more and more eutrophic Friesland lakes on the Oude Venen has increased. 

Target variables 
In his book on the Oude Venen, Zandstra (1948) reported algal blooms: "One of those algae, 
a so-called blue-green alga, can be frequently found in our lakes. During calm weather these algae 
may rise and accumulate at the lake surface, causing 'algal bloom'". Several species of 
submerged macrophytes were observed in the lakes: Ceratophyllum demersum, Elodea 
canadensis, Potamogeton lucens, P. pectinatus and Fontinalis antipyretica. Charophytes were 
not reported. Most lakes in the Oude Venen showed a western zone (to the leeward) with a 
well-developed littoral vegetation, mainly with reed and cattails, and an eastern zone (on the 
windward side), with an eroded shoreline. Common fish species were pike, rudd, tench, 
perch, roach, eel, ruffe and common carp. It is striking that pike-perch was a rare species and 
bream was not mentioned as a common species. Zandstra ( 1948) also described the spawning 
conditions for the fish: "Those shallow, macrophyte-dominated lakes which can be found in the 
Oude Venen, provide excellent spawning conditions for the fish ... When the water level is high, 
the pike leave the lake and we can see them spawning over the grassy shorelands". In the 1930s 
the otter was the most characteristic mammal of the Oude Venen. The last otter was killed in 
a car accident in 1988. 

Steering variables 
As for both other case studies, data on nutrient levels of the period before 1950, are not 
available. The nutrient levels in the Oude Venen are the net result of the inflow of nutrient-
poor groundwater and the exchange with the relatively nutrient-rich water of the Friesland 
lakes. Due to this exchange, it may be assumed that the nutrient levels in the Oude Venen 
were higher than in the hydrologically more isolated and groundwater-fed peat lakes such as 
the Naardermeer and the Loosdrecht lakes. Water level dynamics have changed dramatically 
over the past 100 years (Ligtvoet & Grimm, 1992). During winter and spring, extended 
grassland areas used to be flooded and as noted before (Zandstra, 1948), the predatory fish 
pike makes use of these shallow vegetated areas for spawning. Commercial fishing was of 
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great importance in the Oude Venen (Zandstra, 1948). About 20 fishermen earned a living in 
these lakes, fishing for eel, tench, pike and bream. 

Discussion 

This study attempted to reconstruct the reference system for three shallow peat lakes in the 
Netherlands: Naardermeer (mean depth 1.0 m), Reeuwijk lakes (mean depth 2.0 m) and 
Oude Venen (mean depth 1.7 m). The reference system is defined as the state of the lake prior 
to disturbance, and should be described in terms of target variables (such as transparency, 
macrophyte cover, fish stocks) and related steering variables (such as nutrient loading, water 
level manipulations, fish stock management). Information was derived from (grey) literature 
and from interviews with regional lake experts. 

Circumstantial evidence (Redeke, 1948; interviews) suggested that many shallow lakes 
showed a major deterioration in transparency during the 1950s and 1960s. Therefore, this 
reference study focused on the period before 1950. The information collected refers mainly to 
the 1930s and the 1940s. It may be concluded that during that time, all three lakes were in a 
clear water state with a more or less dense submerged vegetation. However, there is some 
evidence that the trophic state increases from the Naardermeer, through the Reeuwijk lakes 
to the Oude Venen. Charophytes (i.e. indicators for clear water) were abundant in the 
Naardermeer, less abundant in the Reeuwijk lakes, and were not reported from the Oude 
Venen. Occasional cyanobacterial blooms of scum-forming species were observed in the 
Oude Venen. The littoral vegetation of mainly reed and cattails, was very well-developed in 
the Naardermeer and the Reeuwijk lakes. The Oude Venen showed a vegetated littoral zone 
in the west, but an eroded littoral zone in the east. Pike, rudd and tench, fish species 
indicating clear and vegetated waters (Willemsen, 1980), were common in all three lakes. 
However, the indicators for turbid waters, bream and pike-perch (Willemsen, 1980), were 
also common in the Reeuwijk lakes. Unfortunately, there are no data on nutrient 
concentrations or nutrient loading for that period. In the Oude Venen the strong natural 
fluctuations of the water level may have favored the pike reproduction. The Oude Venen and 
particularly the Reeuwijk lakes were intensively used for commercial fishing. The role of the 
fishing in maintaining the clear water state remains uncertain and should be evaluated in 
more detail. 

In conclusion, the stability of the clear water state appears to be different for the three lakes 
(Table 2.1 ). Stability is defined here as the resistance in lake ecosystems to perturbations, such 
as increased nutrient loading (see also chapter 5). The extremely low nutrient loading seems 
to be the major factor favoring the clear water state of Naardermeer. For both other lakes, it 
could be speculated that the commercial fishery (Reeuwijk lakes) and the natural water level 
dynamics, providing excellent pike habitat (Oude Venen), played a significant role in 
maintaining the clear water state (Table 2.1). 
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Naardermeer Reeuwijk lakes Oude Venen 

stability of the clear water state 

factors favoring the clear water state: 
low nutrient loading 
high fishing on planktivores/benthivores 
natural water level dynamics 

high lower lowest 

* * 
* * * 

Table 2.1 Stability of the clear water state and possible factors favoring the clear water state of Naardermeer, Reeuwijk 
lakes and Oude Venen in the 1930s and 1940s (*** major role; ** moderate role; * minor role). 

For another group of well-studied peat lakes, the Loosdrecht lakes, Hofstra & Van Liere 
(1992) have described the historical development of eutrophication as a series of stages: (1) 
oligotrophy from 1800-1920, (2) mesotrophy from 1930-1955, (3) eutrophyfrom 1960-1980 
and finally (4) 1980-present, a stable turbid water state in spite of reduced nutrient loading. 
The findings for the three peat lakes fully agree with their stage (2). Unfortunately, our study 
did not produce any data to support the phenomenon of an oligotrophic stage (1). Klinge et 
al. (1995) suggested that perch is the dominant predator in stage (1), pike in stage (2) and 
pike-perch in stage (3). The reference study in this chapter focused on stage (2) lakes, and 
indeed pike appears to be a common fish species in these lakes. The results, however, do not 
allow conclusions about the steering role of pike in the food chain. Although stage (1) lakes 
may have existed before the 1930s, that stage (2) is a more realistic reference system for our 
shallow peat lakes and a challenge to lake restoration (Hofstra & Van Liere, 1992). 
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Chapter 3 

Multi-lake studies: 
external nutrient loading and lake response 

Introduction 

Increased nutrient loading to lakes is the main cause of algal blooms, turbid water and 
concomitant biotic changes in the aquatic ecosystem, such as the decline of submerged 
vegetation and related fish species. In planning and assessment of lake restoration, criteria are 
needed for nutrient loading and nutrient concentration. Comparative studies of a multitude 
of lakes showed to be helpful in developing these criteria. Vollenweider (1968, 1969, 1975, 
1976) was one of the first to conduct multi-lake studies in order to get insight in relationships 
between nutrient loading and the effects of eutrophication, considering some important lake 
characteristics, such as mean depth and flushing rate. Vollenweider focused on deep, mostly 
P-limited lakes. A 'eutrophication survey' in the Netherlands was conducted in 1976-1977, in 
response to Vollenweider's work. The Dutch lakes differ from Vollenweider's data set in that 
most lakes are shallow (< 3 m) and not necessarily P-limited. In today's hypertrophic 
condition, algal biomass may be limited by P, but also by N, light or other factors. P loading, 
however, is widely considered to be the most important steering variable in lake restoration 
in the Netherlands (Anonymous, 1993,1995). 

The purpose of this study was to develop quantitative relationships between nutrient loading, 
nutrient concentrations, algal biomass and transparency for shallow Dutch lakes. The 
empirical relationships became known in the Netherlands as the CUWVO models, after the 
committee that initiated this research, and have been extensively used in lake management 
studies (Claassen, 1982; Werkgroep Eutrofiëring, 1983; De Ruiter, 1984; Oosterloo, 1984; 
Van Eek et al, 1986; Meijer & Uunk, 1988; Klapwijk 1988; Klapwijk et al, 1988; Klink & 
Claassen, 1988; Roijackers & Verstraelen, 1989; Anonymous, 1993). The national water 
quality standards for TP, TN, chlorophyll a and Secchi depth are also based on the CUWVO 
models (Anonymous, 1981,1986,1989). More up-to-date relationships for lake management 
are derived by including the results of recent developments in multi-lake studies and 
modeling (OECD, 1982; Lijklema etal, 1988,1989; STOWA, 1993). 

Parts of this chapter have been published in: 

Hosper, S.H. (1978). H20 11: 329-334. 
Hosper, S.H. (1978). H 20 11: 385-387. 
Hosper, S.H. (1980). Hydrobiol. Bull. 14: 64-72. 
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Data compilation 

Lake data on hydrology, nutrient loading and concentrations (TP, TN), chlorophyll a, 
phytoplankton species and transparency were compiled for the years 1976-1977. Information 
on morphometry and sediment characteristics was collected as well. The information was 
gathered for 65 lakes. Most of the lakes are of moderate surface area (< 500 ha) and shallow 
(< 3 m), with sediments of (a mix of) sand, clay or peat. Reliable water and nutrient budget 
data were only available for 14 lakes. All lake managers used standard methods for sampling 
and chemical analysis. Chlorophyll a data before 1985 from RIZA appeared to be incorrect 
and have been corrected by multiplying the original data with a factor of 0.67 (Griffioen, pers. 
comm. ). See CUWVO ( 1980) for the complete data set. 

Conceptual and empirical models 

The lake response to changes in external nutrient loading can be described by the following 
cause-effect chain: 

phosphorus phosphorus chlorophyll Secchi depth 
loading —» concentration -» concentration —» transparency 

The conceptual and empirical relationships loading-concentration and chlorophyll-Secchi 
depth are elaborated below. 

P loading and P concentration 
Steady-state mass balance modeling has been used since the 1960s for studying the 
relationship between P loading and P concentration. A particularly comprehensive analysis of 
this kind of models was made by Vollenweider (1969). Steady-state in this context means that 
during a long period the input, output, and sedimentation conditions are assumed to remain 
the same, although there is variation within the period. Thus, in the empirical tests of 
the models the average values of certain long periods te.g. years) must be used and 
correspondingly the model outputs represent average concentrations. Another important 
assumption in the models is the assumption of total mixing in all directions; the lake behaves 
as a 'continually stirred tank reactor' (Vollenweider, 1969, 1975). P is not a conservative 
substance, but involved in many physico-chemical (sorption, sedimentation, resuspension, 
diffusion from the sediments) or biological (uptake by algae, mineralization) processes, 
usually resulting in a net annual removal of P to the lake sediments. When a first order 
removal of P is assumed, i.e. the removal of P is proportional to the in-lake concentration, the 
mass balance for the simplified system becomes: 

& = L.Pi-L.p.a.P (1) 
at X X 
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where: 
P = TP in the lake (g m"3) 
x = hydraulic residence time (y) 
Pj = TP in the inflow (g m"3) 
G = net removal rate (y"1) 

At steady-state, temporal changes are zero, and Eq. (1) can be rewritten as: 

P _ 1 
Pi 1 + ox 

(2) 

The major difficulty in using Eq. (2) for prediction purposes arises from the inability to 
specify appropriate values of a, the removal rate, for different lakes. Thus, attempts have been 
made to estimate values of o based on other lake parameters that are known. Vollenweider 
(1976) developed a statistical relationship between the removal rate a and the hydraulic 
residence time x (T = volume/outflow) of lakes: 

a«JI (3) 

Apparently, highly flushed lakes (low x) show a relatively high net removal rate. Such a 
relationship may be explained by the higher settling velocities of suspended solids, 
originating from inflowing streams. 

Eq. (2) can now be written as: 

L = _L_ (4) 
Pi 1 +{z K ' 

Note that the equation is dimensionally incorrect, due to the statistical nature of the 
relationship. Eq. (4) is derived primarily from data on deep, stratified and nutrient-poor lakes 
in Europe and North America. Clasen & Bernhardt (1980) applied Vollenweider's empirical 
approach to shallow lakes and reservoirs and presented a slightly modified version of the 
model: 

£ = _ l (5) 
Pi 1 + 2,/x 

The above equations are the result of conceptual and empirical modeling, and can be used for 
evaluating the possible effects of changes in P loading and hydraulic loading. Note that 
according to Eqs. (4) and (5), the effect of loading reduction is independent of P(. This 
implies that the response of in-lake TP is proportional to the change in TP loading. OECD 
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