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Abstract
A reduction in external phosphorus load to the shallow lakes of Botshol resulted
in an ecosystem alternating between two states one characterized by high water
transparency, low phosphorus levels and abundant submerged vegetation the other
by low transparency, high phosphorus levels and high phytoplankton densities. The
main goal of this thesis is to synthesize and to test competing hypotheses to explain
the alternating patterns. No evidence was found to support the hypothesis that years
with clear water and abundant submerged macrophyte growth attract so many
herbivorous birds that growth of submerged macrophytes is suppressed by grazing.
Instead, our results suggest that the temporal pattern of precipitation and runoff driven
by North Atlantic Oscillation has triggered the shifts between clear and turbid states
in the lake ecosystem. Wetter conditions during high NAO years resulted in higher
nutrient loading. The instability of macrophytes in Botshol might also be promoted
by an accumulation of organic matter originating from decomposing macrophytes in
consecutive clear-water years. The subsequent oxygen consumption by this material
may cause redox conditions boosting phosphorus release. An important implication
of this thesis is that climatic conditions may open a window of opportunity for
restoration of shallow lakes.
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Introduction
Submerged macrophytes are known to have important effects on lake ecosystems,
particularly in shallow lakes (Pereyra-Ramos, 1981; Canfield et al., 1984; Carpenter and
Lodge, 1986; Blindow et al., 1993). Submerged macrophytes help to maintain high water
clarity by storing nutrients (Kufel and Kufel, 2002), increasing sedimentation of particles
(Madsen et al., 2001; Horppila and Nurminen, 2003), reducing sediment resuspension
(James and Barko, 1990; Petticrew and Kalff, 1992; Van den Berg et al., 1998), decreasing
phytoplankton by shading and allelopathy (Van Donk and Van de Bund, 2002; Mulderij
et al., 2005) and providing protection for zooplankton from fish predators (Timms
and Moss, 1984; Schriver et al., 1995). In vegetated lakes the fish community is shifted
towards piscivores, and zooplankton grazing on phytoplankton is enhanced. In addition,
submerged aquatic plants support valuable invertebrate, fish, and bird communities (Van
den Berg et al., 1997; Jeppesen et al., 1998; Noordhuis, Van der Molen and Van den Berg,
2002). Recolonisation of submerged macrophytes is, therefore, an important aspect in the
recovery of shallow lake ecosystems that have been degraded due to eutrophication.
Before 1950, most of the lakes in the Netherlands were clear, and lake bottoms were
covered with submerged macrophytes (Van Liere and Gulati, 1992). The mostly
shallow lakes contained low levels of nutrients, and observers described transparent
water and light green meadows of submerged vegetation (Westhoff, 1950; Mur, 1976).
In the 1960s, this situation started to change. Many lakes became eutrophic due to
runoff from agriculture and industry, as well as discharge from untreated household
wastes. The eutrophication resulted in increased phytoplankton growth and turbidity
in most lakes, causing strong reduction in submerged macrophytes to sometimes a
complete disappearance (Best, De Vries and Reins, 1984; Gulati and Van Donk, 2002).
The disappearance of submerged macrophytes from eutrophic waters has been
attributed to decreased light availability due to shading by both phytoplankton and
epiphyton (Philips, Eminson and Moss, 1978; Moss, 1990).
In addition to nutrient enrichment, several other perturbations affecting the shallow
lake ecosystem may indirectly result in further deterioration of lake water quality.
Such perturbations include the loss of marginal wetlands, which provide spawning
and nursery habitats for predatory fish (Klinge, Grimm and Hosper, 1995); heavy
stocking of benthivorous fish; input of external water with different macro-ionic
composition, which can enhance internal loading of phosporous from the sediments
(Caraco, Cole and Likens, 1989; Smolders and Roelofs, 1995; Lamers, Tomassen and
Roelofs, 1998; Beltman et. al., 2000) increase of boating and recreation and pollution
with chemicals that are toxic to zooplankton, which can result in reduced grazing of
algae (Hurlbert, 1975; Scholten, Jak and Foekema, 1994).
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Figure 1.1: Stability properties of a shallow lake system at different nutrient levels, as
derived from model analysis (Scheffer, 1990)

Lake restoration is one of the major issues in water management in the Netherlands
(Anonymous, 1995; Anonymous, 2006). Reduction in external phosphorus load is a
classic method of lake restoration, a way to return from a turbid to a clear water state
that has successfully been applied to deep lakes (Sas, 1989). However, many attempts
to restore shallow, phytoplankton-dominated lakes to a clear water state by nutrient
reduction alone have failed (Bengtsson et al., 1975; Jeppesen et al., 1991; Van Liere and
Janse, 1992; Søndergaard, Kristensen and Jeppesen, 1993). The recovery of macrophytes
in turbid, shallow lakes after a reduction in nutrient load may be difficult. In shallow
lakes, the role of the sediment as a nutrient source is more important than in deep lakes,
because the sediment is in direct contact with the photic zone during the whole year, and
the ratio of sediment surface to water volume is high (Jeppesen et al., 1991). In shallow
lakes, phosphorus released from the sediment in summer is immediately available
for photosynthesis, while in deep lakes, the released phosphorus is sequestered in the
hypolimnion during the summer. Since the late 1960s, the strategy for lake restoration
has gradually evolved from simply stripping phosphorus at sewage plants towards
a more comprehensive and ecosystem-based approach, including control of nonpoint nutrient sources, dephosphorization of water-supply, and in-lake measures like
dredging, flushing, and biomanipulation (Hosper, 1997; Meijer, 2000).
10
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Theory of alternative states
Lake ecosystems often exhibit a delayed response to nutrient reduction that cannot be
explained solely by internal nutrient loading from the sediment. This phenomenon can
be understood from the theory of alternative stable states (Scheffer, 1990, Fig. 1.1). At low
nutrient loadings, only a clear-water state exists, and at high nutrient loadings, only a
turbid state is stable. At intermediate nutrient loadings, however, either state is possible.
Using simple models, Scheffer et al. (1993) showed that feedback mechanisms stabilize
these alternative states. The stability properties of a shallow lake can be visualized by
a ‘marble in a cup’ plot (Fig. 1.1). The equilibrium line with a ‘catastrophic fold’ shown
at the bottom of the figure is computed from the vegetation-algae model developed by
Scheffer (1990). The valleys in the stability landscapes correspond to stable equilibria
and the hill tops to the separation between the basins of attraction. Each landscape in
the serie shows the stability properties at a different nutrient status. The front landscape
represents a hypertrophic situation in which just one equilibrium exists, a turbid one.
The rear picture represents the pristine state of a lake, a low nutrient situation in which
a clear water equilibrium exists. Between these two extremes there is a range of nutrient
levels over which two alternative equilibria exist. The delayed response of a lake to
eutrophication and subsequent restoration efforts can be understood derived from this
graph (Scheffer et al., 1993). Vegetationless lakes, for example, tend to stay unvegetated,
because sediment disturbance by waves and benthivorous fish prevents vegetation
recovery. Vegetated systems, on the other hand, tend to stay vegetated because the
vegatation helps to maintain water clarity by the mechanisms described above. In view
of these feedback mechanisms, it is not surprising that shallow lakes do not exhibit
the classical relationships between algal biomass and nutrient loading characteristic of
deep lakes (Vollenweider, 1969, 1977; Sas, 1989).
The observed responses of shallow lakes to reduction in external P load has often
been catastrophic, rather than gradual (Scheffer, 1998). In some cases, no macrophyte
re-establishment at all occurred, despite a strong reduction in external nutrient load
(Van Liere and Janse, 1992; Van Duin et al., 1998; Bachman, Hoyer and Canfield, 1999).
In other studies, an extensive and dense macrophyte community developed, but was
not stable in the long term (Bales et al., 1993; Blindow et al., 1993; Perrow, Moss and
Stansfield, 1994). Instability of the recovered clear state was variously attributed to
internal P load from the sediment (Sas, 1989; Jeppesen et al., 1991), resuspension of
sediments (Weyhenmeyer, 1998), or grazing by waterfowl and fish (Jupp and Spence,
1977; Lauridsen, Jeppesen and Søndergaard, 1994; Van Donk and Otte, 1995). In
some lakes a cyclic pattern of submerged plants growth has been observed following
nutrient load reduction (Moss, Stansfield and Irvine, 1990; Perrow et al., 1994).
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Figure 1.2: Botshol and surroundings in 1868. The north of this map shows that the landscape of Botshol was already comparable to the present situation. The Vinkeveen lakes
were not yet formed; excavation of peat had just started. In the area now called Polder
Groot Mijdrecht, peat excavation had resulted in two lakes, and the land was not yet reclaimed. (Gemeente Atlas Jacob Kuyper 1865-1870)

Botshol, a case study
History
This thesis analyses the restoration of a shallow lake system in the Botshol, Nature
Reserve, the Netherlands. Botshol is located in the Vecht Lake area in the center of
the Netherlands (25o 15’ North 4o 26’ East), which is part of the delta area of the Rhine
River. Originally, the region consisted of peat bogs and marshlands, intersected by
several small rivers. Significant human activities started here in the first centuries
12
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of this era. The first human settlements were situated on the dunes and on the solid
banks of the rivers. Drainage of the wet peat soils became necessary for agricultural
purposes. This drainage resulted in shrinkage of the peat layers; therefore, dikes
were build for the protection of polders against high water levels. Most dikes were
completed during the Middle Ages. Peat shrinkage was accelerated in the 16th century
by the introduction of windmills. Starting in the 11th century, peat was excavated for
use in agriculture and as fuel (Fig 1.2). The resulting lakes increasingly dominated the
landscape. Some of these lakes were reexcavated during the 19th century with the aid
of steam engines. This resulted in new, deep polders with a clay or sand substratum.
Polder Groot Mijdrecht, adjacent to Botshol, was created this way in 1872-1877
(Pannekoek, 1956). Excavation of peat in Botshol started in the 18th century. Peat
of good quality was found only in restricted parts of Botshol, and other areas were
not excavated. This resulted in an irregular pattern of small water bodies and reed
marshes. For more than a century, no significant amounts of peat have been excavated
in Botshol. It is now a small wetland area (287 ha) with two shallow lakes, Grote Wije
and Kleine Wije (depth=1.5-3m), pools and ditches surrounded by reed marshes and
alder carr forest (Fig 1.5). Botshol is bordered on the south by the Vinkeveen Lakes
and in the north, east and west side by agricultural grassland. Large portions of the
area were abandoned, and a rich vegetation developed. In these sections, human
activities are now restricted to reed cutting, commercial and recreational fishing, and
limited recreational rowboating. During the breeding season for birds, April to June,
no one can enter the area except for research purposes.

Hydrology
Due to its historical development, areas with three main categories of water levels are
now found in the Vecht region (Figs 1.2 and 1.3).
1.	Former river beds and main canals, such as the Oude Waver, have a water level
0.40 m below N.A.P. (the Dutch standard water level). All water displacements
over long distances take place via these water bodies.
2.	The peat polders, which are surrounded by dikes, have a water level 2-3 m below
N.A.P., due to shrinkage of peat. Many large and small lakes resulting from peat
excavation are situated in these polders. The Botshol Nature Reserve belongs in
this category and has a water level of around 2.50 m below N.A.P. .
3.	The reclaimed lakes, called deep polders (e.g. Polder Groot Mijdrecht), have
a water level 4-6.5 m below N.A.P. The depth of these polders depends on the
thickness of the peat layers that were originally excavated. These deep polders
have a large influence on the regional pattern of groundwater flow.
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Fig. 1.3: Actual ground levels of Botshol and surroundings .

Differences in water level cause seepage everywhere in the region. Upwelling and
rainfall necessitate pumping from the polders. In the deepest polders, like Polder
Groot Mijdrecht, pumping is done year-round. For example, Polder Groot Mijdrecht
discharges 47 106 m3 year-1 into the rivulet Oude Waver. During dry periods of the
year, much of the water in peat polders is lost through evaporation and infiltration.
This loss is counteracted by inflowing water. Inflow is often a huge amount of water,
especially in the low peat polders where there is additional water loss through
infiltration. Unfortunately, inflowing water often has high levels of phosphorus and
nitrogen and/or has a different macro-ionic composition, which can enhance internal
loading of phosphorus from the sediments. Prior to the restoration, inflow of water
to Botshol depended on rainfall, inflow from the Oude Waver, surplus water from
agricultural areas and seepage from Oude Waver, Winkel, and the Vinkeveen lakes. A
large amount of water leaves Botshol through seepage to Groot Mijdrecht and through
evaporation. Surplus water was pumped out of nature reserve and agricultural areas
by an electric engine located at the inlet site.
Eutrophication was slower to develop and less severe in Botshol than in most
other lakes in the Netherlands due to a unique situation. The water supply, coming
indirectly from Groot Mijdrecht, has high Fe levels, so some natural phosphorus
stripping occurs. The seepage water from polder Groot Mijdrecht flows through
sediments of marine origin, resulting in increased salinity (1200 mg Cl l-1). During
14
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spring and summer, approximately 1 106 m3 water is returned to Botshol via the rivulet
Oude Waver, to compensate for evaporation and infiltration. The returned water is
taken from the Oude Waver 1 km downstream from where the water is pumped in
from Groot Mijdrecht (47 106 m3 y-1). The inflow of water during summer results in a
salinity gradient caused by the difference in water composition between Oude Waver
and Botshol (Hillebrand, 1977). However, intensification of agricultural activities in
the study area ultimately increased the nutrient load.

Submerged vegetation 1940-1988
During 1940-88, submerged vegetation in the two lakes of the Botshol Nature
Reserve exhibited three distinct stages (Hillebrand, 1987; Simons, 1991). From 1940
to 1965, the lakes were clear and macrophyte abundance was high. Nitellopsis obtusa
was dominant, and Chara major was common (Fig 1.4), mixed with Chara aspera, C.
contraria, C. globularis, and Najas marina (Westhof, 1949, 1950). During 1965-80, water
quality deteriorated, due to increasing external phosphorus input from nutrient-rich
inlet water, and from three adjacent agricultural areas that drained their excess water
into Botshol. The Characeae declined and almost completely disappeared, while an
aquatic moss, Fontinalis antipyretica, and an alga, Vaucheria dichotoma, increased in
abundance (Den Held, Copijn and Oostendorp, 1976; Vroman, 1976; Hillebrand, 1987).
During 1980-88, there was little change in the submerged macrophyte community.
Only small populations of C. connivens, C. globularis and N. marina remained in Grote
Wije; F. antipyretica and V. dichotoma dominated at many sites in Kleine Wije (Simons
et. al., 1994).

Restoration
Until the 1980s, the Dutch government’s eutrophication program was focused on
the reduction in phosphorus loading from sewage plants and industrial waste in
the Netherlands and in the international Rhine River basin. In the Botshol Nature
Reserve, external phosphorus input increased, due to local agricultural activities
and to summer inflow of water from Groot Mijdrecht to compensate for losses
through evaporation and infiltration. Almost all of the farms and houses in Groot
Mijdrecht and in polder Botshol discharged their domestic sewage directly into the
surface water; construction of a sewage system was too expensive for these scattered
premises. As the phosphorus input to Botshol was not influenced by effluents from
sewage purification plants or by water from the Rhine River basin, the governmental
eutrophication program reduced the external phosphate load by only about 4% (De
Ruiter, 1992).
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Fig 1.4: Drawing of Nitellopsis obtusa (left) and Chara major (Right) (Bruinsma et al., 1998).

In the 1980s, it was increasingly recognized that a lake-specific approach was
necessary for restoration, in addition to a general (inter)national nutrient control
policy (Van der Molen and Boers, 1999). A specific restoration plan to further reduce
the external phosphorus load to Botshol was developed and initiated in November,
1988. The primary objective was to restore the wetland by reducing the external P
load, increasing water transparency, and re-establishing a stable community of
submerged macrophytes. Beginning in November, 1988, surplus water from adjacent
agricultural areas was diverted from Botshol. Starting in April, 1989, total P levels in
the water supply were reduced by 70% through chemical stripping. The restoration
plan reduced total P-load from 665 kg P y-1 to about 80 kg P y-1 (Van Iersel and Rip,
1992). From 1997 onwards, chloride levels were limited to a maximum of 800 mg
Cl l-1 to prevent the development of Prymnesium parvum blooms, which can cause
fish kills by excretion of toxic substances. Chloride control was realized by partial
replacement of inflow water using an extra water inlet from Lake Vinkeveen, which
has a relatively low chloride concentration (350 mg Cl l-1).

16
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The initial studies of submerged macrophytes in Botshol during the first four years
after phosphorus reduction indicated spectacular improvements (Van Iersel and Rip,
1992; Rip, Everards and Houwers, 1992; Simons, Ohm and Daalder, 1992). A strong
reduction in P levels resulted in an improved light climate and explosive growth of
Characeae and Najas marina. In 1991 and 1992, submerged macrophytes covered more
than 80% of the lake bottoms. Although the objective of re-establishing submerged
macrophytes seemed to have been attained, the vegetated, clear-water state was
unstable and the lakes fluctuated between turbid and clear states. The primary goal
of the research reported in this thesis is to determine why the aquatic ecosystem of
Botshol alternated between turbid water with minor macrophyte abundance and
clear water with high macrophyte abundance.

Thesis outline
This thesis presents the results of a series of studies examining the long-term effects of
reduction in external phosphorus load on the shallow lake ecosystem in the Botshol
Nature Reserve and a search for mechanisms that might cause cyclic shifts between
clear and turbid states in shallow lakes. The objectives of the thesis were to
1) develop a comprehensive understanding of the causes of instability of the aquatic
ecosystem, in particular, phosphorus and chlorophyll levels, water transparency
and the abundance of submerged macrophytes in Botshol after reduction in the
external P load; by monitoring, experimenting, quantifying nutrient transport and
loading, and modeling biological processes;
2) contribute to the development of ecological theory regarding the functioning and
restoring of shallow lake ecosystems.
Chapter 2 of this thesis presents an overview of the dynamics of the aquatic ecosystem
of Botshol during the fifteen years following the reduction in the external nutrient
load. Chapter 3 describes a laboratory experiment and field surveys that examined
the effect of increased chloride levels on the availability of phosphorus from peat.
Chapter 4 reports the results of a two-year experiment that investigated the influence
of herbivory by fish and birds on the biomass of Chara spp., and calculates the
phosphorus load from birds. Chapters 5, 6 and 7 examine the impact of climatic
fluctuations on P load and abundance of Characeae, respectively, which were studied
by quantifying and modeling the flow of water and nutrients in Botshol, and the
resulting ecosystem responses. Chapter 8 examines the hypothesis that cycles may in
theory occur if submerged macrophytes promote water clarity in the short run, but
simultaneously cause an increased nutrient retention, implying an accumulation of
nutrients in the long run. Chapter 9 describes the application of multiple regression
and multivariate analyses (PCA and CCA) to determine environmental gradients that
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Fig 1.5: Aerial picture of Botshol showing the two shallow lake Grote Wije.

are related to abundance and species composition of submerged macrophytes. Finally,
Chapter 10 provides a synthesis of the preceding chapters, including a schematic
overview of the interrelations among environmental conditions and ecosystem
parameters.

18
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2
Long term oscillation of a shallow
lake ecosystem upon reduction in
external phosphorus load

Winnie J. Rip, Maarten R.L. Ouboter, Egbert H. van Nes and
Boudewijn Beltman (2005)
Archiv für Hydrobiology 164: 387-409

Turbid and clear states in a shallow lake
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Abstract
A long-term study of eutrophication abatement in the Botshol Nature Reserve, the
Netherlands, showed an intriguing response in this shallow lake. Beginning in 1988,
the external nutrient load was reduced by hydrological segregation from agricultural
areas and by chemical stripping of phosphorus from the water supply. A side effect
of the hydrological segregation of Botshol from agricultural areas was an increase in
chloride from 500 to 1000 mg l-1. In the first four years after the decrease in nutrient
load, reductions were observed in phosphorus and chlorophyll a concentrations,
as well as in the density of phytoplankton, zooplankton, and fish. Reduced
phytoplankton density resulted in reduced turbidity and increased cover of Characeae
from 2 to 80%. Although the objective of re-establishing submerged macrophytes
seemed to be attained, the clear water state appeared unstable. From 1993 onwards,
the ecosystem alternated between turbid water with minor macrophyte production
(1993-1995, 1999-2003) and clear water with abundant growth of aquatic plants (19961998). Phosphorus concentrations in Botshol also showed strong related fluctuations,
despite a stable external phosphorus load.

Introduction
Before 1960, most of the lakes in the Netherlands were clear, and lake bottoms
were covered with vegetation. Since then, eutrophication has resulted in increased
phytoplankton growth and turbidity in most lakes, causing strong reduction in or
complete disappearance of submerged macrophytes (Gulati and Van Donk, 2002).
Submerged macrophytes contribute to the stability of the clear-water state by storing
nutrients (Kufel and Kufel, 2002), increasing sedimentation of particles (Horpppila
and Nurminen, 2003), reducing sediment resuspension (Van den Berg et al., 1998),
allelopathy (Van Donk and Van de Bund, 2002) and facilitating protection for
zooplankton from fish (Timms and Moss, 1984). Additionally, submerged aquatic
plants are of great significance in the support of valuable invertebrate, fish, and
bird communities (Jeppesen et al., 1998; Noordhuis et al., 2002). Re-colonisation of
submerged macrophytes, therefore, is an important aspect in the recovery of such
shallow, eutrophic lake ecosystems.
Reduction of external P-load is a common used method of lake restoration, a way to
return from a turbid to a clear-vegetated state that has successfully been applied to
deep lakes (Sas, 1989). However, many attempts to return shallow, phytoplanktondominated lakes to a clear water state by nutrient reduction alone have failed
(Søndergaard et al., 1993; Sas, 1989; Van Liere et al., 1990), as in shallow lakes the
restraining role of the sediment as a nutrient source is more important than in deep
Turbid and clear states in a shallow lake
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lakes. In shallow lakes the sediment is in direct contact with the photic zone during
the whole year, P released from the sediment in summer is immediately available for
photosynthesis, whereas in deep lakes, the released P is locked up in the hypolimnion
during the summer (Sas, 1989).
Internal nutrient loading alone, however, often does not explain the delayed response
to nutrient reduction. This delay in response is caused by chemical and biological
factors Scheffer et al. (1993) showed that feedback mechanisms tend to cause alternative
stable states in shallow lakes. At low nutrient levels, a low-turbidity and vegetated
state exists; at high nutrient levels, a high-turbidity vegetationless state exists; and
at intermediate nutrient levels, either state is possible. Macrophytes play a key role
in stabilizing the clear water state. Once they colonize a lake, they reduce turbidity
thereby improving their own growth conditions. Due to this feedback, the response
of shallow lakes to eutrophication and restoration is expected to be discontinuous
rather than smooth (Scheffer et al., 2001).
Long-term investigations are crucial to understanding stability and the problems
arising from the many interacting variables involved in restoring a shallow lake
from the turbid to the clear state. Excessive nutrient loading has caused most lakes
in populated areas to shift to the turbid state. Upon reduction of the nutrient loading
lakes may shift back to the clear state, but the critical nutrient level at which the shift
back occurs is typically lower than the nutrient level at which the ecosystem switched
to the turbid state (Scheffer et al., 1993). Evaluation of the responses of shallow lake
ecosystems to reduction in external nutrient load over a longer period can give
answers to the following questions i) How stable is a recovered clear state? ii) What
is the critical P range for switching between clear and turbid state iii) What are in a
shallow lake the ecosystem responses to changes in water clarity, specifically changes
in physico-chemical parameters, phytoplankton, zooplankton, fish and submerged
aquatic plants?

Study site and restoration measurements
The Botshol nature reserve is a small wetland area (287 ha) with two lakes, Grote Wije
and Kleine Wije (depth 1.50 – 3.00 m), pools and ditches surrounded by reed marshes,
and alder carr forest, bordered by agricultural grassland. Botshol is located in the
Netherlands (52°15´North 4°26´East, Fig. 2.1). The wetland is man-made, remaining
after the digging of peat for fuel in the 18th century (Hillebrand, 1987; Van Iersel and
Rip, 1992). The sediment is peaty with a silt layer of varying thickness.
Until 1960 the study area was a clear-water lake system, dominated by Characeae.
In Botshol eutrophication was slower to develop and less severe than in most other
lakes in the Netherlands because of the unique situation that the water which was
22
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Fig 2.1: Map of Botshol with the location of sampling locations, Dam C, main water supply, dephosphorization plant, settling area, agricultural areas.
Turbid and clear states in a shallow lake
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used to maintain water level, had high iron levels, so natural phosphorus stripping
occurred (Rip et al., 1992). High Fe/P ratios in the sediment prevented internal P
load (Boers et al., 1993; Jensen et al., 1992). However, intensification of agricultural
activities in the area ultimately increased the nutrient load. Although submerged
aquatic vegetation in Botshol diminished, it never disappeared completely (Simons
et al., 1992). The hydrology of the system is dominated by infiltration. The study area
is a hydrologically isolated polder. On average, the water table in Botshol drops 1.75
mm.day-1 by water infiltrating through the sediments to an adjacent polder, Groot
Mijdrecht, which has water levels 4.3 m below Botshol. The groundwater from Botshol
and other higher areas in the vicinity flows through sediments of marine origin to
Groot Mijdrecht, resulting in increased salinity, and 47 106 m3 water.year-1 is pumped
from polder Groot Mijdrecht into the rivulet, Oude Waver, which is light brackish
(1200 mg Cl.l-1). During spring and summer, approximately 106 m3 water is returned
to Botshol from Oude Waver to compensate for water lost through evaporation and
infiltration. The returned water is taken from Oude Waver 1 km downstream from
where the water is pumped in from Groot Mijdrecht. Before November 1988, the
surplus water from the surrounding agricultural areas was discharged directly into
the nature reserve. In 1989, a restoration program was started in Botshol. The primary
objective was to increase water transparency and re-establish a stable community of
submerged macrophytes by reducing the external P-load. Since April 1989, the total P
levels in the water supply were reduced by 70% through chemical stripping and the
surplus water of agricultural areas was diverted in November 1988. The restoration
plan reduced external total P-load from 665 P kg y-1 before the restoration project (Van
Iersel and Rip, 1992) to about 100 P kg y-1.
During the first four years, improvements were observed (Rip et al., 1992; Simons
et al., 1992). A 50% reduction of total P-levels resulted in an improvement of light
climate from 120 to 225 cm (bottom sight) and an increase of cover of Characeae from
2 to 80%.

Material and Methods
Monitoring
Three sample stations (I, II, III, see Fig. 2.1) were monitored starting in 1987, and
surface water samples have been taken at station IV since 1994. Stations I and II were
situated in the two shallow lakes: Grote and Kleine Wije. Stations III and IV were in
the wetland part of Botshol, characterized by reed areas and small connected turf
ponds. Before the restoration project, two agricultural areas (190 ha) had their outlet
of surplus water near stations III and IV. The average depth was 2.0 m in the lake
areas and 0.80 m in the wetlands areas. Total P, PO43-, total N, NO3-, NH4+, SiO22-,
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Cl-, HCO3-, K+, Na+, Ca2+, Mg2+, SO42-, chlorophyll-a, oxygen, Secchi depth, suspended
inorganic material, temperature and pH of surface water were determined according
to the international standards (ISO). During different periods, samples were taken
daily, at two-weekly intervals, or four times per year.
During 1988-2003, phytoplankton was sampled simultaneously with the chemical
samples at Stations I and II. During 1988-1993, phytoplankton was sampled by
collecting 10 samples with a bucket at a depth of approx. 10 to 30 cm. These were mixed,
and 1 L was fixed with Lugol’s solution and allowed to precipitate before counting.
During 1994-2003, samples were taken with a plexiglass tube at 1 m. Zooplankton
was sampled by collecting five to ten 10 L samples (with a bucket during 1987-1993,
and with the plexiglass tube at 1 m depth during 1996-2001 and in 2003). The samples
were concentrated by pouring the combined samples through a 40-μm mesh net. The
animals were preserved in 3% formalin. No zooplankton samples were collected in
the years 1994-1996 and 2001-2002. Phyto- and zooplankton were counted in 10 ml
sedimentation chambers using a Zeiss inverted microscope.
Submerged macrophytes were mapped each summer during 1985, 1987-2000 and
2003. A transect pattern covering most of the open water and pools, watercourses
and ditches was followed for each survey. Plant material was observed and collected
by dredging and snorkelling from a rowing boat. Dredging was done with a device
developed and described by Satake (1987). Characeae species were identified according
to van Raam (1998). In 2001-2003, a more quantitative survey method was used. In
the Grote and Kleine Wije, 50 vegetation-sampling points were assigned with GPS.
At each sampling point, the Satake rake was thrown into four opposing directions
and a dredge sample was collected over an 8 m distance. The cover of each species
was determined by the number of dredges in which it was found and the amount
of material collected, similar to the method used by Hansel-Welch et al. (2003). The
vegetation maps were digitized, and the percent cover of each species was determined
for each lake and year.
In June, July and August/September of 1989 and 1992, a fish-breed inspection
was performed using a seine net and electrofishing. Information was collected on
density, biomass, distribution and length of 0+ fish of each species. In July, September
and November 1989, and in October and November 1992, biomass and species
composition of one-year and older fish were determined by seine and electro fishing
using a mark-recapture method (Ricker, 1975). Length-frequencies and length-weight
relations were determined, and stomach contents were analyzed.

Bioassays
In order to determine the factors that limit phytoplankton production we carried
out two to four bioassays per year during spring and summer from 1988 to 1992,
with fresh phytoplankton collected at Stations I and II. Before starting each bioassay,
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zooplankton >100 um were removed. Chlorophyll-a, P and N concentrations were
analyzed on Day 0, and then various combinations of nutrients (Van Donk et al., 1988)
were added to 900 ml sample in a glass beaker. In comparison to the natural situation the
P-treatment contained 5 fold extra PO43-, the N-treatment contained 5 fold extra NO3- and
NH4+, and the ALL treatment contained the P and N-treatment, vitamins, and chelating
agents. In the ZOO treatment, only performed in 1989 and 1990, zooplankton was not
removed. Each treatment was carried out in duplicate, at the temperature and day
length measured on the sampling day, with an irradiance of 120 μE sec-1 m-2 during the
light period. During each experiment, the beaker was stirred for 12 s per 4 min period.
The beaker was covered with a sheet of glass to prevent evaporation. Each day, a 5 ml
sample was fixed with Lugol’s solution, and the total number of phytoplankton cells
was counted with a flow-cytometer. On Day 6, chlorophyll-a, P and N concentrations
were determined, and the bioassay was ended. Nutrient limitations were determined
based on the growth rate and yield of algae, chlorophyll-a, P and N-levels.

Statistical analysis
For all the abiotic parameters and phyto- and zooplankton data, summer averages (AprilSeptember) were calculated. The summer averages were then standardized to zero mean
and standard deviation 1. Correlation coefficients between the standardized summer
averages of the abiotic parameters and the cover of Chara spp. were determined. Due to
the high amount of tests alpha is corrected for the experimental error with the Bonferroni
approach to lower the chance to make a type one error. A stepwise multivariate linear
regression (Sokal and Rohlf, 1995) was used, with the cover of Chara spp., Secchi-depth
and chlorophyll-a as the independent variables. The autocorrelation of summer averages
of total P, chlorophyll, Secchi-disc and cover of submerged plants with time lags of 1, 2,
3 years and up were tested. SPPS was used for all statistical analyses.

Results
In the first four years after the reduction of the external P load Botshol switched from
the turbid to the clear state. The clear state was, however, not stable, and the lakes
alternated between clear and turbid states after this initial clear period. Two clearvegetated and two turbid-phytoplankton dominated periods occurred in Botshol
during the fifteen years of this study (Figs. 2.2 and 2.3). The autocorrelation for total
P was significant at lag 4 and lag 7 (Fig. 2.4). For the other tested parameters the
autocorrelation was significant at lag 3 or 4 and at lag 6 or 7. The amplitude of the
cycle between clear and turbid years seemed to be 6 or 7 years. The critical P level for
a switch from turbid to clear was 18 µg P l-1. The lake switched from the clear to the
turbid state at P levels above 40 µg P l-1.
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Results of stepwise multivariate linear regression showed that Secchi depth was the most
powerful parameter explaining variation in the cover of submerged macrophytes (Fig. 2.2 and
Table 2.1), and chlorophyll-a was most powerful for explaining Secchi depth and total P for
chlorophyll-a. The correlation coefficients between the cover of Chara spp. and the parameters:
Secchi depth (r= +0.750), chlorophyll (r= -0.664) and between Secchi and tot-P (r= -0.786)
and chlorophyll (r= -0.893 ) were significant (r=0.0008; Table 2.2). The correlation between
chlorophyll and tot-P (r= +0.764) was significant when 1998, a deviant year regarding total P,
was omitted. Below we present a detailed description of the research period.

The years before reduction of external P-load: 1987-1988.
Prior to the initiation of P reduction in the Botshol nature reserve, the lake was
characterized by low water transparency (Secchi disc depth), and by average summer
levels of total P and chlorophyll-a around 50 µg P l-1 and 10.85 µg l-1 (Fig. 2.2). N/P ratio
was 30 and ratios between chlorophyll and total P were around 0.20. Average summer
chloride levels were 500 mg l-1 (Fig 2.3). Cyanophyceae and Bacillariophyceae were
dominant in the phytoplankton (Fig. 2.5), and phytoplankton growth was N-limited
(Table 2.3). Submerged macrophytes were rare; only small populations of Chara
connivens, C. globularis and Najas marina were found in the Grote Wije (Fig. 2.2).

The first four years of reduced P-load: 1989-1992.
The effects of the reduction in external P-load since November 1988 were obvious
within a few months: total P decreased significantly in 1989 and remained low until
1992 (Fig. 2.2). In 1991, total P was reduced by 50% at sampling sites I and II. Dissolved
PO43- remained around the detection level (5 µg P l-1). N/P increased in 1989 to 69 and
decreased to 32 in 1992. Summer averages of chloride increased to about 1000 mg l-1 in
1990 and 1991 (Fig. 2.3). Sampling site II had the highest chloride level found during
the research period: 1150 mg l-1 in September 1991. The absence of agricultural surplus
water, formerly naturally diluting the chloride-rich inlet water, after winter 1988-89
caused this significant rise in chloride. Bicarbonate decreased from levels around 240
to 160 mg l-1 in 1992.
After the initiation of P-load reduction in 1989, water transparency increased
significantly in comparison to the years before P-load reduction. During 1989-1992,
summer Secchi depth regularly reached the bottom (Fig. 2.2). Increased water clarity
coincided with very low chlorophyll-a concentrations, (at detection level 1 µg l-1)
in summer 1992. There was a significant inverse relationship between chlorophylla concentration and Secchi-depth (Table 2.2). Phytoplankton decreased in numbers
in 1989-1991 and the composition changed from domination by Bacillariophyceae
and Cyanophyceae to domination by Chrysophyceae and Cryptophyceae (Fig. 2.5).
Phytoplankton growth was P-limited during spring and N-limited during summer
1989 (Table 2.3). During 1990 through 1992, growth was limited by both P and N in
Turbid and clear states in a shallow lake
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Fig 2.2: Summer averages of Total-P, PO4-P, NO3-N, NH4-N, Secchi disc-depth, Chlorophylla, Chara spp., and Najas marina at sample site I in Botshol during 1987-2003
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Fig 2.5: Summer averages of phytoplankton and zooplankton density during 1987-2003
at sample site I in Botshol. No zooplankton data are available for 1993, 94, 95, 2001 and
2002.
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Table 2.1: Results of multiple linear regression analysis on Chara spp. cover,
Secchi-depth, chlorophyll-a and total-P. – no variables selected
Dependent variable
Chara spp. cover

Secchi-depth
Chlorophyll-a
Total-P

First selected
variable

Second selected
variable

r-square

Secchi-depth
Chlorophyll-a
Total-P

NO3
Calcium

.844
.840
.826

-

-

-

spring and summer. Zooplankton numbers decreased during the first four years of
P-reduction (Fig.2.5). In 1990, the bioassays showed a grazing effect on growth rate
of phytoplankton (Table 2.3), despite the low density of animals. The ratio between
chlorophyll and total P first increased in 1989 to 0.57 and decreased to 0.06 in 1992.
Fish biomass was lower in 1992 than in 1989 (Table 2.4), although the same species
dominated throughout this period: Perca fluviatilis (perch), Esox lucius (pike) and
Rutilus rutilus (roach). Sander lucioperca (pike perch) was present in 1989, but not in
1992. In the autumn of 1990, Secchi-depth decreased temporarily to 80 cm, concurrent
with a rise in P and chlorophyll levels, and a bloom of Chrysophyceae (Prymnesium
parvum). At the same time, Botshol experienced a local fish kill, apparently linked
to the bloom of P. parvum. Two more local fish kills were observed during winters
1991/92 and 1996/97, concurrent with blooms of P. parvum. Not all species and all
length classes will be equally sensitive to P. parvum but no gaps were found in the
structure of the cohorts in 1992.
The cover of submerged macrophytes, in particular several Chara species and N.
marina, increased explosively (Fig. 2.2). During 1991 and 1992, therefore, the target
of re-establishment of submerged macrophytes was achieved: aquatic vegetation
covered both lakes over 50%.

Relapse to the turbid state: 1993-1995
Increased water transparency and other effects of reduced P-load on the ecosystem
were not permanent. In 1993, Secchi-depth declined significantly, and the water
stayed turbid for several years (Fig. 2.2). Characeae and other submerged macrophytes
disappeared almost completely. Total P, PO43- and chlorophyll-a concentrations rose
even above the levels that existed before P-reduction, while summer NO3- and NH4+
levels were almost depleted. N/P ratio stayed low around 27 and the ratio chlorophyll
and tot P increased to 0.43. Bicarbonate levels increased to 300 mg l-1. Phytoplankton
numbers were four times higher than during 1988-1992 (Fig. 2.5), with Cyanophyceae,
Chrysophyta and Chlorophyceae dominating. Due to high precipitation, chloride
concentration decreased during this period.
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Temporary recovery of the clear state: 1996-1998
In 1996, the ecosystem started to switch to clear water with decreasing phytoplankton
numbers, and the cover of submerged macrophytes increased somewhat (Fig. 2.2). The
system continued to recover, and in 1998, Secchi disc depth almost always reached
the bottom and macrophytes covered most of the bottom of both lakes again. Total P
and PO43- levels were relatively high in 1998; however, phytoplankton density (less
dominance of Cyanophyceae) and chlorophyll-a were extremely low in the second
half of 1997 and 1998, probably due to increased grazing. Cladocera density numbers
were significantly higher than during the previous clear period (Fig. 2.5). On 15 July
1996, 70 Daphnia spp l-1 were counted at sampling site I, the highest density since the
implementation of P-reduction. Similar to the clear period 1989-1992 N/P ratio first
increased in 1996 to 45 and decreased to 23.9 in 1998. The ratio chlorophyll and total
P decreased to 0.06 in the high vegetated year 1998. Similar to the first clear period
bicarbonate decreased during the years with high submerged macrophyte cover and
showed a minimum (137 mg l-1) in the year with the highest submerged macrophyte
cover.
From 1997 onwards, the chloride levels were limited to a maximum of 800 mg Cl
l-1 to prevent the development of Prymnesium parvum blooms. Chloride control was
realized by a yearly 5-10 % replacement of the main inlet by more fresh water from
Lake Vinkeveen (350 mg Cl l-1; 30 µg P l-1 ).

Intermediate state: 1999-2003
A sudden drop in cover of Chara spp. and N. marina occurred in 1999; however these
species were able to maintain low cover despite a decline in water transparency in
this period. Total P and chlorophyll-a levels were between those of the clear and
turbid years. The ratio chlorophyll and total P increased to around 0.31. The N/P
maintained the same level but total P/ PO43- increased. Chloride levels stabilized
and showed seasonal fluctuations between 470 mg l-1 in winter and 720 mg l-1 in
summer. Cyanophyceae dominated the phytoplankton, and Chlorophyceae and
Chrysophyceae were present at moderate densities (Fig. 2.5). Cladocera stayed
high in numbers: Daphnia and Diaphanosoma were the dominant genera. Rotatoria
occurred at increased densities; high numbers of Keratella cochlearis tecta were found
during July and August 1999. Summer average temperature was relatively high in
comparison to the rest of the study period.

Discussion
Results of the present study demonstrate that the long-term effects of reduction of
external P-load on a lake ecosystem can be surprising.
Turbid and clear states in a shallow lake
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Tot-N

NO3

NH4

Chl-a

-0.467
+0.258

+0.238

Secchi

Cl

+0.177

+0.061 +0.120

+0.546

-0.111

-0.180

+0.107
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+0.454
-0.564
+0.411
+0.254
+0.101 +0.728 -0.061
-0.436
+0.475
-0.625
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-0.170 -0.431 +0.117 +0.146 -0.664*** +0.750*** +0.213
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*** correlation is significant at the 0.0008 level (2 tailed)
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Chara

+0.207
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Ca+

PO4

+0.327
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-0.116
-0.481 -0.297 +0.457
+0.746 +0.169 +0.383 -0.513 -0.163
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PO4

Total P

+0.146
+0.686
-0.375
+0.147

HCO3

Ca

Chara

+0.043
+0.243 -0.646
-0.424 +0.632 -0.100

SO4

Table 2.2: Correlation coefficients (Spearman’s rho; corrected for experimental error according Bonferroni) between the yearly summer averages of total P, PO4, totalN, NO3, NH4, Chlorophyll-a, Secchi-depth, chloride, bicarbonate, sulfate, calcium, cover of Chara spp., and temperature
at Sample Station I in Botshol for the years 1987-2003 (N=17).

Table 2.3: Results of phytoplankton bioassays at sample sites I and II in Botshol
during 1988-1992. - no clear limitation; P or N indicates phytoplankton growth was
limited by that nutrient, PP or NN indicates stronger P or N-limitation; NP indicates
limitation by both nutrients; (P) or (N) indicates secondary limitation in addition
to the primary limiting nutrient; (zoo) indicates that zooplankton grazing caused
reduced phytoplankton growth.
1988

1989

Location

I

II

I

April
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PP(N)
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NP
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June

1990

II

I
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P
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Table 2.4: Total fish density and biomass in Botshol in 1989 and 1992

Grote Wije
1989
1992
Ind. ha-1
Kg ha-1

Kleine Wije
1989
1992

Ditches
1989
1992

40

13

98

29

475

13

23.8

0.9

8.4

5.7

51.4

0.3

Alternation between clear and turbid states
The most eye-catching pattern in the lakes of Botshol is the alternation between clear
and turbid states. Two clear-water and two turbid periods occurred in Botshol during
the fifteen years of this study. Both states are self-enforcing as they have stabilizing
feedback processes (Scheffer et al., 1993). The transition from a clear to a turbid state
occurred in a single year, but the opposite transition, from a turbid to a clear state,
occurred over several years. The time periods of the clear states were shorter than of
the turbid state. Tot-P and ortho-P, chlorophyll and bicarbonate were low in clear years
and high in turbid years. Nitrate, Secchi disc depth and Chara were high in the clear
state and low in the turbid state. Cyanophyceae, Chrysophyceae and Chlorophyceae
dominated the phytoplankton in the turbid state. At the turning point from turbid to
clear state, 1989 and 1996, tot-P was low and increased slowly during the clear years.
At the start of a clear period chlorophyll dropped from the high values in a turbid
period and continued to decrease to extreme low values 2 µg l-1 at the end of the clear
Turbid and clear states in a shallow lake

35

period. The maximum in Secchi disc depth and cover of the submerged macrophytes
was at the end of the clear periods. The low levels of phytoplankton during clear years
with high cover of Characeae could be caused by the positive feedback mechanisms of
submerged macrophytes. For instance tot-P was relatively high in 1998, the last year
of the second clear period (43 µg P l-1) in combination with Secchi disc depth until
bottom, chlorophyll levels of 2.9 µg l-1 and 100% cover of submerged macrophytes.
The range of total P-levels at which the alternate states occurred was rather low in
comparison to other shallow lakes, it was 18-40 µg P l-1. Both a low (1989) and a high
(1997) macrophyte biomass coincided with total P-levels at the low end of the range.
The total P range for nearby Lake Veluwe and Lake Wolderwijd, that also had clear as
well turbid episodes, is 100-150 µg P l-1 (Meijer, 2000). The difference could be (partly)
explained by the differences in mean water depth, which is larger in Botshol (2 m)
than in Lake Veluwe and Wolderwijd (1.5 m), which causes a smaller total P range
in alternative states (Van Nes et al., 2002; Janse, 2005). Due to the higher chloride
levels in Botshol the numbers of zooplankton were low and the positive feedback
of submerged macrophytes on shelter for zooplankton was probably less important.
In five out of fourteen years of this study, (1990-1992, and 1997-1998), the water was
clear and the submerged macrophytes covered 25-80% of the bottom of the two lakes.
High water transparency and high cover of Characeae also occurred during 1998, but
P-levels were higher than in other clear-water years. Unusually high precipitation
during the summer of 1998 may have influenced the P-levels in this year.
There are a few other lakes that have been shown to repeatedly switch back and forth
between clear and turbid states without obvious external forcing (Bales et al., 1993;
Blindow et al.., 1993; Blindow et al., 2002; Mitchell 1989). Perrow et al. (1994) reported a
similar pattern after reducing the external P-load in the Alderfen Broad (UK). Botshol
and Alderfen Broad were also similar in having high chloride levels and fish kills
related to blooms of P. parvum. P. parvum tolerates chloride levels between 250-625 mg
l-1, but grows optimally at concentrations of 800 mg Cl l-1 or more. P limitation triggers
the release of the toxin. (Holdway et al., 1978). Remarkable were the extreme peaks of
total P during a bloom of P. parvum in Botshol.
The initially successful re-establishment of submerged macrophytes in Botshol by
reducing external P-load was remarkable, because similar interventions in other
shallow lakes often failed (van Duin et al., 1998; van Liere et al., 1990; Søndergaard, et
al., 1993; Moss et al., 1990; Sas, 1989). Lake Naardermeer in the Netherlands is another
shallow lake that was successfully restored after reduction of external P-load without
additional measures (Bootsma et al., 1999). The small surviving populations of
submerged macrophytes prior to restoration of both Lake Naardermeer and Botshol
might have been crucial for success.
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Causes of oscillations in submerged macrophyte populations
Among the potential causes of the collapse of macrophytes are changes in fish populations,
grazing by waterfowl (Moss et al., 1996; Søndergaard et al., 1993), temperature effects
(Barko and Smart, 1982), storm damage (Schelske et al., 1995) or water level fluctuations
(van Geest, 2005). The composition of the fish community was quite similar between
1989 and 1992 (Table 2.4). The fish community was not dominated by planktivorous
fish or benthivorous fish, such as bream (Abramis brama). Rather, perch, pike, and roach,
species typical of clear water lakes with macrophytes, were dominant in Botshol during
both years. Total fish biomass decreased over the first four years following the reduction
of the external P-load (Table 2.4) and this may have resulted in increased density of
zooplankton grazers and, therefore, may have contributed to the initial improvement in
light penetration. Direct effects of herbivorous fish and birds were rejected as a possible
cause of macrophyte decline: exclosures, open to water exchange, in Kleine and Grote
Wije preventing herbivory by fish and birds showed no enlargement in Chara density
from control areas outside the exclosures (Rip, Rawee and de Jong, 2006; Chapter 4).
Storms can influence submerged macrophytes, primarily through resuspension of
sediment. However, no relation was found between the occurrence of storms and
the disappearance of macrophytes at Botshol. Water level fluctuations were small, on
average 10 cm (Rip, pers. obs.)
Decreased sediment resuspension was suggested to cause an increase in water
transparency after expansion of submerged macrophytes (Van den Berg et al., 1998).
Resuspension of sediment did not appear to be an important factor in determining
the water transparency in Botshol, however. Exposure to wind was minor, due to the
presence of many islands, and measured amounts of suspended inorganic material in
Botshol were always very low, near detection level. In turbid years chlorophyll levels
were high and the suspended inorganic material levels remained low, and did not differ
from clear years.
Water transparency is well known as a key factor for the development of submerged
macrophytes, and macrophytes can improve water transpancy by various
mechanisms (Blindow et al., 2002; Scheffer et al., 1993; Kufel and Kufel, 2002, Timms
and Moss, 1984; Van den Berg et al., 1998). Stepwise regression selected Secchi depth
first in explaining the cover of Chara. Most likely, changes in light climate were the
main factor in determining the alternations in submerged macrophytes. At these
low levels of suspended inorganic material found in Botshol phytoplankton is the
most important contributor to light attenuation. Therefore we analyzed the factors
determining the phytoplankton biomass.

Factors regulating phytoplankton biomass
Chlorophyll-a was significantly positively related to total P and negatively to Secchidepth, and cover of Chara spp. (Table 2.2). Stepwise regression selected total P first in
Turbid and clear states in a shallow lake
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explaining chlorophyll-a (Table 2.1). The bioassay experiments demonstrated that P
was usually the primary and N was the secondary limiting factor to phytoplankton
density in the years after the P-load reduction, which is supported by the relatively
high N/P ratios during clear periods (Fig. 2.2). Grazing by zooplankton, especially
large Cladocera, could cause a significant decline in phytoplankton and, ultimately,
enhance light available to submerged plants. The situation after P-reduction in
Botshol was not optimal for cladocerans, because large cladocerans do not grow
and reproduce well when they forage on phosphorus-limited algae (Sterner, 1993).
Increased chloride levels probably further reduced cladoceran numbers, because
Daphnia hardly occur in brackish water (Bales et al., 1993). According to Jeppesen
et al. (1994), top-down control of phytoplankton can be absent in brackish systems
for these reasons. In years with high chloride levels, less zooplankton was found in
Botshol than in years with low chloride levels.
In the second turbid period (1999-2002), that had lower chloride levels than the first
turbid period, resilience of the clear state after a rise in total P appeared to be stronger,
because Najas marina is able to maintain at low levels and the decrease of Secchi disc
depth takes a few years from 286 cm in 1998; 181 cm in 1999; 147 cm in 2000 to 80
cm in 2001. While in the first turbid phase (1993-1995) with higher chloride levels
Secchi disc depth dropped in one year from 218 cm in 1992 to 95 cm in 1993. Possibly
because more cladocerans were present and able to suppress phytoplankton.

Causes of oscillations in phosphorus levels
After the disconnection of agricultural water surplus in November, 1988, the main
external source of P in Botshol was the summer water supply. Despite P-reduction by
chemical stripping of phosphorus starting in April, 1989, about 100 kg P entered Botshol
yearly. The slight fluctuations in the external P flow from the water supply in summer
were not large enough to explain the large fluctuations of the P levels in the surface
water. Internal P-load (Sas, 1989) in the first four years seemed to play a minor role as
P-levels in the lakes declined within a few months after the reduction of external P-load
and the Fe/P ratio in the sediment was high (Boers et al., 1993). Increased chloride
concentrations in Botshol might have increased P-availability through enhanced
mobilization of nutrients from peat. Beltman et al. (2005) showed that an increase of
chloride concentrations in Botshol following restoration caused an increase in the
availability of P from the terrestrial peat. Biogeochemical processes such as competition
for binding sites in sediments for Fe between PO4 and SO4 (pyrite formation) and
adsorption impacted by ‘salt’ (total ion concentration) may affect P supply (Caraco et
al., 1989; Lamers et al., 1998). However, the dynamics of chloride and sulphate levels
were not correlated with the oscillations in P so a fluctuating P flux as a consequence of
increased ‘salt’ competition is not the most likely explanation (Figs. 2.2 and 2.3). Levels
of sulphide in the sediment of the lakes were low (Pijnappel, pers comment).
38

Chapter 2

A higher availability of P can be important in combination with fluctuations in runoff
from catchment areas (Hough et al., 1991). A monthly nutrient budget constructed for
Botshol demonstrated that the temporal pattern of precipitation and runoff gave a
coherent, quantitative explanation of the observed dynamics. (Rip et al., unpublished;
Rip et al., 2007; Chapter 5, 6 & 7). This is in agreement with Hargeby et al. (2004)
who concluded that climate variability is likely to have contributed to a multi-causal
stress, reducing the resilience of the clear-water state and finally triggering the shift
through inter-year dependent changes in biomass of submerged macrophytes and
fish, organism groups known to have key roles in the dynamics of shallow lakes.
Another hypothesis is that both internal P-loading and temporal fluctuations in Botshol
might have been affected by negative feedback from the submersed macrophytes
themselves. Several years of clear water could have resulted in the build-up of
decaying plant material in the lake sediment. Over time, the decay could have used
up oxygen and caused a P flux from both anaerobic sediments and the plant material
itself or the increase of the organic content of the sediment prevented growth by
Chara (Moss et al., 1990; Perrow et al., 1994). This alternative hypothesis could explain
a cyclic pattern in development of Chara and submerged macrophytes, for after a
few years all the organic material is mineralized and the process can start over again.
Botshol could be particularly sensitive to this process, as the only outflow of water
is through evaporation and bottom infiltration. Moss et al. (1990) first suggested this
hypothesis for alternations between clear and turbid years in the Alderfen Broad.
To conclude we suggest that water transparency is the most likely direct parameter
determining the growth of submerged macrophytes. By reducing the external P-load,
the growth conditions for submerged macrophytes were enhanced but not stable.
Future studies should focus on the causes of the oscillation of ecosystem in shallow
lakes.
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Abstract
Turbid water, high phosphorus loading and disappearing Chara communities forced
local water authorities to carry out restoration measures in the lakes and marshes of
the Botshol the Netherlands. The reduction of the external-P input could be reached by
chemical treatment of the brackish suppletion water and by separating the area from
nearby agricultural areas. A side effect of these measures was an increase of chloride
from 400 mg l-1 to 1000 mg l-1 in the surface water of Botshol. Internal biogeochemical
processes were investigated with phytometers and direct measurements of soil nutrient
availability in greenhouse experiments. The increased chloride levels were assumed
to increase soil pore water P. The first experiment showed higher P in the peat-soils
treated with the highest Cl-concentration and an increased leaching of PO4 from the
lake-bottom peat-soils. No reaction of the phytometer Epilobium hirsutum was found.
In the second experiment the 800 mg l-1 Cl-treatment resulted in significantly higher
biomass of Carex acutiformis grown on treated bank soil. N-uptake by the phytometer
Carex acutiformis was significantly higher. The available-P and total-P in the bank soil
did not show a treatment effect. The two studies showed under similar ‘standardized’
conditions a treatment effect of chloride on the P-availability, resulting in higher PO4
leaching and increased plant nutrient concentrations and biomass. The field study
showed higher available-P concentrations in the shore zone than in remote areas.
The high chloride levels after restoration impact internal nutrient availability in the
Botshol wetlands, on soil loaded with P in recent and historic times.

Introduction
The nature reserve Botshol (52°15´North 4°26´East, Fig. 3.1) is situated in the Holocene
part of the Netherlands. It consists of 200 ha of wetlands (shallow lakes (< 2 m), ditches,
marshes and exploited reed land) and 150 ha of meadows for dairy production. The
lakes date back from excavation of peat for fuel in the 17th century and were famous
for their Charophyta (Westhoff, 1950; Den Held et al., 1976; Mur, 1976; Vroman, 1976;
Hillebrand, 1977). Since the early 1960’s, the water quality has deteriorated and the
transparency has been reduced from clear bottom sight to a Secchi depth of 10-20 cm.
As a consequence, the Chara communities have disappeared (Rip et al., 1992; Simons
et al., 1992). Botshol is situated in a groundwater recharge area and during drought
periods, in summer and spring, c. one million m3 y-1 of suppletion water is needed to
prevent damage to nature, agriculture, housing and recreation. This water originates
from a slightly brackish area, so the chloride concentration of the suppletion water is
high (1200 mg Cl l-1). With this supply extra phosphorus (P) has been added to the
area during several decades. The drainage of nutrient rich water via ditches and direct
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runoff from meadows has also contributed to the P accumulation. This accumulation
is apparent in the high available-P concentrations at shallow depth (0.07±0.02 mg g-1;
n=28) compared to deeper layers in the lake sediment (0.02±0.00 mg g-1; n=21; sites
given in Fig. 3.1). The high external P load and the high water P concentrations have
been considered to be the main cause of the disappearance of the Chara communities
(De Ruiter, 1992; Rip et al., 2005; Chapter 2).
In 1989 restoration measures were carried out (Van Iersel and Rip, 1992) to reach the
critical thresholds of 0.02 mg P l-1 (water concentration) and 1 mg P m-2 day-1 (P-load; Rip
et al., in prep.; Chapter 5). These measures included an iron-chloride dosing plant in the
supply route and the isolation from the agricultural areas by dams to prevent runoff. In
1990 the Chara communities did recover (Simons et al., 1992), but after 1992 the Chara
community collapsed and a undulating pattern was established of collapsing and
recovering Chara communities and submerged macrophytes and P levels fluctuated
below and above the threshold level of 0.02 mg P l-1 (Rip et al., 1994).

Fig. 3.1: Map of the Botshol and the location in the Netherlands. Grote Wije and
Kleine Wije are lakes, rest of the area consists of open water: turf ponds and ditches,
marshes, floating fens and exploited reed lands. Black dots indicate sampling sites.
Lake soil was sampled at station 2 (Grote Wije), bank soil (experiment 2) at station
1, the field measurements were carried out near station 9. Zwanegat is the water
near stations 1 and 8
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Table 3.1: The chemical composition of artificial lake water based on long term averages of monthly analyses of the Water board. The types 200, 400 and 800 are named
after their chloride concentration. Concentrations in mg l-1.
Ion

200

400

800

Na

50

122

382

K

15

15

15

Ca

55

81

81

Mg

31

45

45

Cl

200

400

800

HCO3

109

109

109

SO4

18

18

18

Table 3.2: Experimental designs of the Botshol phytometer studies.
Treatment

Soil

Bare

Phytometer

Control

lake soil

n=5

Epilobium n=5

400

lake soil

-

Epilobium n=5

800

lake soil

-

Epilobium n=5

200 (control)

bank soil

n=7

Carex

n=7

400

bank soil

n=7

Carex

n=7

800

bank soil

n=7

Carex

n=7

Study 1

Study 2

There were indications that the P load had not been reduced sufficiently, which led to
further studies of possible extra sources of P that had not been accounted for. A first study
involved run-off and subsurface flow of mineralization products after dry periods followed
by heavy rain (Rip et al., in prep.; Chapter 5). This analysis showed that such a nutrient
transport through a subsurface flow did, indeed, occur and resulted in extra P inputs to the
lakes. The study described in this paper dealt with the impact of changes in water chemistry
on biogeochemistry of P in the lake bottom and the lake marginal bank soil.
A possible consequence of the increase in chloride concentration in the lake water could
have been a higher phosphate concentration in the soil pore water in the lake sediment and
wet peat soils surrounding the lake, because of desorption of phosphate from soil particles
(Geelhoed et al., 1997, Beltman et al., 2000). Phosphates could have been transferred to lake
surface water through mass flow and diffusion. This study focused on sorption phenomena
in the lake sediment and the bank soil of marginal wetlands surrounding the lakes, in
relation to chloride concentrations of water in contact with the sediments.
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Table 3.3: Solute concentrations in soil pore water (mg.l-1) in the Botshol wetlands
in situations with intact vegetation and sod removed situations.
Water was sampled with rhizons, installed along the shore (<1 m from water border) and in a transect through the central area of the bank. Analyses of 3 November 1998(A) and the average values from sampling on 22-09, 13-10 and 03-11- 1998
(±STD) are given(B). Different letters indicate significant differences between central
and shore. n = the number of replicate samples.
Chloride

Sulfate

Ortho-PO4

PO4-total

37.6±15.2a

9.4±4.2a

0.30±0.36a

0.58±0.60a

48.8±7.9a

8.1±2.9a

0.31±0.19a

0.66±0.30a

83.9±31.6a

16.4±6.31a

0.15±0.09a

0.35±0.16a

50.2±9.1b

9.0±4.4b

0.75±0.83b

1.21±1.23b

Central (n=35)

43.3±17.0a

12.5±7.8a

0.38±0.41a

0.77±0.67a

Shore (n=10)

62.2±19.8b

10.7±5.5a

0.73±0.56b

1.27±0.84a

0.005

0.56

0.035

0.062

A (3-11-1998)
Central sod removed
(n=14)
Central intact
vegetation (n=15)
Bank sod removed
(n=10)
Bank intact vegetation (n=4)
B
Vegetation intact

T-test
Sod removed
Central (n=33)

34.5±14.3a

11.7±4.7a

0.34±0.43a

0.70±0.78a

Shore (n=25)

123.6±72.6b

17.9±7.0b

0.19±0.16a

0.44±0.38a

0.00

0.0006

0.087

0.142

T-test

A side effect of the changes in the water management of Botshol has been an increase
of chloride in the surface water of Botshol from 400 mg l-1 to 1000 mg l-1. This increase
has probably been caused by the segregation of the agricultural areas and the nature
reserve. Before the restoration in winter these areas previously discharged their
surplus of precipitation via the nature reserve, which resulted in a yearly dilution.
In the former Chara-rich years the concentration fluctuated between 250 and 400 mg
Cl l-1, also peak concentrations of 1000 mg Cl l-1 were recorded (Westhoff, 1950; Rip et
al., 1994; Van Liere and Hillebrand, 1976). No major changes in sulfate concentration
were found (Rip et al., 1994).
Two studies have been carried out, using a phytometer as a measuring device for
increased phosphate availability (Wheeler et al., 1992). Study 1 used lake sediment
and Epilobium hirsutum as a phytometer, whereas study 2 used wetland soil and
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Carex acutiformis as a phytometer. In addition to the experiments a field study was
conducted to sample soil water to relate experiments to field conditions.

Materials and Methods
Field study
The field study used Rhizons (Eijkelkamp, 1998) to sample soil water anaerobically.
Rhizons were installed in 1998 in reed lands in both vegetated and unvegetated
sites. In each situation, samples of groundwater were taken in the 0-1 m shore zone
adjacent to open water (n=10-25) and in a transect through the peat meadow (n=35).
The unvegetated situation is a result of removal of the upper 10-15 cm sod which is
a normal reed culture practice to refresh the growth and remove the impact of peat
mosses every 7th-year. In the extremely wet autumn of 1998 samples were collected
in September, October and November and analyzed within 24 hours. PO4-total
was analyzed with the ICP and PO4 and other ions with the Skalar continuous flow
analyzer (filtered, Whatman GF/A 0.2µ) .

Experiments
Two greenhouse experiments were performed: peat lake sediment (Study 1) and peat
meadow bank soil (Study 2) (Fig. 3.1) were used to test possible P release in response
to additions of chloride-rich water. To mimic the water and ion inputs during water
supply, the soils were percolated with artificial lake water with different levels of
chloride (Table 3.1). The control received the same treatment, but was percolated with

Fig. 3.2: Available P (mg g-1 dry soil) in the lake sediment from the Botshol at the
end of Study 1. Soil was percolated and kept wet with different artificial lake water
solutions (see Table 1).
A phytometer assessment
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Table 3.4: Ortho-phosphate concentrations (mg PO4 l-1± s.e., n=4) of leachate from
the pots in study 1 at the end of the 12-weeks experiment.
Treatment

PO4

Significance

Control-bare

0.248±0.005

A

Control-vegetated

0.025±0.003

C

400-vegetated

0.043±0.005

C

800-vegetated

0.108±0.014

B

The soil had been percolated with distilled water (control) and artificial lake water
(see Table 3.1)with chloride concentrations of 400 and 800 mg l-1 respectively. Different letters indicate significant differences.
Table 3.5: Dry weight (g), N-concentration (mg g-1 DW), P-concentration (mg g-1
DW) (± s.e., n = 8), N- and P-content (mg) and N/P-ratio of the phytometer
Epilobium hirsutum at the end of study 1.
Treatment

Dry weight

N-conc.

P-conc.

N-content

P-content

N/P-ratio

Control

1.13 ±0.05a

5.32 ± 0.09a

0.73 ± 0.02a

5.99 ± 0.27a

0.83 ± 0.05a

7.3 ± 0.3a

400

1.25 ±0.05a

5.18 ± 0.17a

0.78 ± 0.02a

6.51 ± 0.37a

0.98 ± 0.04a

6.7 ± 0.3a

800

1.16 ±0.06a

5.67 ± 0.11a

0.80 ± 0.02a

6.58 ± 0.31a

0.94 ± 0.06a

7.1 ± 0.2a

Treatments with the same letter are not significantly different. Treatment types according to Table 3.1.

distilled water in Study 1 and with water with 200 mg Cl l-1 in Study 2, because
after the first pilot study, it was concluded that distilled water differed too much
from the field situation. Each treatment had 5 or 7 replicates (Table 3.2). After
percolation of an amount of water 3 times the pot volume (c. 9 times soil pore
volume), 300 g soil was put into pots and kept saturated with the water types by
placing them in trays. Water and soil were covered with plastic pellets (diameter
3-5 mm) to reduce evaporation.
Series of bare pots and pots with plants were used per treatment to compare
possible nutrient uptake and increased soil nutrient concentrations. Three plants
(seedlings of c. 4 weeks old) of Epilobium hirsutum (Study 1) were planted per pot
filled with lake soil. Young shoots of Carex acutiformis (Study 2) were harvested,
cut back to 15 cm length and conditioned for four weeks in the greenhouse before
planting them in the pots on treated peat meadow soil.
Experiments were carried out in a greenhouse under controlled conditions,
with additional light during 8 hours a day. Each experiment lasted for 12 weeks.
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During the experiment, the plants received one application of a Hoagland solution
(without P) with micro‑elements.
Chemical analyses were carried out following standard procedures according to
Houba et al. (1995) and Van Oorschot et al. (1995). Total‑N and Total‑P of the
soil were analyzed by acid destruction with sulphuric acid and selenium oxide;
Extractable N with 0.2M potassium chloride and Extractable P (Biological Available
Phosphorus, Koerselman et al., 1994) with ammonium lactic acid. Free available
NO3-, NH4+, PO43- and HCO3- were measured in water in the trays in study 1. The
pH was measured in water and in the KCl-solution. The organic soil content was
determined by Loss on Ignition (LOI).
The wet weight of each individual plant before the experiment was measured
and the wet/dry ratio from another 10 plants calculated and analyzed for their N
and P concentration, both served to measure the increase in dry weight (DW) and
the N and P content (weight x concentration) and the uptake (end content minus
begin content) of the plants. At the end of the experiment, the dry weight (DW)
of the plants was measured and the N and P concentration (mg g-1) in plant tissue
were determined by acid destruction with H2SO4 and selenium.
The chemical analyses were carried out with a SKALAR continuous flow analyzer
using standard colorimetric methods (indophenylblue method with salicylate
for ammonium and ammonium molybdate method for phosphorus). Statistical
analyses have been carried out with the SAS package (SAS 1988) ANOVA and
GLM, using the Turkey test (p= 0.05) and the Student test.

Table 3.6: Available-P (mg g-1 DW) and Total-P (mg g-1DW; ±STD; n=7) of bank peat
soil from the Botshol: Study 2 at start and end of experiment.
Treatment

start experiment

experiment

experiment

Experiment

available-P

Total-P

Fresh

0.02±0.01a

1.04±0.09b

200

0.02±0.01a

400
800

End experiment-bare

End planted

available-P

Total-P

available-P

Total-P

1.13±0.11ab

0.17±0.08

1.04±0.08

0.09±0.03a

1.04±0.08a

0.03±0.01a

1.19±0.11a

0.15±0.07

1.09±0.10

0.11±0.04a

1.06±0.06a

0.02±0.02a

1.06±0.10a

0.14±0.06

1.08±0.09

0.07±0.02a

1.00±0.07a

Treatment types named after their chloride concentration (see Table 3.1), fresh =
non treated soil. Treatments with the same letter showed no significant differences.
Number of replicates are given in Table 3.2.
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Fig. 3.3: Dry weight (g) of phytometer Carex acutiformis at the end of Study 2.
Treatments with the same letter are not significantly different. Replicates: 7. Soil was
percolated and kept wet with different artificial lake water solutions (see Table 1).

Results
Field study section
The monthly samples showed no significant differences in chloride sulfate, orthophosphate and total- PO4 between the central peat meadow samples for sod-removed
sites and intact vegetation sites (Table 3.3A). The intrusion of surface water into the
peat soil is shown by the higher chloride concentration in the shore samples. In the
vegetation intact situation, both P-averages in the shore zone are higher than in the
central zone. The sod-removed samples did not show a significant difference in P
between the shore and central zone. As the three monthly samples showed the same
pattern (data 2 months not given), the averages for the three months were calculated
(Table 3.3B). Intact shore vegetation had significantly higher values than shore sodremoved for chloride (t=0.039), sulfate (t=0.012), and significantly lower for PO4
(t=0.000) and Total-PO4 (t=0.001). The sod-removed soil is more inert for changes in
soil-water P than the soil under the existing vegetation.

Experimental section
Pot experiment 1
No difference in available P was measured between fresh (non treated) and percolated
lake sediment, averages were between 0.01-0.03 ± 0.02 mg g-1 dry soil, at the start of
the experiment.
The available P concentration in the lake soil was higher in the 800-treatment than
the control and the 400 treatment at the end of the experiment (Fig. 3.2). However, the
bare controls had even a higher average, although not significantly different from the
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800-treatment. Total-P concentrations showed no differences between treatments.
The leachate of the 800-treatment contained a significantly higher phosphate
concentration than in the other treatments at the end of the experiment (Table 3.4).
The bare controls gave the highest leaching, which is an indication of the absence of
plant uptake.
Epilobium showed no significant differences between the treatments in dry weight
nor in P- and N-concentrations or in the P- and N-content (Table 3.5). The N/P-ratios
are low and indicate N-limitation. Apparently Epilobium could not profit by increased
growth or uptake of the increased P-availability in the 800-lake sediment. For that
reason, another phytometer (C. acutiformis) was used in the second experiment.

Fig. 3.4: N and P tissue concentrations of Carex acutiformis (mg g-1) at the end of
Study 2. Replicates: 7. Different letters indicate significant differences between the
treatments. Soil was percolated and kept wet with different artificial lake water solutions (see Table 1).

Fig.3.5: N and P content of Carex acutiformis (mg) at the end of Study 2. Replicates:
7. Different letters indicate significant differences between the treatments. Soil was
percolated and kept wet with different artificial lake water solutions (see Table
A phytometer assessment
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Pot experiment 2
No differences in available P concentration were found between the fresh, untreated
soil and the different treatments either at the beginning or at the end (Table 3.6) in the
bare pots as well as in vegetated series. The available P concentration is significantly
higher in lake sediment than in bank soil (Fig. 3.2), whereas bank soil contained more
total phosphorus. The Total-P concentration did not differ between the treatments at
the start nor at the end (Table 3.6).
At the end of the experiment, Carex showed a significantly higher dry weight in the
800 than in the control (200) treatment, the 400 series had an intermediate position
(Fig. 3.3). In accordance with the increased growth of Carex in the 800-treatment these
plants contained the lowest P- and N-concentrations (Fig. 3.4). The P-content and the
P-uptake of the plants did not show significant differences between the treatments.
The N-content and N-uptake in the 800-treatment were significantly higher than in
the control-treatment (Fig. 3.5). The Carex-800 plants, had also the highest N/P-ratio’s
(800: 6.6±1.2; 400: 5.8±0.7 and control: 5.7±0.4).

Discussion
Field study section
The field study clearly indicates, that differences exist between the central and shore
zones and between vegetated and non-vegetated situations. The intrusion of surface
water into the peat soil is illustrated by the changes in chloride concentration. Under
the existing vegetation the soil-water P in the shore zone is higher than in the remote
zone. No such gradient was found in sod-cut areas, probably because changes in pH
and peat composition increased the solubility of Fe-P complexes across the whole
sod-cut area (Smolder and Roelofs, 1995; Richardson et al., 1997; Lamers et al., 1998;
Beltman et al., 2000; Lamers, 2001).
The higher P levels in shore soil in the vegetated situation, even in this extremely wet
autumn, indicates the impact of surface water chemistry on soil-P availability.

Experimental section
The two experimental studies showed a congruent picture. The muddy lake sediment
(study 1) showed an increased leaching of PO4 and a higher soil P availability in the
high chloride treatment. The firm bank soil (study 2) did not show an effect in directly
available-P, but demonstrated a significantly higher biomass and higher N uptake of Carex
acutiformis at higher chloride levels. We did not find a direct reaction upon percolation in
both soil types, which is in contrast to the increased release values found by Geelhoed et
al. (1997) in a similar experiment. Apparently there are slow and rapid release processes
influencing the soil water P concentration related to soil composition. The Botshol soil is a
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natural mixture of organic and mineral compounds, whereas Geelhoed et al. (1997) used an
artificial mineral soil, which released P directly during the rinsing treatment. The absence
of rapid release of P but a release over three months time, corresponds with the results of
comparable phytometer experiments (Beltman and Van der Krift, 1997; Lamers et al., 1998;
Beltman et al., 2000). As our sulfate concentrations did not differ between treatments, we
excluded the phosphate release process associated with sulfate reduction (Caraco et al. 1988;
Lamers et al., 1998) but rather studied the ‘salt’ impact on the phosphate release process.
In the pilot study obviously Epilobium hirsutum could not profit from the increased Pavailability in the 800-soil. It might have suffered from the relatively high chloride
concentrations, but another possibility is that Epilobium is not able to grow on a muddy
(reduced) lake soil, a plant specific reaction (Lambers et al., 1998).
The phytometer Carex on bank soil in the second experiment showed an increased growth
and N-uptake in the 800-treatment compared to the 200-treatment. Although a lower P
tissue concentration was found in the 800-treatment, no significant differences were
detected in the P-content and P-uptake of the Carex-plants in the 400- and 800-treatments.
The Carex-plants in the 800-treatment also had the highest N/P-ratio’s and were clearly
less growth-limited than the plants in the other treatments. Although the N concentrations
dropped from ca. 15 mg g-1 to 8.5- 13 mg g-1), the P concentrations remained high (start: 2
mg g-1 P and end 1.3-2.3 mg g-1) (Verhoeven et al., 1996). The luxury uptake of P resulted in
the low N/P ratios at harvest time. The results of the two studies support the hypothesis
that higher chloride concentrations in Botshol contributed to an increase in the availability
of phosphorus in the soil.
Internal eutrophication is likely to be a P-controlled process because no increased soil-N
concentrations were found which could have been resulted from extra mineralization. As
the N:P ratios indicated that the plants are N limited in their growth extra N would have
resulted in uptake or growth. Internal eutrophication is a complex process, which might
be caused by different mechanisms working at the same time. In addition to the sulfatephosphate competition for binding sites (Sas, 1989; Smolders and Roelofs, 1995; Lamers
et al., 1996, 1998; Lamers, 2001) our data show that chloride can also result in P release and
thus contribute to internal eutrophication.
The results of the greenhouse experiments indicate that the changes in water quality
in the Botshol, as reflected in the increased chloride concentration of the water, could
have played a role in the eutrophication problems. In the past decades the area has been
loaded with phosphate from supply water and runoff. This has resulted in lake soils rich
in phosphate. This accumulation is shown in the available-P concentrations in shallow
and deeper lake sediments (shallow 0.29±0.04 mg g-1 P (n=7), deep 0.05±0.2 mg g-1 (n=7)
available soil-P). This P-accumulation in the top layers of the sediment together with
the recent increase in chloride concentration might have played a role in the instability
of the water quality in Botshol, regardless of other possible processes such as grazing
of waterfowl on aquatic plants or changes in top down control by zooplankton etc.
A phytometer assessment Chapter 
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(Scheffer, 1998). If chloride causes P-release to the soil pore water, phosphate is available
for a more rapid uptake by plants speeding up the biogeochemical cycle. In periods with
high evaporation, the chloride levels rise in the surface water which penetrates further
into the banks and might cause additional P-release in the bank soil as shown in the
field study and experimental studies. The fluctuations of waterquality parameters, most
clearly visible in phosphorus accompanied by subsequent settlements and extinctions
of Chara communities (Rip et al. 1994, Rip et al., 2005; Chapter 2) suggest an irregular
process. Internal eutrophication alone is not sufficient to explain these rapid changes.
Ouboter (1997) and Rip et al., 2007; Chapter 6) have been successful in explaining the
fluctuations in phosphorus and water quality by formulating detailed water budgets
from land and water and link those with process calculations in a modeling approach.
After heavy rain or when the water level drops, the available phosphate runs off to the
open water. The results presented here show that the phosphorus concentrations in the
subsurface runoff can be high because of the high chloride concentrations in the surface
water of Botshol. This implies that both the banks and the lake bottom may release
phosphates to the lake surface water. Probably the internal eutrophication taking place
in the banks plays a more important role in the wax and wane of Chara communities
than that in the lake soil. After all phosphorus release from the bottom of the lakes is
expected to be lower and more constant in time.
As P is often the limiting factor in shallow lakes (e.g. Hosper 1997; Scheffer, 1998), an
increase in the phosphate concentration can lead to a rise in the phytoplankton levels
and a decrease of the light penetration in the water, which is probably the primary
controlling factor for the germination and growth of Charophyta (Blindow 1988; Simons
et al., 1992). The studies described in this article show that pumping suppletion water
with a different chemical composition into a nature reserve in periods of drought can
have an internal eutrophication effect.
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Abstract
External phosphorus load to a wetland with two shallow lakes in the Botshol Nature
Reserve, the Netherlands, was reduced since 1989, resulting in a rapid reduction
in phosphorus levels, phytoplankton biomass and turbidity, and after four years,
explosive growth of Characeae. The clear water state was unstable, however, and
the ecosystem subsequently alternated between clear, high-vegetation and turbid,
low-vegetation states. The switch from clear to turbid states occurred at a higher
phosphorus level than the switch from turbid to clear states and area covered by
macrophytes was significantly correlated to Secchi depth (r=0.86, p<0.001). Beginning
in 1997, phosphorus input from droppings of greylag geese and black-headed gulls
increased. The hypothesis that grazing prevented the return of Characeae populations
was tested during 1996-97 using large-scale exclosure experiments. The biomass and
cover of Characeae were monitored in 17 exclosures for two years. The experiments
showed no significant increase in Characeae in the absence of grazers compared with
the controls. During the course of the experiments, the entire lake switched from
turbid water to clear water and high Chara biomass. These ecosystem developments
suggest that light limitation was the main factor controlling the collapse and return
of Characeae in Botshol.

Introduction
Submerged macrophytes are known to have important effects on lake ecosystems,
particularly in shallow lakes (Pereyra-Ramos, 1981; Carpenter and Lodge, 1986;
Blindow et al., 1993; Van den Berg et al., 1998). Scheffer et al. (1993) showed by simple
modelling that feedback mechanisms tend to cause alternative stable states in shallow
lakes. At low nutrient levels, only a clear-water state exists, and at high nutrient
levels, only a turbid state is stable. At intermediate nutrient levels, however, either
state is possible. Submerged macrophytes contribute to the stability of the clearwater state by storing nutrients (Kufel and Kufel, 2002), increasing sedimentation
of particles (Madsen et al., 2001; Horppila and Nurminen, 2003), reducing sediment
resuspension (James and Barko, 1990; Petticrew and Kalff, 1992; Van den Berg et al.,
1998), and providing protection for zooplankton from fish (Timms and Moss, 1984;
Schriver et al., 1995). Additionally, aquatic plants contribute to the support of valuable
invertebrate, fish, and bird populations (Van den Berg et al., 1997; Jeppesen et al., 1998;
Noordhuis et al., 2002). Recolonisation of submerged macrophytes, therefore, is an
important factor in the recovery of shallow lake ecosystems from eutrophication after
reduction in the external nutrient loading.
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However, recovery of macrophytes in turbid, shallow lakes following a reduction
in nutrient load may be difficult. No macrophyte re-establishment occurred in some
cases, despite strong reduction in external nutrient load (Van Liere and Janse, 1992;
Van Duin et al., 1998; Bachman et al., 1999). In other studies, an extensive and dense
macrophyte community developed, but was not stable in the long term (Blindow et
al., 1993; Perrow et al., 1994; Simons et al., 1994). Instability of the clear-water state
has been attributed to internal P load (Sas, 1989; Jeppesen et al., 1991), resuspension
of sediments (Weyhenmeyer, 1998), and/or grazing by waterfowl and fish (Jupp and
Spence, 1977; Lauridsen et al., 1994; Van Donk and Otte, 1995; Sandsten, 1995).
The theory of alternative states is an all-encompassing theory (Scheffer, 1993) which is
deductive in origin and needs more empirical support. For example, long-term data
sets showing shifts often have or cannot exclude external factors (Blindow et al., 1993;
Hargeby, Blindow and Hansson, 2004) which obscure the role of internal positive
feedback mechanisms. Some studies examine subsets of the feedback mechanisms
(Timms and Moss, 1984; Van den Berg et al., 1998; Vermaat, Santamaria and Roos,
2000), but not the entire complex. Long-term monitoring (1987-2003) of the shallow
lake ecosystems of Botshol after reduction in external phosphorus load could provide
additional information about mechanisms controlling alternative states.
The abundance of herbivorous waterfowl is known to be closely related to that of
submerged macrophytes (Mitchell and Perrow, 1998; Noordhuis et al., 2002). It is not
clear, however, whether waterfowl abundance affects the distribution and abundance
of submerged macrophytes or vice versa. The impact by waterfowl could be through
direct grazing or input of nutrients from faeces (Jefferies, 2000; Vanni, 2002). The
present study included long-term monitoring of submerged macrophytes, waterfowl,
and abiotic parameters. We estimated P input from waterfowl and compared this to
the critical total P loading of Botshol, calculated by Rip et al. (in prep.; Chapter 5).
We used a large-scale exclosure experiment during 1996-97 to investigate whether
herbivory could prevent recovery of Characeae in Botshol.

Material and Methods
Study site description and background information
The Botshol nature reserve, located in the middle of the Netherlands (52°15´North
4°26´East), is a small wetland area (287 ha) with two lakes, Grote Wije and Kleine Wije
(depth 1.50 – 3.00 m), pools and ditches surrounded by reed marshes, and alder carr
forest with agricultural grassland to the north. The lakes were formed by excavation
of peat for fuel in the 17th century, and have been well known among naturalists for
extensive stands of charophytes in the previous century (Westhoff, 1949; Hillebrand,
1987). The lake sediment is peaty with a silt layer of varying thickness. Water infiltrates
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through the sediment towards the adjacent polder, Groot Mijdrecht, which has a water
level 4.3 m below that of Botshol. Infiltration averages 2 mm day-1, and water deficits
in Botshol are compensated by inflowing water from the brackish rivulet, Oude
Waver. Before 1988, surplus water from nearby agricultural areas was transported
to the Oude Waver via the nature reserve. Starting in the early 1960s, water quality
in Botshol deteriorated, transparency declined from clear visibility to the bottom to
only 10-20 cm, and the communities of Chara and other submerged macrophytes
disappeared (Hillebrand, 1987; Rip et al., 1992, Simons et al., 1994). Phosphorus
loading from the water supply and increasing agricultural activities probably caused
these changes. A restoration plan was designed to reduce the external P load and reestablish the growth of submerged macrophytes, which were seen as key for a stable
and clear aquatic ecosystem. The restoration plan consisted of:
• P
 -reduction of water supply by chemical stripping of phosphate, starting in April,
1989 (Van Iersel and Rip, 1992); and
• disconnection of agricultural water discharges in November, 1988.

Monitoring
Submerged macrophytes
The percent cover by submerged macrophytes of the lake surfaces of Grote Wije
and Kleine Wije was mapped each summer during 1987-2003. Until 2000, the same
transect pattern covering most of the open water and pools, watercourses and ditches
was followed each time. Plant material along the transect was observed and collected
by snorkeling and by dredging with a special apparatus developed and described by
Satake (1987). Characeae species were identified according to Van Raam (2003). Since
2001-03, the methodology was changed to allow statistical comparison among years.
Fifty vegetation sampling points were randomly selected in each lake with GPS. At
each sampling point, the Satake rake (Satake, 1987) was used to dredge for 8 m in
each of four directions. Based on the amount of dredged material, three classes of
abundance were distinguished: 1-50%, 50-80%, or 80-100% cover. Each year, a map
was constructed which showed the cover of submerged macrophyte species in the
lakes. The vegetation maps were digitized, and the percent cover of each species was
calculated for each lake and year.
Waterfowl
Water birds were counted during the breeding season and the winter months. The
area was visited 25 times during each breeding season (April-June) to count the water
birds, mostly in the morning, but three times in the evening. In the winter months
(November-March), waterfowl was counted monthly. Based on these counts, the
number of use days per year was determined for each of the six dominant species
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of waterfowl. The total annual P load from waterfowl was estimated by multiplying
the use days by the daily nutrient load per individual for each species (Portnoy, 1990;
Manny, Johnson and Wetzel, 1994; Post et al., 1998). The dominant waterfowl species
in Botshol are Anser anser, Fulica atra, and Larus ridibundus. According to Manny et al.
(1994), the daily nutrient load is 0.49 g P day-1 for a Canada goose (Branta canadensis)
and 0.19 g day-1 P for a diving duck. The daily P loads of the herbivorous Anser anser
and Fulica atra with comparable weights to respectively B. canadensis and diving
duck were derived from Manny et al. (1994). The daily P load of omnivorous Larus
ridibundus (0.19 g day-1) was derived by weight correction from Portnoy (1990) who
determined the daily P contribution to a lake for the larger Larus argentatus and Larus
marinus. We consider these daily P loading values to be conservative estimates, given
the higher daily P loadings used by Andersen et al. (2003).
Abiotic parameters
Beginning in 1987, total P and Secchi depth were determined according to international
standards at one sample station in each of the lakes (Rip et al., 2005; Chapter 2). During
different periods, samples were collected at one-week, two-week, or monthly intervals.
Summer averages (April-September) of total P and Secchi depth were calculated.

Grazing experiment
The exclosures
Exclosures 2 m long, 1 m wide, and 1 m high were constructed of stainless steel.
Cages used in locations with depth < 1 m were 0.5 m high. The tops of the cages were
covered with 1.5 cm-square wire mesh. The tops were removable to enable sampling
inside the cages. Two types of exclosures were used: bird inaccessible, and fish and
bird inaccessible. The sides of the bird inaccessible cages had 16 cm high by 8 cm
wide rectangular holes, so that fish were able to enter, but birds were excluded. The
sides of fish and bird inaccessible cages were covered with 1.5 cm square wire mesh
to exclude both fish and birds. The bottoms of all the cages were open.
Grazer-exclusion experiments were performed in 1996 and 1997. The exclosures were
brought in place on 6 June 1996, when no benthic vegetation was present. Areas where
Chara had grown in former years were identified. The exclosures and control areas
were located at specific depths within these areas, with exact positions randomly
selected. The Grote Wije (GW) had nine fish and bird exclosures; four at 0.5 m depth,
two at 1 m depth, two at 1.5 m depth, and one at 3 m depth. The Kleine Wije (KW)
had one bird exclosure and one fish and bird exclosure at 1 m depth at each of four
locations. The cages were pushed into the sediment to prevent fish entering the cage
via the bottom, and were regularly inspected by divers.
Sampling
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The exclosures and a control area outside each cage (or pair of cages in Kleine Wije)
were sampled on 6 June, 27 June, 25 July, 23 August, and 9 October, 1996, and on 28
June and 26 July, 1997. During 1996, biomass of Chara spp. was measured by monthly
harvesting and rinsing in a 4 mm-mesh net, and drying for 48 hours at 80 oC.
During 1997, the volume of Chara spp. was estimated to minimize the effects of
harvesting.
To determine whether the amount of suspended material within and adjacent
to the exclosures were different, water samples were collected in and outside six
vegetationless exclosures in Kleine Wije on 19 June 1996. The composition of seston
was determined by flow cytometer with five size fractions: 0-3 µm, 3-10 µm, 10-30 µm,
30-100 µm, and >100 µm. Phytoplankton and detritus particles without chlorophyll a
were distinguished.
Statistical methods:
A repeated measures anova test with depth as covariate was performed to compare the
biomass of Characeae in the 17 exclosures with the corresponding controls and to compare
the amount of different fractions of suspended particles in the cages and the control areas.
The relationship between cover of Characeae and Secchi depth in the period 1985-2003
was determined after standardization to zero mean and standard deviation 1.

Results
Monitoring
Prior to P-reduction, Botshol was a turbid system with relatively high summer P and
chlorophyll a levels and water turbidity. Small populations of Chara connivens, C.
globularis, and Najas marina were present. The reduction in the external phosphorus
load resulted in improved water quality within six months, as apparent from
decreased phosphorus, chlorophyll a, and phytoplankton density, and increased water
transparency. In 1991, as the decrease of P levels and turbidity continued, Characeae
increased explosively and became dominant, with dense stands of Characeae in both
lakes (Fig. 4.1).
In 1992, a luxuriant growth of submerged macrophytes existed, and the goal of the
restoration seemed to be attained (Rip et al., 1992; Simons et al., 1994). The dominant
macrophyte species were Chara connivens, C. globularis, C. major, C. aspera, Nitellopsis
obtusa, Fontinalis antipyretica, and Najas marina. However, the clear and vegetated
state was not stable (Rip et al., 2005). The ecosystem alternated between periods with
high biomass of submerged macrophytes, low phosphorus levels, and low water
turbidity and periods with low plant biomass, high phosphorus levels, and high
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Fig. 4.1: Cover of submerged macrophytes species (percent of lake surface) in Grote
Wije, Botshol, during 1985-2003
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Fig. 4.2: Cover of submerged macrophytes (percent of lake surface) against Secchi
depth (m) in Grote Wije, Botshol, during 1988-2003.
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Fig 4.3: Cover of submerged macrophytes (percent of lake surface) against total-P
levels (mg P l-1) in Grote Wije, Botshol, during 1988-2003.

water turbidity (Figs. 4.1, 4.2 and 4.3). The area covered by submerged macrophytes
in Botshol and mean summer Secchi depth showed a significant positive correlation
(correlation coefficient = 0.86; p < 0.001).
Waterfowl
The variation of the bird numbers didn’t show a correlation with the fluctuations in
the submerged macrophytes (Fig. 4.4). During the experiments in 1996 and 1997 the
number of plant eating birds was high enough to be a potential limiting factor for
development of submerged macrophytes. The dominant species of breeding water
birds in 1988-2003 were Anser anser, Fulica atra, Larus ridibundus, Anas platyrhynchos,
Gallinula chloropus, and Netta rufina (Fig. 4.4).
On the islands in Grote Wije of Botshol a colony of black-headed gulls developed. Since
1994 the numbers increased from 30 to 950 birds in 2003. Larus ridibundis was present
from mid-March to mid-June. The other species were present during the whole year.
The numbers of A. anser and L. ridibundus increased starting in 1992. The increase
of A. anser corresponded to a national trend, due to warmer winters and new large,
man-made polders and wetlands located in the center of the Netherlands. Netta rufina
had highest numbers during 1992 and 1998, years with the greatest cover of submerged
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Fig 4.4: Number of breeding water birds in Botshol during 1988-2003.

macrophytes. Gallinula chloropus decreased in numbers during the research period. Bird
counts made during the winter months were considered inaccurate, because the counts
were made during the day. According to the groundskeeper of Botshol, several hundred
A. anser slept in Botshol at night (pers. obs., Sytze de Vries). The annual phosphorus load
for A. anser, assuming the presence of 200 birds for 8 h day-1 during five winter months,
was estimated to be 3.7 kg P. The total estimated annual phosphorus load from the six
dominant breeding bird species increased from 6.1 kg P in 1992 to 49.8 kg P in 2003 (Fig.
4.5), primarily due to the strong increase in numbers of A. anser and L. ridibundus.
Exclosure experiments
At the beginning of the exclosure experiments in June, 1996, Characeae were absent
from all exclosures and control areas. During July through October, 1996, low biomass
of Characeae was found in three of the exclosures and in the three corresponding
control areas, and there was no significant difference in biomass between exclosures
and controls (Table 4.1). Characeae biomass in the other 14 exclosures was zero. During
June and July, 1997, Characeae were found in 8 of the 17 exclosures and corresponding
controls. The volume of Characeae inside the exclosures was not significantly different
from the controls (Table 4.1). Amounts of suspended material collected on 19 June
1996 within and adjacent to the exclosures were not significantly different.
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Table 4.1: Effect of grazing on charophytes inside and outside enclosures in Lake
Botshol in 1996 and 1997, respectively. A repeated measures ANOVA is used with
depth as covariate.
1996

1997

Source

df

Mean Square

Signifcance

Mean Square

Signifcance

Depth

1

.022

.882

.001

.828

grazing

1

1.149

.286

.052

.145

error

31

.973

.23

60

kg P year

-1

50
40
30
20
10
0
Fig 4.5: Estimated annual P load (kg P year-1) from water bird droppings in Botshol
during 1988-2003.

Discussion
Submerged plants in the lakes of Botshol exhibited rapid recolonisation during the
first four years after P-reduction (1989-1992), but biomass fluctuated greatly during
the following decade (Fig. 4.1). The goal of our exclosure experiment was to determine
whether grazing had a negative effect on the biomass of submerged macrophytes,
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possibly causing or contributing to periods of low abundance. During the exclosure
experiment in 1996-97, the lake ecosystem in Botshol switched from a high P, turbid,
low-vegetated state to a low P, clear, high-vegetated state (Figs. 4.2 and 4.3). The
results of the exclosure experiment suggested that grazing did not restrict Characeae
abundance under either condition (Table 4.1).
The lack of grazing impact on Characeae in Botshol is in agreement with results of
previous studies that showed no effects of grazing on submerged plants, although
most of those studies focused on Potamogeton spp. (Kiørboe, 1980; Lodge, 1991;
Perrow et al., 1997; Strand and Weisner, 2001; Santamaria and Rodriguez-Girones,
2002; LaMontagne and Jackson, 2003). In studies where impact of grazing was found,
the effect only became apparent during late summer and fall, when macrophytes
had reached a maximum standing crop or began to senesce (Andersen and Low,
1976; Jupp and Spence, 1977; Moss et al., 1990; Lauridsen et al., 1994; Søndergaard
et al., 1996). Results of the present study did show high biomass in two exclosures
compared to control sites during August and October, 1996; however, the overall
difference between exclosures and controls was not significant. Perrow et al. (1997)
suggested that significant removal of macrophytes tends to occur in autumn, when
senescence of many species coincides with the peak passage period for migrating
waterfowl. The impact on plant biomass and reproduction therefore, may be of little
consequence for many grazed macrophyte populations.
If grazing had no major role, the observed fluctuations in macrophyte biomass in
Botshol must be attributable to other environmental and/or biological factors.
Periods of high and low biomass corresponded to periods of high and low Secchi
depth. At Secchi depths <200 cm, the cover of submerged macrophytes was low, and
at >200 cm, the cover of plants was high (Fig. 4.2). Periods of both low and high
cover of submerged macrophytes had similar ranges of total P (0.018- 0.043 mg l-1;
Fig. 4.3), supporting the alternative stable states hypothesis that either state can exist
at intermediate nutrient levels (Scheffer, 1993). Total P would be a more accurate test
of the alternative states theory than plant cover vs. Secchi depth, because turbidity
is involved in the feedback mechanisms and can be seen as a causal and dependent
response variable.
The observed high threshold for Secchi depth and relatively low threshold for total
P level in Botshol are related to the depth of the lake. The data presented are from
Grote Wije, which has an average depth of about 1.5 m and a maximum depth of 3
m. The deeper the lake, the higher the threshold for Secchi depth, because clearer
water is necessary for sufficient light to reach the bottom of the deeper lake to allow
development of bottom-dwelling macrophytes. Van den Berg (1998) found that the
transition between vegetated and unvegetated states occurred in Lake Veluwe at a
lower Secchi depth and a higher P level than we found in Grote Wije. Lake Veluwe
is much shallower, so the threshold Secchi depth was lower. Thus, lake littoral
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morphology appears quite important and steep slopes of artificial lakes may preclude
a well-developed gradually sloping littoral habitat for waterplants and thus increase
the risk of sudden fluctuations in the extent of submerged macrophytes.
A distinct change in submerged macrophyte species composition occurred between
the first and second period of submerged macrophyte dominance. The two dominant
species, Najas marina and Chara connivens, switched and showed opposite correlations
with ammonium, chloride, and calcium levels (Rip et al., in prep.; Chapter 9).
Rip et al. (in prep.) and Rip, Ouboter and Los (2007; Chapter 6) constructed a monthly
water and nutrient budget for Botshol to gain insight into the causes of the fluctuations
in P levels and turbidity. They considered the ecosystem as a whole, starting with actual
meteorological conditions, incorporating transport of water and nutrients between
land and surface water, as well as modeling changes in phytoplankton biomass
and light extinction, and finally examining effects on Characeae. The conclusion of
these studies was that variation in winter precipitation caused interannual changes
in P and humic acids fluxes from terrestrial peat to surface water, which explained
fluctuations in P concentration, phytoplankton biomass, and water transparency. P
levels in runoff were high due to mineralization and increased availability by high
chloride levels (Beltman et al., 2005). Chloride levels increased significantly since
the reduction in external P load in 1989, due to isolation from agricultural areas. The
water supply has significantly high chloride levels (1200 mg Cl/l). Before restoration,
surplus water from agricultural areas diluted chloride concentration in the surface
water of Botshol during winter, resulting in a strong seasonal fluctuation in chloride.
One of the measurements of restoration in 1988-89 was the hydrological isolation of
the agricultural areas.
1996 was a year with low P load (Rip et al., in prep.; Chapter 5). Total P levels
decreased, but did not result in a switch from turbid to clear states. Nevertheless,
the submerged macrophytes started to recover. In 1997, P levels decreased further,
due to continued low precipitation, and the system did switch from turbid to clear
with high cover of submerged macrophytes (Rip et al., 2005; Figs. 4.1, 4.2 and 4.3). At
this point, aquatic plants grew only at depths of 0-2 m, and the distribution in this
zone was heterogeneous and irregular. During 1998, when water transparency was
even greater, the bottom was almost completely covered with Characeae and other
submerged macrophytes (Figs. 4.1, 4.2 and 4.3), including the experimental sites
that had no Chara biomass in 1996 and 1997. From 1999 onwards, Botshol was once
again characterized by turbid water with low biomass and heterogeneous growth of
Characeae, probably due to an increase in precipitation and P-rich run-off from land
to water. The critical P load for a clear state was estimated at 0.8-1.5 mg P m-2 year-1
(Rip et al., in prep.).
An alternative hypothesis could be that P-loading might have been affected by a buildup of plant detritus (Van Nes et al., 2007; Chapter 8). Several years of clear water could
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have resulted in the build-up of decaying plant material in the lake sediment. Over
time, the decay could have used up oxygen and caused a P flux from both anaerobic
sediments and the plant material itself (Moss et al., 1990; Perrow et al., 1994).
Although waterfowl in Botshol seems to have had no significant impact on
submerged vegetation through grazing, they probably did make a significant
contribution to nutrient fluxes. Birds transfer nutrients from agricultural sources to
natural communities (Post et al., 1998; Kitchell, et al., 1999; Jefferies, 2000) or accelerate
nutrient cycling by herbivory (Van den Wyngaert, 2001). With the increase of bird
numbers in Botshol after 1994, P loading from birds became more important. The
total P load from birds droppings in 2003 estimated 49.87 kg is 66% of the critical
annual P load for Botshol. Anser anser partly accelerated nutrient cycling when
feeding, breeding and moulting in Botshol and they can be considered partly as
nutrient vectors: when their young are grown they prefer to forage outside of Botshol,
and rest in Botshol, thus, bring in nutrients too. L. ridibundus forage most of the time
outside of Botshol and brings in nutrients. Other bird species spend the whole time in
Botshol and would increase the internal rate of nutrient cycling by herbivory. Overall,
water birds may have a negative impact on submerged macrophytes in eutrophic
lakes by significantly enhancing nutrient concentrations, phytoplankton biomass,
and turbidity, but probably did not cause the Botshol ecosystem, to switch between
alternative stable states.
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Abstract
From 1988 onward, external phosphorus load has been reduced to control
eutrophication of two shallow lakes in the Netherlands. P levels, phytoplankton
biomass, and light extinction decreased rapidly and remained low during the first
four years after P-reduction, resulting in explosive growth of Characeae during
1991-92. From 1993 onward, however, P concentration, chlorophyll a, and water
transparency have oscillated strongly. Biomass of Characeae varied in conjunction
with light availability. Monthly budgets were developed for water, chloride, and
nutrients in the lakes and adjacent catchment areas to gain insight into the cause
of the fluctuations in phosphorus. Accuracy of these budgets was estimated by
comparing measured and calculated chloride levels in surface water. Results showed
that nutrient load, especially P-load, fluctuated with precipitation driven by the
North Atlantic Oscillation. This can be understood from the hydrology of the area.
During wet winters when groundwater levels are high, water flows from land into the
surface water, increasing P-load to the lakes. Although the catchment areas were not
fertilized or used for agriculture, P concentrations were high due to mineralization
of peat. Increased chloride and sulphate levels further enhanced the P availability
in peat. During dry winters, infiltration of water exceeded precipitation. As a result,
water does not flow from land into the lakes, and P-load is low. Thus, fluctuations
in P-load seem largely attributable to the annual variation in precipitation, which in
turn is correlated with the North Atlantic Oscillation index. Our results suggest that
increased precipitation over the last fifty years in Western Europe may well have
contributed to an increase of phosphorus supply from land to surface waters.

Introduction
Submerged macrophytes are an important component of shallow lake ecosystems,
providing substrata, food, and shelter for many types of organisms (Carpenter and
Lodge, 1986; Jeppesen et al., 1998; Noordhuis et al., 2002). However, many shallow lakes
ecosystems alternate between two stable states: low turbidity and high abundance
of submerged macrophytes or high turbidity and low macrophyte abundance
(Scheffer et al., 2001). Nutrient loading is a major factor in determining the state of
a particular lake at any time. Low nutrient loading limits phytoplankton biomass,
and generally results in clear water and abundant benthic vegetation. High nutrient
loading enhances phytoplankton biomass and turbidity, suppressing submerged
macrophytes (Gulati and van Donk, 2002). There is an intermediate range of nutrient
loading, in which either the turbid, unvegetated or the clear, vegetated state can exist
(Scheffer et al., 1993; Janse, 2005). This is due to the fact that submerged macrophytes
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can help to maintain low turbidity, implying a positive feedback (Jeppesen et al., 1991;
Moss, 1990; Blindow et al., 1993; Scheffer, 1998; van den Berg et al., 1998).
Restoration of eutrophicated shallow lakes typically involves reduction of external
phosphorus load. However, many attempts to return shallow, phytoplanktondominated lakes to a clear, vegetated state through nutrient reduction alone have
failed (Bengtsson et al, 1975; Van Liere et al., 1990; Søndergaard et al., 2001). Resilience
in recovery is caused by a variety of chemical and biological factors (Scheffer, 1998).
One problem is that nutrient reduction will only cause a switch from the turbid,
unvegetated state to the clear, vegetated state in shallow lakes if the total nutrient
load is reduced below the range with two alternative states.
Interestingly, some lakes have shown repeated shifts between the alternative stable
states (Blindow et al., 1993; Perrow et al., 1994; Mitchell, 1998; Rip et al., 2005; Chapter
2). Although in some cases, regular cycles were attributed to intrinsic processes
(Moss, 1990; Van Nes et al., 2007; Chapter 8), in most lakes the shifts have occurred
irregularly over time, suggesting external forcing (Johnes, 1999; Blindow et al., 2002).
The Botshol nature reserve in the Netherlands has two shallow lakes, which prior to
1960 were characterized by clear water and large populations of Characeae (Westhoff,
1949). Beginning in the 1960s, water quality of these lakes deteriorated, due to the
rise of external phosphorus input (Hillebrand, 1987; Van Iersel and Rip, 1992). The
increased P-load favored growth of phytoplankton, causing a rise in turbidity and the
decline of aquatic vegetation (Simons, 1991). Reduction of the external P-load starting
in 1988 caused an immediate reduction in phytoplankton biomass and light extinction,
and explosive growth of Characeae for the next four years (Simons et al., 1994; Rip et
al., 2005; Chapter 2). However, the clear, high-vegetation state was not stable, and
the ecosystem started alternating between a clear, high-vegetation and a turbid, lowvegetation state. The fluctuations in P-level observed in Botshol during 1988-2002 did
not fit the pattern typically seen in lakes after reduction of external P-load (Rip et al.,
2005; Chpater 2). Continued internal P-loading from lake sediments, typically delays
the reduction of P-levels in surface water for up to several years and, thus, delays the
recovery processes (Jeppesen et al., 1991; Van der Molen and Boers, 1994; Søndergaard
et al., 2001). In contrast, P-concentrations in surface water in Botshol declined within a
few months after the reduction of external P-load and remained low for several years.
The subsequent fluctuations during 1997-2002, however, indicated instability.
The shallow lakes of Botshol offer a unique opportunity to examine factors influencing
changes between alternative stable states. Measurements of water flow, nutrients,
phytoplankton biomass, turbidity, and abundance of benthic macrophytes are
available for a fourteen year period, during which the ecosystem switched states a
number of times. The present study tested the hypothesis that interannual fluctuations
in P-load to the lakes of Botshol were caused by variation in precipitation. The North
Atlantic Oscillation (NAO) is commonly presented as an easy and reliable index that
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can be used to study climatic effects on aquatic ecosystems (Hurrell and Van Loon,
1997; Garcia et al., 2005). Precipitation patterns and parameters measured in surface
water during the study period are studied in relation to the North Atlantic Oscillation
index (NAO). The North Atlantic Oscilation index is the difference between the sea
level pressure anomaly at Portugal and Iceland. During positive NAO conditions
low-pressure anomalies over the Islandic region with high pressure anomalies across
the subtropical Atlantic produce stronger than average westerlies across the midaltitudes resulting in wetter and warmer conditions in Northern Europe . NAO affects
weather in Western Europe profoundly, and many studies have shown how timing
of seasonal patterns and other aspects in ecosystems are correlated to the state of the
NAO (Ottersen et al., 2001). Water and nutrient budgets based on meteorological data
provided monthly estimates of nutrient loading during 1989-2002 and, ultimately,
insight into the causes of interannual fluctuations in P-load.

Study area and methods
Botshol, a nature reserve in the center of the Netherlands (52°15´North 4°26´East), is a
small wetland area (210 ha.) with two shallow lakes, uncut peat bauld, and turf ponds
remaining after excavation of peat for fuel. The terrestrial parts, 60% of the nature
area, are not used for agricultural activities. The hydrology of the area is dominated
by infiltration. The area is a hydrologically isolated polder. On average, the water
table in Botshol drops 1.75 mm.day-1 by water infiltrating through the sediments to an
adjacent polder, Groot Mijdrecht, which has water levels 4.3 m below Botshol. There
is a strong gradient of infiltration within the nature reserve. Infiltration from the lakes
directly bordering Groot Mijdrecht is 2.5 mm.day–1, while infiltration in the northwest
part of Botshol is 0.1 mm.day–1 (Iwaco, 1995). The infiltrating water from Botshol and
other higher areas in the vicinity flows through sediments of marine origin to Groot
Mijdrecht, resulting in increased salinity, and 47 106 m3 water.year-1 is pumped from
polder Groot Mijdrecht into the rivulet, Oude Waver, which is light brackish (1200 mg
Cl.l-1). During spring and summer, approximately 106 m3 water is returned to Botshol
from Oude Waver to compensate for water lost through evaporation and infiltration.
The returned water is taken from Oude Waver 1 km downstream from where the
water is pumped in from Groot Mijdrecht. During spring and summer surface water
flows into Botshol at two locations (Fig. 5.1, a and b) when the water level drops
below –2.55 m NAP (NAP= the national reference surface water level), and flows out
when water level rises above –2.42 m NAP. Up to until 1960, the lakes of the Botshol
Nature Reserve were clear and dominated by Characeae. Beginning in the 1960s, water
quality deteriorated due to the rise of external phosphorus input, and submerged
macrophyte populations declined (Simons et al., 1994). Prior to November, 1988,
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two agricultural areas, located to the northeast and northwest of Botshol, drained
their excess water into subarea V (Fig. 5.1, locations D and E) resulting in a high
nutrient load (Van Iersel and Rip, 1992). A third agricultural area, Nellestein, had the
same water level as Botshol, so that excess water from this area drained naturally
through the nature reserve and was pumped into Oude Waver (Fig. 5.1, location a).
As part of the restoration plan for the nature reserve, excess water from the three
agricultural areas was pumped directly into Oude Waver starting in November, 1988,
bypassing Botshol. Beginning in 1989, the external nutrient load was further reduced
by chemical stripping of 60-80% of phosphate from the water supply. The flocculated
iron phosphate particles sank to the bottom in the settling area (Fig. 5.1). The goal of
restoration was to re-establish the Characeae and other submerged macrophytes. In
the first four years after the start of phosphorus reduction, decreases were observed
in phosphorus and chlorophyll-a concentrations. Reduced phytoplankton numbers
resulted in crystal clear water and explosive growth of submerged macrophytes
(Chapter 2; Rip et al., 1992, 2005; Simons et al., 1994). The dominant macrophyte
species in terms of lake areal cover were Najas marina, Fontinalis antipyretica, Chara
connivens, Chara contraria, Chara major and Chara globularis. However, this clear water
state was unstable. From 1993 onwards, the ecosystem alternated between turbid
water with low macrophyte cover (1993-1995, 1999-2003) and clear water with high
cover of aquatic plants (1996-1998). Phosphorus concentrations in Botshol showed
concomitant fluctuations (Rip et al., 2005; Chpater 2).

Construction of water, chloride, and nutrient budgets
for Botshol
Subareas of Botshol
During 1995-1996, electrical conductivity was measured biweekly at a large number
of locations throughout the study area to determine the distribution of water supplies
and the main flows in Botshol. This information was used to divide Botshol into five
coherent hydrological subareas (Fig. 5.1, Table 5.1). The dephosphorization plant and
the settling area for iron phosphate flocks (Fig. 5.1), were excluded and regarded as
external load. Subareas III, IV and V were considered as catchment areas for subareas
I and II, in which the two lakes are situated. The water surplus flows from subareas
III, IV and V, which have relatively high land/water ratios, to subareas I and II with
lower land/water ratios and higher infiltration.
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Fig. 5.1: Map of the Botshol nature reserve showing the five subareas, sampling locations, dam, main water supply, dephosphorization plant, settling area, and agricultural areas.
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Table 5.1: Total land area; areas of grass, reed, and forest habitats; area and average
depth of surface water for the five subareas of the Botshol nature reserve.
Grass
ha

Reed
ha

Forest
ha

Total land
ha

Water
ha

Total
ha

Depth
m

I Grote Wije

3.2

3.2

13.8

20.2

53.4

73.6

2.03

II.Kleine Wije

2.0

16.0

10.8

28.8

20.8

49.6

1.66

III Fort

0.9

16.2

3.2

20.3

3.4

23.7

1.28

IV Dwarse

4.2

8.3

7.9

20.4

1.3

21.7

1.31

V Zwanegat

8.5

23.9

5.7

38.0

3.3

41.4

0.90

Total

18.8

67.5

41.4

127.7

82.2

209.9

1.85

Subarea

Measurement of chemical and physical parameters
From 1987-2002, chemical and physical parameters were measured in each of the five
subareas of Botshol, in the main water supply and in Lake Vinkeveen at 1-4 week
intervals (Fig. 5.1). Total P, dissolved P, total nitrogen, ammonium, nitrate, Kjeldahl
nitrogen, chloride, silica, Secchi depth, light extinction, temperature, pH, dissolved
oxygen, and conductivity were determined according to international standards (Rip
et al., 2005). Light extinction by humic acids was measured in filtrated water at 380
nm (Buiteveld, 1995). Dissolved and particulate nutrient levels in soil pore water
were measured anaerobically with rhizons at several locations in the catchment areas
of Botshol for several years (Beltman et al., 2005; Chapter 3). Rhizons were installed
in the 0-1 m shore zone adjacent to open water and in a transect through the peat
bank. These measurements were used to calculate the P transport from land to water
in periods with runoff. Rip et al. (2005; Chapter 2) partly published the chemical and
physical measurements in the surface water and Beltman et al. (2005; Chapter 3) in the
soil pore water of Botshol.
Meteorological and hydrological data
Precipitation, evaporation, and solar radiation data were provided by KNMI (the
Royal National Meteorological Institute). Monthly precipitation data originated
from rain gauge station Abcoude (6.5 km from Botshol) and monthly evaporation
data from station Schiphol (12 km from Botshol). The evaporation data from
KNMI were converted from Makkink-evaporation to open water-evaporation
according to Hooghart (1988). In order to study relations with the North Atlantic
Oscillation index (NAO) the NAO index (Jones et al., 1997) was used available at
http:www.cru.uea.ac.uk. Several means of the NAO index were used: mean annual
NAO index (NAOyear), the mean NAO index for the months October, November and
December (NAOOND) and the mean index NAO for the months December, January,
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February and March (NAODJFM), and these same NAO indices with a timelag of 1, 2,
3, 4 years (NAOyear(y-1) etc.). Step-forward multiple regression was used to analyse
which combination of NAO indices best explains the net annual precipitation, total-P,
and the Secchi depth.
Surface water levels were monitored continuously in subarea I during 1988-2002,
except in 1993 and 1994; the seasonal averages from the previous years were used to
replace missing data for those two years. To determine infiltration rates (Table 5.2),
values of hydraulic head and resistance were derived from Iwaco (1995). During the
calibration phase some parameters were adjusted within actual ranges to get a better
fit.
Water from the rivulet, Oude Waver (Fig. 5.1, location b), was supplied to Botshol to
compensate for losses by evaporation and infiltration. Beginning in April, 1989, the
P concentration in this water supply was reduced by 60-80% through the addition of
FeCl. The flocculated iron phosphate particles sank to the bottom in the settling area
(Fig. 5.1). The water flow of the in and outflowing water was measured continuously,
except during 1993, when inflow was estimated from other measurements of the
water budget.
Budgets
Water and chloride budgets calculated for Botshol provided the basis for the nutrient
budget, as well as a means of calibration and verification. Separate water budgets
were developed for the surface water and land areas of Botshol, and were integrated
in the same spreadsheet. Water flow was analyzed on a monthly basis from January,
1989, through July, 2002. The budgets were not set up to investigate the effects of
reduction in external P load but to analyze the cause of the interannual oscillations.
This is why the time series start in 1989. The chloride budget was constructed and
volume proportional total chloride levels for the entire study area were calculated.
Temporal dynamics of calculated chloride levels were compared to empirical chloride
data, and the budgets were verified accordingly. Water in Botshol was a mixture of
different water types with considerably different chloride concentrations. Consistency
between calculated and measured chloride mass ensured a correct mixture of these
water types.
Water transport between the five subareas was estimated using advective and
dispersive terms based on chloride budgets of the individual subareas. The advective
term followed the mass budget for water and was directly related to water shortage or
water excess of a subarea. The dispersive term consisted of two identical, but opposite,
water flows with no net water exchange. The dispersive exchange represented the
extent of mixing of water between two bordering subareas, and resulted in material
transport (mass time-1) which equaled the dispersive flow (volume time-1) times
the concentration difference between the concerned subareas (mass volume-1). The
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Table 5.2: Infiltration from land and surface water for each subarea of Botshol, and
geo-hydrological parameters used in the model to determine flow between land and
surface water. Parameter values are before and after (shown in parentheses) calibration. um indicates that the theoretical value was unmodified after calibration.
c
Resistance

L
Ditch

K1
Vertical

top layer

distance

permeability

(day)

(m)

(m.day-1)

I

630 (500)

50

0.2 (0.03-0.3)

um (6.0)

um (–4)

2.0-2.5

1.6-2.4

II

630 (500)

50

0.2 (0.03-0.3)

um (6.0)

um (–4.2)

2.3-2.8

1.8-2.7

III

630 (500)

50

0.2 (0.03-0.3)

um (6.0)

um ( –4.5)

2.8-3.3

2.2-3.0

IV

3000 (1000)

200

0.4 (0.03-0.3)

um (6.0)

-3.5 (-3.7)

0.32 -0.42

.14-.38

V

3000 (1000)

200

0.2 (0.03-0.3)

um (6.0)

um (-3.5)

0.25 -0.35

.10-.38

Subarea

H1
Thickness

φ0
Hydraulic head

Ω
Infiltration

of the

of the

(mm day-1)

top layer (m)

aquifer (mNAP)
Water

Land

dispersive exchange was derived from the chloride budget of the subareas. Dispersion
influenced only the distribution of chloride among the subareas, not the total mass of
chloride estimated in Botshol. Nutrient loading budgets were calculated for the total study
area and the two lakes, subareas I and II by multiplying monthly the calculated water
inflows times the average P levels in that specific water flow in that particular month.

Fig. 5.2: Schematic representation of the water flow between land and surface water.
Seasonal differences in the relative amounts of precipitation and evaporation result
in flow from land to surface water during the winter (top) and flow from surface water
to land during summer (bottom).
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infiltration
precipitation

evaporation

DBS (Delwaq-Bloom-Switch) was used to model the interaction between the subareas
with respect to water flows, chloride and nutrient loadings, transport, and processes.
flow water to land
DBS incorporated the exchange between physical, (bio)chemical, and biological
processes (Los, 1992, 1993; Van der Molen et
al., 1994). The water system in Botshol
infiltration
was represented by five compartments (computational units) that were considered
homogeneous
respectoftothe
the
modelled
processes.
Fig.
5.2: Schematicwith
representation
water
flow between
land and surface water. Seasonal differences

summer

in the relative amounts of precipitation and evaporation result in flow from land to surface water during the
winter (top) and flow from surface water to land during summer (bottom).

Water flow between land and surface water
The land-water budget calculated the water flows between land and water (Fig. 5.2). The
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Infiltration calculated by this equation was stationary. Time was introduced by the
following assumption: the change of precipitation in one time step is ∆N. Temporal
change in precipitation was divided into a portion that changed the freatic level (f∆N)
according to the stationary equation and a portion that changed water storage ((1-f)∆N).
The factor, f, was calculated from the change in water volume below the freatic level
((1-f)∆N) at a change of precipitation of f∆N. All balance terms (inflow/outflow, total
net precipitation, and total infiltration) were calculated from the change in precipitation
f∆N and all terms together provided a closed budget.
Some parameters in the differential equations were specific per subarea. Parameters
were first theoretically estimated, based on Iwaco (1995), and later calibrated for each
subarea (Table 5.2). In dry periods, when the freatic level dropped below surface water
level, water flow from surface water to the terrestrial peat was calculated. In fall and
winter, the precipitation excess was added to water storage in the peat. Precipitation
that made the freatic level rise above the soil surface was transported to surface water.

Calibration and validation of the budgets
The water budget for the whole area of Botshol was calibrated using data from
1989-1996, and the validity of the budget was tested using data from 1997-2002.
Several calibration adjustments were necessary to achieve consistency among the
components of the water budget for the total area, and among chloride concentrations
in water flows and in the overall hydrological system of Botshol. The water budget
was balanced by adjusting the geo-hydrological parameters (Table 5.2), which were
derived from Iwaco (1995) and were assumed to be constant during the entire study
period. The goal was to minimize the annual balancing term. The adjusted values
were constant and within the range of actual values. Average infiltration for the total
area (land and water) was 1.75 mm.day-1, with a strongly decreasing gradient from
subarea I to subarea V. Permeability in subarea IV, which had much more forest than
other subareas, was estimated based on the assumption that the permeability in the
root zone of trees is greater than that of grasses or reed. Once the geo-hydrological
terms were adjusted, the water budget was revised to reduce the resulting yearly
balancing term to zero, so that the calculated water level at the end of the year
equaled the measured water level for the next year. This was done in such a way that
the resulting balance was mathematically correct, the parameters were in accordance
with empirically determined values, and there was no resulting flow from land to
surface water.
Sensitivity analyses were performed for the parameters that determine the
water flows between land and surface water. The parameters tested were vertical
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Fig. 5.3: Yearly net precipitation
in excess of evaporation
and mean North Atlantic Oscillation index for the months October, November and December (NAOOND) in
Botshol during 1988-2003.

resistance of the covering soil layer, hydraulic head of the aquifer, horizontal
permeability in the top layer, and ditch distance. The tested parameters were
3.5
varied within a realistic range, the parameter space, and runoff was calculated.
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Fig. 5.6: Chloride concentrations calculated from the water budget and the volumeweighted averages of measured chloride concentrations for the total area of Botshol.
The data from 1989-1996 were used to calibrate the hydrological parameters used in
the nutrient-loading model, and the data from 1997-2002 were used to validate the
parameters.
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Results
Water budget
The average yearly net precipitation in 1988-2002 is 209 mm but precipitation showed
considerable variation during 1988-2002. The standard deviation is 198 mm (Fig. 5.3).
The periods 1989-1991 and 1996-1997 had relatively low precipitation (<80 mm) while
1993-1994 and 1998-2002 had relatively high precipitation (> 260 mm). In a regression
NAO explained 70 % of the variance in net years precipitation (Table 5.3 and Fig. 5.3).
Precipitation=155.5*NAOOND +257.5 p=.003
The NAO winter index of previous winters also explained 60% of the variance in P
concentrations in the lake water and 85% of lake transparency (Table 5.4 and Fig. 5.4).
Total-P =.007*NAOOND(y-1)+.007*NAOOND(y-2)+ .042 p=.011
Secchi=-.283*NAOOND(y-1) -.322*NAOOND(y-2) -.243*NAOOND(y-3) + 1.406 p=.001
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Fig. 5.7: The calculated proportion of water originating from Oude Waver (red),
subsurface runoff (green) Lake Vinkeveen (yellow), precipitation (dark blue), and
agriculture (light blue) in subarea II during 1988-2002. At
�����������������������������
time zero of the model (1
January 1988), the origin of water was undefined (gray).

The variation in precipitation directly influenced hydrological processes, water flows,
and movement of chloride and nutrients. During wet periods, for example in the falls
and winters of 1992-95 and 1998-2002, the budget showed a water excess on land, and
water flow from land to surface water (Fig. 5.5). Low precipitation during 1989-92 and
1995-97 caused a drop in both freatic and surface water levels; the budget showed
water flow from surface water to land to compensate for the water deficit on land.
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Chloride concentrations in Botshol calculated from the water budget for the whole area
closely matched the volume-weighted averages of measured chloride concentrations
(Fig. 5.6). Winter runoff from land to water during 1992-95, for example, resulted in
relatively low winter chloride concentrations, which were accurately predicted by the
model. The consistency between calculated and measured chloride mass ensured a
correct mixture of these water types.
Water budgets for the five subareas of Botshol were derived from the water budget
of the total area by determining exchanges among the subareas. Advective and
dispersive terms between the subareas were calculated using data from 1989-96 and
validated using data from 1997-2002.
Table 5.3: Results of step forward multiple regression with net year precipitation as
dependant variable and several NAO indices (NAOyear, NAOOND, NAODJFM, NAOONDJFM,
NAOAMJJAS with different time lags (y-1); (y-2) etc.) as independent variables
Model
NAOOND(y)

Adjusted R
Square

R
.698

.450

Std. error of
the estimate
158.23

F
13.280

Significance
0.003

dependent Variable: net year precipitation
Table 5.4: Results of multiple regression with Secchi depth and Total-P as dependant variable and NAOOND with different time lags (y), (y-1); (y-2), (y-3) and (y-4) as
independent variables
R

Adjusted R
Square

Std. error of
the estimate

F

Significance

NAOOND(y-2)

.616

.335

.51654

8.555

0.011

NAOOND(y-2)
+NAOOND(y-3)

.742

.482

.45592

7.976

0.005

NAOOND(y-2)
+NAOOND(y-3)
+NAOOND(y-1)

.846

.645

.37732

10.090

0.001

.012433

7.116

0.018

Model

dependent Variable: Secchi depth

NAOOND(y-2)

.581

dependent Variable: Total-P
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.290

Linking different water types to the different water sources provided information
about the origin of water in each subarea (Fig. 5.7). At time zero of the model (1
January 1988), the origin of water was undefined. Inflowing water replaced the initial
water in about two years, and after that, water supply from Oude Waver (shown in
red) dominated all subareas. During winters from 1992-96 and 1999-2003, runoff from
land to water (shown in green) was significant, particularly in subareas IV and V.
The influence of water from Lake Vinkeveen (shown in yellow) increased from 1997
onward. During 1997 the water supply to Botshol was managed such that most water
came from the Vinkeveen lakes.
Nutrient loadings
The model DBS
�����������������������������
multiplied monthly water flows
�������������������������������������
with the corresponding spatial
and temporal P and N concentrations to obtain loadings (Fig. 5.8). N had two main
sources: the main water supply from Oude Waver and precipitation. P had three main
sources. In years with a small precipitation excess, such as 1990 (Fig. 5.5 and 5.7), the
main water supply was the most important source of P (red). In years with greater
precipitation excess, such as 1994, runoff from land to surface water, particularly in
subareas IV and V, was the major P source (green), and total P load was about five
times greater than in low precipitation years (Fig. 5.8). During 1997, total external
inflow of water was comparable to other years, but a higher proportion of P originated
from Lake Vinkeveen (yellow).
Sensitivity analyses – water flows between land and surface water
The water exchange between land and water, particularly the runoff from land to surface
water, appeared to strongly influence fluctuations in phosphorus load estimated by
the nutrient budget. The results showed that, for many parameter combinations,
the model predicted runoff from land to surface water during the winters of 199295 and 1999-2002, when precipitation was high. The summer of 1998 also had high
precipitation and showed runoff from land to water. During the relatively dry periods
of 1989-92 and 1996-97, the model predicted less runoff, regardless of variation in
model parameters. The predicted runoff, therefore, depended more on precipitation
than on the values of the model parameters. Minimum values that resulted in
predicted runoff were 100 m ditch distance (with 0.2 m day-1 horizontal permeability
in the top layer ) and 1500 d vertical resistance (with 3.5 m-NAP hydraulic head of
aquifer).
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Fig. 5.8: Calculated P and N loadings to the two lakes of Botshol from different
nutrient sources during January 1989- July 2003.

Discussion
Our results suggest that the interannual fluctuations in P-load were largely attributable
to annual variation in precipitation driven by the North Atlantic Oscillation (Fig. 5.3
and 5.8). In the sequel study Rip et al. (2007; Chapter 6) concluded that the temporal
pattern of precipitation and runoff can explain much of the observed dynamics in
phosphorus, phytoplankton, turbidity, and Characeae. These two studies combined
suggest that variation in precipitation driven by NAO has most likely caused the shifts
between clear-vegetated and turbid states in Botshol. These results are in agreement
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with Hough et al. (1991), who found an increase of macrophyte communities
in response to drought-induced reduction of nutrient loading. A synchrony in
precipitation, North Atlantic Oscillation (NAO), nutrient loading was also found by
others (Rodo, et al., 1997; Mander et al., 1998; McKerchar et al., 1998; Oschlies, 2001;
Weyhenmeyer, 2004; Weyhenmeyer et al., 2004). Garcia et al. (2005) suggested a NAO
and precipitation cycle of 8 years which agreed with the amplitude of the cycle of 68 years found in Botshol (Rip et al., 2005; Chapter 2). Here we show also synchrony
between NAO and Secchi depth and total-P. Higher precipitation during high NAOyears may have led to higher nutrient loading of the lake and in the following years
increase of turbidity.
The nutrient-loading model was based on an analytical approach to develop coherent
water and chloride budgets. Those budgets together with nutrient concentration data
provided the basis for estimating nutrient transport and loading to surface water in
the study area. The actual net precipitation in the study period varied considerable
(Fig. 5.3). Our model used monthly measurements of precipitation and evaporation,
along with empirical information on infiltration in catchment areas, to estimate water
flow and nutrient export from land to surface water. Although a similar approach
was used by Portielje and Rijsdijk (2003), that study used average monthly gross
precipitation, and did not examine fluctuations in nutrient loading that depended on
interannual differences in weather conditions.
The 12-month running average of daily P load in Botshol showed a strong negative
correlation with interannual variation in Secchi depth (Fig. 5.9). P load below 1.5 mg P
m-2 day-1 seems to be a threshold for clear water (Fig. 5.9) during 1989-2003. Results of
the present study showed that, in this area with no agricultural activity and reduced
external P sources, internal, P-rich runoff is important during wet winters, when
the groundwater level in terrestrial peat is high, and excess water is transported to
surface water. Phosphorus levels measured in soil pore water of Botshol were high
probably due to mineralization and release under anaerobic conditions (Lucassen et
al., accepted). High chloride levels, furthermore, increased P availability (Beltman et
al., 2005; Chapter 3). Subsurface flow of this P-rich water was particularly important
in subareas IV and V, which had high land/water ratios and low infiltration rates.
Each summer the ground water tables of the catchment areas were greatly lowered
due to the high infiltration. The internal P source was absent after dry winters, due to
reduced subsurface runoff (Fig. 5.5).
Many parameter combinations used in the sensitivity analyses of the water budget
gave results that showed much greater runoff during wet winters than in dry winters.
Variation in the estimated amount of runoff water, therefore, was determined primarily
by surplus precipitation and not by the parameters used in the water budget. Results
of the water budget indicated that the northern part of the research area (subareas IV
and V) had higher interannual variation in runoff than the southern part (subareas I, II
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and III, Fig.5.5), due to lower infiltration rate, larger ditch distance, and higher land/
water ratios (Table 5.2). In order for the model results to include high interannual
variation in runoff, vertical resistance in subareas IV and V needed to be greater than
1250 days; at lower vertical resistance, infiltration of precipitation was consistently
high, and the runoff was minimal. For subareas I, II, and III, in contrast, the minimum
vertical resistance that resulted in flow from land to water was 3000 days. The actual
vertical resistance in those subareas is less than 3000 days (Table 5.2), due to the
historical harvesting of peat (Hillebrand, 1977), which left a sandy substratum. These
areas are also located closer to the polder, Groot Mijdrecht, so the potential difference
between the groundwater levels in the top layer and the aquifer is higher. In reality,
therefore, runoff is rare in the southern portion of Botshol. The northern portion of
Botshol had peat of lesser quality, was not subjected to intense harvesting, has higher
vertical resistance (3000 days), and lower infiltration.
The water budget developed for Botshol was also used to examine the effect of average
ditch distance on water flow from land to surface water. At ditch distances less than 75
m, the model showed that drainage lowered the water table, runoff occurred rapidly
during and after precipitation, and created conditions of continuous flow from land
to water. The result was reduced interannual variation in runoff and P loading. The
model confirmed, therefore, that the more widely spaced ditches in subareas IV and V
(Table 5.2) are necessary for the wetlands to hold water, and restrict water flow from
land to surface water to periods of high precipitation. Previous wetland restoration
projects showed that, even after thirty years of artificial drainage and alteration of
hydrology, filling in ditches almost immediately reestablished the natural wetland
hydrology (Bruland et al., 2003).
The P-rich runoff plays an important role in the ecology of Botshol for several
reasons. Following the reduction in external P load to very low levels, the internal
P load from runoff from land to water increased in importance as a nutrient source
for phytoplankton. As a relatively high percentage of Botshol is terrestrial peat,
interannual variation in precipitation causes large changes in the internal P load to
surface water. The high infiltration rate and large ditch distance (>75 m) in much
of the terrestrial peat result in very low land-to-water phosphorus flow during dry
winters. Finally, a side effect of the hydrological isolation of Botshol was an increase
of chloride from 500 to 1000 mg l-1, which enhances the availability of phosphorus
in peat (Beltman et al., 2000; Beltman et al., 2005; Chapter 3). Internal P flux could
be reduced by reversion of terrestrialization by removing large areas of terrestrial
peat 1 m below water level. This would reduce the surface area where nutrient-rich
groundwater can flow into surface water.
The results suggest that variation in precipitation may explain the observed dynamics,
but other intrinsic mechanisms might have effects too (Van Nes et al., 2007; Chapter 8).
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Fig.5.9: Calculated 12-month running average of phosphorus load (mg P m-2 day-1)
to subarea I, and summer average of Secchi depth (m) in subarea I from 1990-2002.

Another new insight from this study concerns the general opinion in the Netherlands
that the influence of infiltration on water quality tends to be unfavorable, as a high
amount of water supply with an inferior water quality is necessary to maintain the
water table (Smolders and Roelofs, 1994). This study gave another point of view
about infiltration. Infiltration reduces the P rich runoff from terrestrial peat, which
had a positive effect on the water quality.
We hypothesize that long-term climatological changes have enhanced the influence
of P load via runoff in Botshol during the last fifty years. In The Netherlands both
temperature and precipitation increased in the last 100 years, related to an increasingly
warmer and wetter climate throughout western Europe (IPCC, 2001; KNMI, 2000,
2001). All winters in which more than 500 mm of precipitation were recorded in De
Bilt, The Netherlands, occurred after 1960.
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Abstract
External phosphorus load to a wetland with two shallow lakes in the Botshol
Nature Reserve, The Netherlands, was reduced, resulting in a rapid reduction of
phytoplankton biomass and turbidity, and after four years, explosive growth of
Characeae. The clear water state was unstable, however, and the ecosystem then
alternated between clear, high-vegetation and turbid, low-vegetation states. A model
of water quality processes was used in conjunction with a 14-year nutrient budget
for Botshol to determine if fluctuations in precipitation and nutrient load caused the
ecosystem instability. The results indicate that, during wet winters when groundwater
level rose above surface water level, phosphorus from runoff was stored in the lake
bottom and banks. Stored phosphorus was released the following spring and summer
under anaerobic sediment conditions, resulting in increased phytoplankton density
and light attenuation in the water column. During years with high net precipitation,
flow from land to surface water also transported humic acids, further increasing light
attenuation. In years with dry winters, the phosphorus and humic acid loads to surface
water were reduced, and growth of submerged macrophytes was enhanced by clear
water. Thus, the temporal pattern of precipitation and flow from land to water gave
an explanation of the observed dynamics in phosphorus, phytoplankton, turbidity,
and Characeae. Global warming has caused winters in The Netherlands to become
warmer and wetter during the last fifty years, increasing flow from land to water
of humic acids and phosphorus and, ultimately, enhancing instability of Characeae
populations. In the first half of the 20th century interannual variation in precipitation
was not sufficient to cause large changes in internal P flux in Botshol, and submerged
macrophyte populations were stable.

Introduction
The presence of Characeae indicates a healthy aquatic ecosystem. Similar to other
aquatic macrophytes, Chara and related species support other biological components
of the lake ecosystem (Timms and Moss, 1984; Carpenter and Lodge, 1986; Noordhuis
et al., 2002). Submerged macrophytes also help to maintain high water transparency
by a number of mechanisms (Scheffer, 1998). The benthic plants, for example, prevent
resuspension of the sediment by wind or fish, compete with phytoplankton for
nutrients, and offer refuge to grazing zooplankton (Moss, 1990; Scheffer et al.,1993;
Van den Berg et al., 1998; Kufel and Kufel, 2002). Some species have allelopathic
effects on competing epiphytes and phytoplankton (Van Donk and van de Bund,
2002; Mulderij, 2006). Poor light availability, due to shading by phytoplankton
and epiphytes, is mostly the primary reason for the disappearance of submerged
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macrophytes (Philips et al., 1978). Factors other than light, such as grazing (Mitchell
and Perrow, 1998) or phytotoxicity by free sulphide (Lamers et al., 1998), may also be
important in determining macrophyte abundance; however, when light is insufficient,
macrophytes cannot exist at all.
Shallow lakes can have alternative stable states (Scheffer et al., 1993). Most of these
lakes are either rather turbid without submerged macrophytes or clear and vegetated.
In some lakes repeated shifts between a clear-vegetated and a turbid state have been
observed (Lake Tåkern & Lake Krankesjön (Blindow et al., 1993), Alderfen broad
(Perrow et al., 1994), Tomahawk Lagoon (Mitchell and Perrow, 1998) and Botshol (Rip
et al., 2005; Chapter 2). In most lakes the shifts between clear and turbid states occur
irregularly in time, suggesting that there is an infrequence external forcing, for instance
by water level fluctuations or changes in external phosphorus load. Alternatively,
high oxygen consumption by decomposition of macrophyte biomass accumulated
during high production years can trigger the anaerobic release of phosphorus,
and the resulting phytoplankton blooms limit subsequent macrophyte production
(Asaeda, Trung and Manatunge, 2000). Moss (1990) suggested this intrinsic process
for the regular cycles in Alderfen broad. Van Nes et al. (2007; Chapter 8) studied
intrinsic processes triggered by submerged macrophytes that according to the “slowfast theory (Muratori and Rinaldi, 1991) could cause regular cycles between clear
and turbid states in shallow lakes. The present study examined the hypothesis that
variation in precipitation and subsequent nutrient loading through runoff account
for fluctuations in phosphorus, phytoplankton biomass, light attenuation, and
macrophyte abundance.
A previous study (Rip et al., in prep.; Chapter 5) developed water and nutrient budgets
for the entire Botshol ecosystem under the prevailing meteorological conditions.
The models provided monthly estimates of nutrient loading during 1989-2002 and,
ultimately, insight into the causes of interannual fluctuations in P loading. The results
indicated that, during wet winters when groundwater level rose above the level of
surface water in the catchment areas, water flowed from land into surface water,
resulting in a rise of the P load. In dry winters, infiltration through the soil exceeded
precipitation, and there was no flow from land to water, so fluctuations in P load were
mainly due to the water supply.
The present study extended the nutrient budget to examine fluctuations in phosphorus
loading to the two lakes of Botshol as a possible cause of instability in water clarity
and abundance of submerged macrophytes. These two studies combined used an
ecosystem approach, starting with P loading from catchment areas and transport to
surface water, then incorporating biological processes that determine phytoplankton
biomass, turbidity, and finally, biomass of Characeae.
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Study area and methods
Hydrology and restoration of Botshol
The hydrology of Botshol, a nature reserve in the center of the Netherlands (52°15´N
4°26´E) is dominated by infiltration. The area is a hydrologically isolated polder. On
average, the water table in Botshol drops 1.75 mm.day-1 by water infiltrating to an
adjacent polder, Groot Mijdrecht, which has water levels 4.3 m below Botshol. There
is a strong gradient of infiltration within the nature reserve. Infiltration from the lakes
directly bordering Groot Mijdrecht is 2.5 mm.day–1, while infiltration in the northwest
part of Botshol is 0.1 mm.day–1. During spring and summer, approximately 106 m3
P rich water enters Botshol to compensate for water lost through evaporation and
infiltration. Prior to November 1988 three agricultural areas drained their excess
water into Botshol resulting in a high nutrient load.
Up to until 1960, the lakes of the Botshol Nature Reserve were clear and dominated
by Characeae. Beginning in the 1960s, water quality deteriorated due to the rise of
external phosphorus input, and submerged macrophyte populations declined
(Simons et al., 1994). Beginning in 1989, the external nutrient load was reduced by
hydrological segregation of Botshol from the agricultural areas and by chemical
stripping of 60-80% of phosphate from the water supply. The goal of restoration was
to re-establish the Characeae and other submerged macrophytes. In the first four years
after the start of phosphorus reduction, decreases were observed in phosphorus and
chlorophyll a concentrations. Reduced phytoplankton numbers resulted in crystal
clear water and explosive growth of submerged macrophytes (Rip et al., 1992; Simons
et al., 1994). The dominant macrophyte species in terms of lake areal cover were Najas
marina, Fontinalis antipyretica, Chara connivens, Chara contraria, Chara major and Chara
globularis. However, this clear water state was unstable. From 1993 onwards, the
ecosystem alternated between turbid water with low macrophyte cover (1993-1995,
1999-2003) and clear water with high cover of aquatic plants (1996-1998). Phosphorus
concentrations in Botshol showed concomitant fluctuations (Rip et al., 2005; Chapter
2). The composition of the fish community was determined in 1989 and 1992. The fish
community was not dominated by planktivorous fish or benthivorous fish, such as
bream (Abramis brama). Rather, perch, pike, and roach, species typical of clear water
lakes with macrophytes, were dominant in Botshol in both surveys (Rip et al., 2005;
Chapter 2). Total fish biomass decreased over the first four years following the reduction
in the external P-load.
Physical, chemical and biological parameters
From 1988 through 2003, samples for physical and chemical parameters (temperature,
pH, conductivity, Secchi depth, attenuation, oxygen, chlorophyll a, chloride, total
and dissolved P, total and Kjeldahl N, ammonium, nitrate, silicate, and dissolved
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organic substances [humic acids]) were taken every two to four weeks in 5 subareas
of Botshol (Fig 5.1), the main water supply, and Lake Vinkeveen. Phytoplankton and
zooplankton densities were determined, simultaneously with the chemical samples at
the two lakes (subareas I and II). In the period 1993-1999 no data for attenuation were
available. Meteorological data were provided by KNMI (a national meteorological
institute). Submerged macrophytes were mapped and quantified each summer 19872003. A transect pattern covering most of the open water and pools, watercourses
and ditches was followed for each survey. Plant material was observed and collected
by dredging and snorkelling from a rowing boat. Characeae species were identified
according to van Raam (2003). Detailed methods and results of the environmental
and biological measurements were presented in Rip et al. (2005; Chapter 2).

Model
The study area of Botshol was divided into five subareas (Fig 5.1). Subareas III, IV and
V were catchment areas for subareas I and II, in which the two lakes were situated.
Water and nutrient budgets constructed for each subarea and for the entire study
area (Rip et al., in prep.; Chapter 5) were used as the basis for the ecosystem model
developed in the present study.
DELWAQ-BLOOM-SWITCH (DBS), a mathematical model, was used to determine
interactions between nutrient loading and transport, and other physical, chemical,
and biological processes in the Botshol. The present study used the standard DBS
model, which has been successfully applied to similar aquatic ecosystems (Los, 1993;
Van der Molen et al., 1994). A general overview of DBS is given below. More detailed
information can be found in the technical reference manual for DBS (Los, 1993). A
small number of adjustments were made to model the specific situation in Botshol
using measurements from 1989-1996. The accuracy of the calibrated model was
validated using data from 1997-2002.
DBS modeled the cycling of carbon, oxygen, and nitrogen, phosphorus, and silicon
within the Botshol ecosystem, adhering to the law of conservation of mass. Nutrients
in the water column could be dissolved forms, detritus components and non-detritus
organic components. A portion of each nutrient pool was incorporated in the algae.
Phosphorus could also be adsorbed to inorganic material (AAP). The module, SWITCH,
computed the sediment-water exchange for nutrients by adsorption–desorption
(Smits and Van der Molen, 1993). Nutrients could be recycled an infinite number of
times with losses only through transport, chemical adsorption, denitrification, and
burial in the sediment. Nutrients could also be transformed through mineralization,
sedimentation, resuspension, and nitrification.
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Oxygen concentration played an important role in controlling the P flux from the
sediments of Botshol. A large percentage of the P from runoff was in the particulate
state, resulting in P-enrichment of the sediments. Following winters that had high
precipitation, anaerobic conditions in the small watercourses in spring/summer
resulted in the release of the stored P from the sediments.
The BLOOM portion of DBS computed phytoplankton production based on
competition among algal species (Los and Brinkman, 1988; Los, 2005). The primary
state variables of the BLOOM module were different phytoplankton types. Four
taxonomic groups were distinguished: Chlorophyta, Bacillariophyta, Cyanophyta,
and Characeae.
BLOOM first selected the factor that was most likely to become limiting, based on
environmental conditions: solar radiation, day length, water temperature, depth,
background light attenuation, and nutrient concentrations. The model then selected
the best-adapted phytoplankton types under those conditions. The biomass of these
phytoplankton types were calculated as the net result of production, mortality, and
transport during the previous time step using an optimization technique (Linear
Programming).
DBS included a module called UITZICHT (Los, 1993; Buiteveld, 1995) that computed
light attenuation. Total light attenuation in the water column was the sum of
background attenuation and attenuation due to free floating phytoplankton, algal
detritus and humic acids.

Results
Results are shown only for subarea I (Grote Wije), but similar agreement between
empirical and calculated values was found for the other subareas. Results of chloride
calculations showed that the ratios of water supplies and the calculated exchange
among subareas used in the water budget were accurate (Fig. 6.1). The interannual
variation of the calculated dynamics of total phosphorus and chlorophyll were
similar enough to actual concentrations to show year-to-year differences (Figs. 6.2
and 6.3): low levels in 1989-1992, high levels in 1993-1995, low levels again in 19961998, etc. Both observed and calculated values showed a summer peak each year. The
pattern in 1998 was deviant from other years, probably due to high precipitation in
this summer. The calculated values showed a sharp shift to high P and chlorophyll
levels in late summer of that year.
Peaks and low points in chlorophyll a concentration predicted by the model
corresponded well with periods of high and low levels measured in the field. In
periods with high cover of Characeae, such as the summers of 1991, 1992, and 1998,
predicted chlorophyll levels were higher than the observed values. This was probably
Impact climatic fluctuations on Characeae
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Fig. 6.1: Observed and calculted chloride levels at location I for 1989-2002
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Fig. 6.2: Observed and calculated total P levels at location I for 1989-2002
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due to the lack of some feedback processes in DBS. Dense Chara populations during
those summers, for example, could have provided shelter for grazing zooplankton
or could have influenced phytoplankton by allelopathic effects (Mulderij, Van Donk
and Roelofs,
2003; Berger and Schagerl, 2004) or increasing the sedimentation rate of
50
phytoplankton (Van den Berg et al., 1998). However, biological feedback processes
were 40
not completely lacking in the model. Phosphorus calculated to be stored in
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Fig. 6.3: Observed and calculated chlorophyll levels at location I for 1989-2002

Chara, for example, was not available for other algae and predicted light attenuation
was affected by free-floating algae, but not by the bottom dwelling Chara. Another
example of feedback in the model concerned the relatively slow reaction of particular
nutrients stored in the sediment, from decaying algae, to external forcing imposed
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Fig. 6.4: Observed attenuation and calculated composition of light attenuation at
location II for 1989-2002.
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Fig. 6.6: Calculated biomass of Chara (kg C) as model results and field surveys (%
cover) at subarea I for 1989-2002.

on the lake system. The result was that the predicted remineralization flux from the
sediment in a particular year was clearly affected by the previous years loadings.
Calculated and measured light attenuation were more similar during periods of high
turbidity. Results of the model, UITZICHT, indicated that temporal variation in light
attenuation was determined primarily by variation in amounts of dead (detritus) and
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living algae (Fig. 6.4). Humic acids influenced attenuation during years with high
precipitation, such as 1993-1995 and 1999-2002.
The DBS model was not very accurate in calculating Secchi depth, although
interannual variation in turbidity was successfully predicted (Fig. 6.5). The generally
low algal biomass in Botshol, the lack of some feedback processes and the inaccuracy
of Secchi depth measurements made comparison with simulations difficult. Secchi
depths calculated for the entire years of 1991 and 1992 were at bottom depth, for
example, while actual values varied.
The model’s predictions of fluctuations in Chara biomass agreed with fluctuations in
percent cover of Chara determined in the field (Fig. 6.6). Both calculated and observed
levels were high, for example, in 1991, 1992, 1997, and 1998, and low in 1994,1995,
and 1999-2002. The model overestimated the biomass of Chara during 1993 and 1996,
corresponding to overestimates of Secchi depth.
The runoff in dry years was about 90% reduced in comparison to wet years (Rip et
al., in prep.; Chapter 5). To test the hypothesis that P loading to surface water through
flow from land to water, especially after winters with high precipitation, was a major
factor causing reduced cover of Chara in the lakes of Botshol, the model was run
under the condition that the P concentration in water flow from land to surface water
was reduced 90%. The P load from water inflow to maintain water level in summer
remained the same. During wet years, phosphorus and chlorophyll a levels calculated
under this condition were substantially lower than levels calculated under the standard
conditions. DBS calculated a stable Chara population each summer in this test.
Overall, the DBS model provided sufficient consistency between computed and
measured parameters of the Botshol ecosystem to explain the dynamics of nutrient
loading, phytoplankton density, light attenuation, and Chara populations. The flow of
water which is rich in phosphorus and humic acids from land to water, particularly
following periods of high precipitation, is a likely explanation for the instability of the
aquatic ecosystem in Botshol after the reduction in the external nutrient load.

Discussion
The main conclusion from the nutrient budget developed for Botshol was that,
following nutrient reduction, P from flow from land to water acted as the primary
internal nutrient source during periods when precipitation exceeded the water loss
by infiltration and evaporation (Rip et al., in prep.; Chapter 5). Although similarity
between calculated values and empirical measurements varied somewhat among
the parameters (Figs. 6.1-6.6), results of the calibrated DBS model reproduced the
dynamics of the Botshol ecosystem during 1989-2002 closely enough to provide a
useful tool in determining causes of interannual variation.
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Results of the present study showed that, during wet years, the P-rich, flow from
land to water resulted in increased phosphorus levels and phytoplankton biomass
in surface water of Botshol (Figs. 6.2 and 6.3). In addition to high P levels, the flow
from land to water contained large amounts of dissolved organic substances (humic
acids) that colored the water dark brown and further reduced light penetration (Fig.
6.4). Consequently, light attenuation was so high during periods of high precipitation
that Chara populations declined (Fig. 6.6). After dry winters, the groundwater level
in terrestrial peat was below the surface water level, and the internal P source was
eliminated. During the next growing season, water transparency was high, and
Chara populations increased. This trend was confirmed by the significant negative
correlation between Chara cover and net precipitation during the previous two years
(r = -0.771; p<0.01). In a simulated situation with low precipitation, calculated Chara
populations showed an annual cycle that was stable from year to year. Thus, variation
in winter precipitation probably caused interannual changes in P flux and humic acids
from terrestrial peat, which explained fluctuations in P concentration, phytoplankton
biomass, and water transparency in Botshol. Hough et al. (1991) have shown similar
effects of variation in precipitation on cover of submerged macrophytes.
In principle any lake with a large enough catchment area will have variation in P load
from runoff that is related to variation in precipitation. However, the fluctuation in P
load will not always result in a related pattern of high and low cover of submerged
macrophytes. In shallow lakes with alternative states there is a range of nutrients
in which either a turbid, vegetation poor or a clear, vegetation rich states can exist
(Scheffer et al., 1993), sometimes called the “catastrophe fold”. Although other factors,
like removal of fish, can alter the ecological balance within this range, fluctuations in
precipitation and runoff will only cause a switch between clear, vegetated and turbid,
unvegetated states if the P content falls above or below this critical nutrient range.
Thus, the influence of fluctuations in runoff on the cover of Characeae depends on
the size of the runoff area, the P load from other sources, and the P load range where
both alternative states can exist. This critical range is determined by size, depth, fetch,
and sediment type of the lake (Janse, 2005). For example, the critical P load causing
a switch in stable state was markedly lower in deeper lakes than in shallow lakes
and the range is smaller. Botshol is relatively deep for lakes in the Netherlands, so
the range of critical P load (0.8-1.5 mg P m-2. day-1, Rip et al., in prep.; Chapter 5) is
relatively low and small and easily exceeded by small changes in P load.
Landscape and physicochemical conditions in the aquatic ecosystem of Botshol
account for the large temporal variation and time lags in P flux. Subsurface flow of
P-rich water was most important in subareas IV and V, which had high land/water
ratios and low infiltration rates. Although the catchment areas were not fertilized
or used for agricultural purposes, phosphorus concentrations in the peat soil water
were high due to mineralization and high chloride and sulfide levels (Chapter 3;
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Beltman et al., 2005; Lamers et al., 1998). The mineralization of the terrestrial peat
is not a ‘natural’ process. Botshol is below sea level and humans stabilized the
landscape by influencing the water table. The water table in Botshol was maintained
at a constant level by the inflow of water during the summer and outflow of water
in winter. The inflowing water had high levels of P, S, and Cl. Starting in 1989, 6080% of P was stripped from the inflowing water. The untreated sulphur and chloride
levels remained high, however, and increased the internal availability of P in Botshol
(Lamers et al., 1996, 1998; Beltman et al., 2005; Chapter 3). As was found in other
freshwater systems (Meyer, Likens and Sloane, 1981), a high percentage (~ 85%) of P
in runoff was probably particulate material. The particulate P was stored in the water
bottoms and banks of the small watercourses in subarea IV and V, explaining why
only a small increase in P concentration was seen in surface water during wet winters
(Fig. 6.2). When water temperature rose in spring, the stored P was partly released
from bottom sediments. In summer, however, there was an explosive P flux from the
sediments due to low yearly oxygen levels. The small watercourses in subareas IV
and V of Botshol became anaerobic during summer, when mineralization of organic
matter in the sediment created a high oxygen demand. When P-rich water from
subareas IV and V was subsequently transported to subareas I and II to make up for
summer evaporation and infiltration, large amounts of P were carried into surface
waters of the lakes.
Results of the present study provide a likely explanation for the decline in Chara
populations during 1993-1995 and 1999-2002. An important condition for the growth
of Characeae is light reaching the lake bottom after germination, which occurs around
May. This condition was met in Botshol when P was below 0.018 mg l-1 (Rip et al.,
2005; Chapter 2) corresponding to periods of high macrophyte cover. When total P
was between 0.018 and 0.043 mg l-1, there were periods of both low and high cover of
submerged macrophytes (Rip et al., 2006; Chapter 4), supporting the hypothesis that
either state can exist at intermediate nutrient levels (Scheffer, 1993). After a wet winter,
however, P levels enhanced by subsurface run-off exceeded this range and stimulated
growth of phytoplankton, which in turn decreased light penetration and limited growth
of Chara.
In addition to light, other factors may influence submerged macrophyte populations,
including chloride concentrations (Jeppesen et al., 1994), sediment toxicity due to
sulfide (Lamers et al., 1998), grazing by herbivorous birds (Moss, 1990; Mitchell and
Perrow, 1998), and accumulation of organic material of decaying submerged plants
(Carpenter and Lodge, 1986; Perrow et al., 1994; Asaeda et al., 2000). The possible
involvement of these factors in the observed interannual fluctuations of Chara in
Botshol is examined in other studies (Beltman et al., 2005; Van Nes et al., 2007; Rip et
al., 2006; Chapter 3, 4 and 8).
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The approach taken by the present study considered the ecosystem as a whole,
starting with actual meteorological conditions, incorporating transport from land to
surface water, as well as changes in phytoplankton and light attenuation, and finally
examining effects on submerged macrophytes. In contrast, most previous studies of
aquatic systems modeled either nutrient loading (Meyer et al., 1981; Mander et al.,
1998) or biological processes (Janse, Van Donk and Aldenberg, 1997; Best et al., 2001).
A few previous studies modeled both, but only for average years and did not examine
interannual variation (Asaeda et al., 2000; Portielje and Rijsdijk, 2003). The present
study, therefore, was uniquely able to explain the role of interannual variation in
precipitation as a cause of instability in an aquatic ecosystem.
Precipitation became a major factor influencing submerged macrophyte populations
only after restoration efforts in Botshol were initiated. Following the reduction in
external P load to very low levels, the internal P load from subsurface run-off
increased in importance as a nutrient source for phytoplankton. As a high percentage
of the area of Botshol is terrestrial peat, interannual variation in precipitation caused
large changes in the internal P load to surface water. The high infiltration rate and
large ditch distance in much of the terrestrial peat resulted in low runoff and landto-water P flow during dry winters (Rip et al., in prep.; Chapter 5). A side effect of
the hydrological isolation of Botshol, furthermore, was an increase in chloride from
500 to 1000 mg L-1, which enhanced the availability of phosphorus in peat (Beltman
et al., 2005; Chapter 3). Finally, the relatively large depths of the lakes in Botshol
made submerged macrophyte populations vulnerable to even small increases in light
attenuation.
External P loading to Botshol was low, and Characeae populations in Botshol did not
exhibit large interannual fluctuations prior to 1960 (Simons et al., 1994). Analysis of the
weather in the Netherlands during the 20th century indicated that both temperature
and annual precipitation have risen since 1901, related to global changes causing a
warmer and wetter climate throughout western Europe (IPCC, 2001; KNMI, 2001).
Thus, all winters in which more than 500 mm of precipitation were recorded in De
Bilt, a site in the Netherlands close to Botshol, came after 1960. Before that time,
interannual variation in precipitation was not sufficient to cause large changes in
internal P flux in Botshol, and submerged macrophyte populations were stable
(Simons et al., 1994).
The first four years of the Botshol restoration project (1988-1992) coincided with four dry
winters, so the initial change to the clear water state and increased Chara populations
were due to the combination of reduced external P load and low precipitation. The
pre-restoration P load to the lakes was high and reduction in external P load was
necessary to allow growth of submerged macrophytes. Now that the external P load
is not a limiting factor, additional measures are needed to decrease internal P flux in
Botshol during wet winters to sustain stable populations of submerged macrophytes.
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In wet years, internal P flux could be reduced by allowing the water level to fluctuate
more naturally. Desiccation of peat during dry periods, for example, would reduce
P in runoff, due to immobilization of P by oxidation of Fe (Lucassen, Smolders and
Roelofs, 2005). Another approach would be to reverse terrestrialization by removing
large areas of terrestrial peat 1 m below water level. This would reduce the surface
area where nutrient-rich groundwater can flow into surface water. Finally, the
creation of larger areas of surface water in the subareas with the highest runoff would
raise oxygen levels, decrease reduction of sulphate to sulphide, and reduce P release
from sediment. Results of the present study demonstrated that the future stability
of macrophyte populations in Botshol will depend on improved management of
internal P flux.
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Recent studies have shown that ecosystems ranging from oceans (Hsieh et al., 2005)
and lakes (Carpenter, 2002) to coral reefs (Hughes, 1994) and rainforests (Oyama and
Nobre, 2003) can have tipping points where changes in the physical environment
become amplified by the biological system to cause a sharp shift to an alternative
state (Scheffer et al., 2001). Although this may have profound implications for the
response of ecosystems to climatic change, convincing evidence for climate induced
state shifts is lacking so far. Here we show how increase in precipitation driven by
the North Atlantic Oscillation (NAO) has twice caused a shift from a clear state with
abundant vegetation to a contrasting turbid state without submerged plants in a Dutch
lake. Model analyses and data reveal that wetter conditions during high NAO-years
resulted in higher nutrient loading of the lake. This signal is amplified by feedbacks in
the ecosystem leading to runaway processes that cause a critical transition of the lake
from a richly vegetated to a barren state. Our study supports the idea that the gradual
effects of climate change may be punctuated by drastic ecosystem reorganizations.
Effects of climatic change on ecosystems are notoriously difficult to predict. One
problem is that not only average conditions, but also climatic variability seems
likely to increase in many regions over the coming decades (IPCC, 2001). Although
the implications of climatic variability are still poorly understood, it is becoming
clear that they may be profoundly different from effects in average conditions. For
instance, it has been suggested that ecosystems with alternative stable states may
be pushed across a critical tipping point in a climatically extreme year (Holmgren
et al., 2006). Although this idea is compelling, climate induced stability shifts in
ecosystems have been difficult to demonstrate so-far. Shallow lakes are well known for
snapping into one of two contrasting states that represent alternative stable attractors
(Scheffer et al., 1993). The mechanism is a feedback between the clarity of the water
and the growth of submerged plant fields. The submerged plants cannot establish
if the water is too turbid and light becomes limiting. However, once vegetation is
sufficiently developed it can clear the water through a range of mechanisms, implying
a positive feedback between the plants and their growth conditions. As a result,
shallow lakes ecosystems tend to be either in a clear state with abundant submerged
vegetation or in a turbid state with hardly any submerged plants, and a dramatically
different overall biodiversity community composition (Fig. 7.1). It has been shown
that such lakes can be pushed across tipping points by changes in critical factors such
as nutrient load and fishing pressure (Scheffer, 1998). Here we present data from a
long-term study of a shallow lake in the Netherlands, providing compelling evidence
that climatic extremes may push the system across such tipping points.
Our study object is the shallow lake Botshol which, like most Dutch lakes had moved
from a clear to a turbid state as a result of increased nutrient loading in the second
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Fig. 7.1: Shallow lakes tend to be in either of two alternative stable states: clear with
abundant submerged vegetation and high overall biodiversity (upper panel) or turbid
with few submerged plants, high phytoplankton biomass and lower overall diversity
(lower panel).

half of the past century (Van Iersel and Rip, 1992). Reduction of the external P-load by
the end of 1988 caused an increase in clarity and explosive development of extensive
fields of submerged stoneworts over the next four years. Surprisingly, in 1993 the rich
aquatic vegetation collapsed completely and the lake returned abruptly to the turbid
state. Four years later, a recovery to the vegetated clear state occurred. However, after
two years the lake ecosystem collapsed abruptly again to an unvegetated turbid state
(Chapter 2; Rip et al., 2005)
The driver of these ecosystem shifts appears to have been a pronounced variation in
net precipitation over this period driven by the North Atlantic Oscillation (NAO). The
NAO affects weather in Western Europe profoundly, and many studies have shown
how timing of seasonal patterns and other aspects in ecosystems are correlated to the
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state of the NAO (Ottersen et al., 2001). In our study region precipitation is closely
correlated to the state of the North Atlantic Oscillation (Fig. 7.2). Although precipitation
by itself may have little effect, hydrological models indicates that phosphorus flow
from the surrounding peatlands into Lake Botshol is markedly affected by run-off in
wet years (Chapter 5; Rip et al., submitted). Since years with a high NAO index are
wetter, this implies that the NAO may indirectly drive phosphorus inputs to the lake.
Indeed, phosphorus concentrations in the lake water are markedly higher after years
with a high NAO index, and transparency of the water varies accordingly (Fig. 7.3).
In sync with those changes the submerged vegetation shifts between a state of almost
complete dominance and periods of very low cover (Fig. 7.3 lower panel) (Rip et al.,
2007; Chapter 6). Since lakes usually shift to a turbid state only after multiple years of
elevated nutrient loading, one would expect a time-delay effect of precipitation driven
P-load in our case too. Indeed, statistical analyses suggest that the effect of NAO
driven phosphorus loading of the lake ecosystem accumulates over the years. The
variation in the total P concentration, as well as turbidity and vegetation abundance
are explained best by variation in the NAO winter index over the previous two or
three years (Table 7.1).
The case may seem closed with this analysis. Hydrological models and empirical
relationships point to a strong effect of NAO driven net precipitation on the P-load
of the lake, and this drives critical transitions in the lake ecosystem that are perfectly
in line with the way in which shallow lakes are known to respond to changes in
nutrient load. However, the question remains why the same weather driven pattern
is not observed in other shallow lakes in the region. Two aspects are important here.
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Fig. 7.2: Synchronous variation of winter state of the North Atlantic Oscillation
and net annual precipitation in the studied region..
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Fig. 7.3: The winter state of the North Atlantic Oscillation averaged over the past
3 years (a) is a good predictor of in-lake phosphorus concentrations (b) and water
transparency (c), driving shifts in the ecosystem between a contrasting vegetated and
an unvegetated state (d).
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First, the hydrology of the lake and its surroundings is rather exceptional. The high
infiltration rate and large distance between the ditches in most of the surrounding
terrestrial peatlands imply very low runoff during dry years. By contrast the P-rich
runoff in wet winters represents a major input on the total lake budget (Rip et al.,
submitted; Chapter 5). In principle any lake with a large enough catchment area
will have variation in P load from runoff that is related to variation in precipitation.
However, the hydrological situation causes interannual variation in our lake to be
rather large. The second aspect that determines whether a lake may be pushed to
a contrasting state by variation in precipitation is its sensitivity. Only in lakes that
are close to a tipping point will weather related variation in nutrient load suffice to
trigger a critical transition. Before reduction of the P-load from the inflowing water in
1988 Lake Botshol was in a stable turbid state, as many other lakes in the region. The
restoration efforts apparently did not put it in a resilient clear state, but rather moved
the system to a critical region in the vicinity of the critical tipping points. Moreover,
model analysis suggests the depth profile and hydrology of this particular lake imply
that the tipping points for a forward and a backward switch may be rather close to
each other (Van Nes et al., 2007; Chapter 8).
Taken together, this may explain why Lake Botshol is apparently so sensitive to climatic
variation, whereas most other lakes seem less affected by change in precipitation.
However, we should also consider the possibility that the correlation between the
ecosystem switches and the variation in the precipitation is purely coincidental.
Both could vary in a cyclic way, but independently. Indeed, the remarkably regular
pattern of oscillations might be driven in part by an intrinsic ecosystem mechanism.
Model analysis suggests that accumulation of organic matter and phosphorus in
the sediments may slowly destabilize the vegetated state, leading eventually to a
collapse into the turbid state at which the pools of organic matter and phosphorus
gradually unload again, leading to a shift back to the clear state, and so forth (Van
Table 7.1: Results of step backward multiple linear regression of total-P concentration (mg l-1), chlorophyll (µg l-1), Secchi depth transparency (m) and the percentage of
the lake covered by submerged vegetation as dependant variables and the NAO index
over the months October, November and December with different time lags (y-1); (y2), (y-3) as independent variables.

Total P

NAO(y-1)

NAO(y-2)

NAO(y-3)

R2

adj R2

constant

Significance
of regression

0.007

0.007

ns

0.71

0.43

0.042

0.011

Chlorophyll

3,35

2.17

3.00

0.71

0.39

13.58

0.031

Secchi depth

-0.28

-0.32

-0.24

0.85

0.65

1.4

0.001

Veg. cover

-11.1

-16.2

ns

0.65

0.34

22.9

0.027
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Nes et al., 2007; Chapter 8). In fact, it seems most likely that forcing by the variation
in precipitation would act in concert with this intrinsic mechanism, locking it into the
dominant frequency of the North Atlantic Oscillator.
Although Lake Botshol might be a special case, our analysis demonstrates that
climatic conditions may indeed drive some ecosystems across a tipping point for
dramatic change. Since the incidence and amplitude of climatic extremes seem
likely to increase with climatic warming this is of more than academic interest.
One important implication is that we might use predicted climatic extremes to our
advantage for tipping ecosystems from a degraded state to a desired state. This
has been proposed for semi-arid regions where rainy El Niño years may be used to
trigger regeneration of native woodlands if herbivores are controlled in synchrony
(Holmgren and Scheffer, 2001). Our findings suggest that climatic swings may also
be used to restore some turbid lakes to a clear state. Experiments have shown that
such a change may in principle be invoked by reducing fish density. However, many
of such biomanipulation attempts have failed as fish densities could not be reduced
sufficiently, or nutrient levels were apparently too high. Our results suggest that
variation in phosphorus load may cause the resilience of the alternative states to vary
with climatic conditions. Even if this effect is not strong enough to push a lake to
switch as in the case of Botshol, it still suggests that moderate fishing efforts may well
tip the balance in some years while in other years even large efforts are not sufficient
to tip the balance.
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Abstract
Some shallow lakes have been observed to switch repeatedly back and forth between
a vegetation dominated clear-water state and a contrasting turbid state. Usually such
alternations occur quite irregularly, but in some cases the switches between both
states are remarkably regular.
Here we use data from a well-studied Dutch lake and a set of simple models to explore
possible explanations for such cyclic behavior. We first demonstrate from a graphical
model that cycles may in theory occur if submerged macrophytes promote water
clarity in the short run, but simultaneously cause an increased nutrient retention,
implying an accumulation of nutrients in the long run. Thus, while submerged plants
invoke a positive feedback on their own growth by clearing the water, they may in
the long run undermine their position by creating a slow “internal eutrophication”.
We explore the potential role of two different mechanisms that may play a role in
this internal eutrophication process using simulation models: 1) reduction of the P
concentration in the water column by macrophytes, leading to less outflow of P, and
hence to a higher phosphorus accumulation in the lake sediments and 2) a build-up of
organic matter over time resulting in an increased sediment oxygen demand causing
anaerobic conditions that boost P release from the sediment. Although the models
showed that both mechanisms can produce cyclic behavior, the period of the cycles
caused by the build-up of organic material seemed more realistic compared to data
of the Dutch Lake Botshol in which regular cycles with a period of approximately 7
years have been observed over the past 17 years.

Introduction
Shallow lakes are among the best studied examples of ecosystems that can have
alternative stable states (Scheffer et al., 2001). Most of these lakes are either rather
turbid and devoid of submerged macrophytes or clear and vegetated (Scheffer et al.,
1993). Excessive nutrient loading has caused most lakes in populated areas to shift to
the turbid state. Upon reduction in the nutrient loading lakes may shift back to the
clear state, but the critical nutrient level at which the shift back occurs is typically
lower than the nutrient level at which the ecosystem switched to the turbid state.
Lakes that do not clear up upon reduction in the nutrient load, can sometimes be
forced to the clear state by taking out most of the fish (Shapiro and Wright, 1984;
Meijer et al., 1999). Such biomanipulation can leave the lake permanently clear if the
nutrient level is low enough to allow the alternative clear state to be stable. Natural
events such as alterations in the water level, heavy storms, or natural fish kills may
also cause a shift between the alternative clear states (Scheffer, 1998).
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In some lakes repeated shifts between a clear and a turbid state have been observed.
Examples include the Swedish Lake Tåkern and Lake Krankesjön (Blindow, 1992;
Blindow et al., 1993; Blindow et al., 2002), Tomahawk Lagoon in New Zealand
(Mitchell, 1989), the English Alderfen Broad (Perrow et al., 1994) and flood plain
lakes in the Netherlands (Van Geest et al., 2007). Such shifts occur irregularly in most
lakes, suggesting that they are the result of some stochastic external forcing, such
as fluctuations in the water level or changes in phosphorus load. However, in some
lakes remarkably regular oscillations between alternative states have been observed.
The best documented examples that we are aware of are the English lake Alderfen
Broad (Fig. 8.1)
(Moss et al., 1990; Perrow et al., 1994) and the Dutch Lake Botshol (Fig. 8.2) (Simons et
al., 1994; Rip et al., 2005). Both lakes have a cyclic dominance of macrophytes with a
period of approximately 7 years. One explanation of such behavior may be that there
is a regular external forcing on the system (Rip et al., 2007). However, an alternative
possibility is that there is an intrinsic process that causes regular cycles. We first
describe the patterns found in Lake Botshol. Subsequently, we show graphically
what the theoretical prerequisites for cycles in shallow lakes are, according to the
“slow-fast theory” (Muratori and Rinaldi, 1991; Rinaldi and Scheffer, 2000). Finally,
we propose two candidate mechanisms and use simple models to analyze whether
these mechanisms could theoretically generate regular cycles with realistic periods.
We compare the model results with field date of Lake Botshol.

Cyclic behavior of Lake Botshol
A detailed description of Lake Botshol (287 ha, mean depth 3 m) is given by Rip
et al. (2005). From 1985 on, mapping of submersed macrophytes has been carried
out each summer, except for the year 1986. In period 1985-2000 and 2003 a transect
pattern covering most of the open water and pools, watercourses and ditches have
been followed each time. The plant material was observed and collected by dredging
and snorkeling. Dredging has been done with a special apparatus developed and
described by Satake (1987). Total P, chlorophyll-a and Secchi-depth were determined
according to the international standards (ISO). During different periods, samples
were taken daily, at two-weekly intervals, or four times per year.
The Botshol ecosystem showed oscillations in total phosphorus and vegetation
coverage during the 17-year study period (Fig. 8.2a). Along with these oscillations,
the water clarity and the chlorophyll-a concentration showed regular cycles (Rip et al.,
2005; Chapter 2). The period of the cycles of all relevant variables was approximately
7 years. The approximate range for alternative stable states can be shown by plotting
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Fig. 8.1: Changes in the mean summer concentrations of chlorophyll-a and total
P and in the biomass of submerged plants in Alderfen Broad, UK, following disconnection of the lake from a nutrient rich inflow stream. Redrawn from Perrow et al
(1994).

macrophyte coverage versus total phosphorus (Fig. 8.2b). Apart from an unexplained
increase of total P between 1998 and 2001, the cycles suggest two critical P values: one
for shifting to a vegetation dominated state at approximately 0.02 mg L-1 and one for
loss of vegetation at 0.04 mg L-1.

A graphical analysis of intrinsic cycling
In our search for mechanisms that might cause cyclic shifts in lakes, we will first
explore a graphical theory of how a system with alternative equilibria could become
cyclic. This geometric analysis of the slow-fast system is known as the singular
perturbation approach (see overview by Rinaldi and Scheffer, 2000).
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Fig. 8.2: a. Summer averages of vegetation cover and total P at Grote Wije in Botshol
during 1987-2003 (Rip et al., 2005). b. Observed cycles in Botshol.

We start with a model of a shallow lake with alternative states, that is slightly different
from that classical one (Scheffer et al., 1993), in which nutrients were considered as
a fixed parameter. In reality the nutrient content of a lake is a slow variable driven
by differences between nutrient loading and losses. Therefore the limiting nutrient
concentration should actually be considered as a dynamical state variable instead
of a parameter. In our model, we assume that the equilibrium biomass of vegetation
plotted against the nutrient level has a “catastrophe fold” implying that for a range
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Fig. 8.3: Graphical model to explain how a system with alternative equilibria can become
cyclic if there is a long-term negative feedback (further explanation in text). a. If vegetation
has no negative effect on the phosphorus content in the lake, the system has alternative
equilibria. b. If vegetation has a negative effect and if the nutrient nullcline intersects the
unstable part of the catastrophe fold, and the nutrient equilibrium sets slowly, there can
be slow-fast cycles. c. The system has alternative equilibria over a range of phosphorus loadings (F1 and F2 are fold bifurcations). d. The system has cycles over a range of phosphorus
loadings (H1 and H2 are Hopf bifurcations). e. The effects of increasing and decreasing P
loading on a system with alternative states. f. The effect of P loading on a cyclic system.
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of nutrient levels there are two stable vegetation densities separated by an unstable
(dotted) equilibrium (Fig. 8.3a). The addition to the classical model is that we also
draw a line showing where the nutrient level is in equilibrium (dashed line in Fig.
8.3a). This equilibrium line (“nullcline”) of the slow variable, nutrients, is a vertical
line if we assume the equilibrium nutrient concentration to be independent of
vegetation. In this case the classical predictions of the alternative stable states theory
arise. If the external nutrient loading is increasing, the vertical nutrient nullcline will
shift to the right (Fig. 8.3c). This implies that the intersection with the folded line
(and thus the equilibrium) will shift to the right. If the nullcline intersects the fold
bifurcation (F1), the vegetation-rich equilibrium disappears and a regime shift will
occur in which the vegetation decreases and the water will become turbid. If nutrient
load is subsequently decreased, vegetation can recolonize at the other fold bifurcation
(F2), which is at a lower nutrient loading, a phenomenon called hysteresis (Fig. 8.3e).
So far there is no difference with the alternative states theory.
Now suppose that vegetation has an impact on the nutrient retention such that more
vegetation means a higher equilibrium nutrient level at a given external loading (Fig
8.3b). We further assume that the setting of the nutrient equilibrium is slow relative
to changes in vegetation. This seems a reasonable assumption as the response of lakes
to changes in phosphorus loading is usually very slow due to a release of phosphorus
from the sediment pool (Sas, 1989; Carpenter, 2005). Now it is easy to see that we can
then get “slow-fast limit cycles” if the nutrient nullcline separates both stable states
by intersecting in the unstable part of the catastrophe fold (Muratori and Rinaldi,
1991).
This cycle can be understood as follows. If vegetation biomass is high, the nutrient
status of the lake is slowly increasing (as we are left of the P nullcline). Since
vegetation biomass adjusts quickly to the appropriate equilibrium value, the system
follows the upper branch of the catastrophe fold, till the critical point H1 (the former
fold bifurcation F1) where the vegetation collapses. As the vegetation cover is now
low, the phosphorus load will decrease (as we are right of the P nullcline). Therefore
the nutrient status of the lake is slowly moving to the lower critical point H2 (the
former fold bifurcation (F2) and the vegetation recovers.
Such cycles only occur over a limited range of nutrient loading. At low nutrient
loadings there is a stable equilibrium in the upper branch of the catastrophe fold (Fig
8.3d, the left nutrient nullcline). With increasing nutrient loadings the system will
become cyclic if the nutrient nullcline intersects the former right-hand fold bifurcation
(H1) and there is no other intersection with the lower branch of the catastrophe fold.
Such bifurcation where a small limit cycle appears is called a supercritical Hopf
bifurcation (Fig 8.3f). The nutrient nullcline now intersects only in the former unstable
branch of the catastrophe fold, and the system will be cyclic. Note that in this range
an increase of nutrients is predicted to have hardly any effect on the model behavior.
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The cycles remain approximately the same in this range. However, if the nutrient
nullcline intersects the other former fold bifurcation (H2), the cycles disappear and
the system becomes permanently turbid. Note that this system shows no hysteresis
as when you reduce the nutrient loading (Fig. 8.3e), the system again becomes cyclic
at the same critical point (H2).

Simple models of two different potential mechanisms
The above geometric analysis shows that cycles may occur if vegetation has a negative
impact on a slowly responding nutrient status of the lake. Now we examine two
potential mechanisms for this effect more closely. Our approach is to develop a simple
dynamical model of each mechanism, and analyze both models to see whether these
mechanisms might in principle explain the cycles observed in Lake Botshol.

Mechanism 1: Effect of vegetation on phosphorus retention
The simplest mechanism we consider is straightforward loading and unloading of
the phosphorus pool stored in a lake. Most lakes have a tendency to accumulate
phosphorus as the concentration of the inflowing water is often higher than that of
the water in the lake (and leaving the lake) (Vollenweider, 1977). The mechanism
is that part of the nutrients taken up by algae and other organisms end up buried
with organic matter in the accumulating sediments. The net result is retention of
phosphorus in the lake.
It has been shown that submerged macrophytes can greatly enhance the retention of
phosphorus in lakes (Carpenter, 1981; Scheffer, 1998). As macrophytes have a clearing
effect on the water column, they leave it with less phytoplankton and suspended
sediments and generally with a much lower total-P concentration. This implies that
the water flowing out of the lake carries less phosphorus away, implying that a clear
and vegetated lake will retain more phosphorus than a turbid lake (assuming that
the external load remain unaltered). Although most phosphorus is stored in the
sediment, the amount available in the water phase will eventually increase too, as the
sediment pool increases due to concentration dependent partitioning between the
sediment and the water. This may invoke increased phytoplankton growth and push
the system towards the turbid state in the long run.
We implement this mechanism in a vegetation model of Scheffer (1998) that describes
the alternative stable states in shallow lakes. In this model the equilibrium vegetation
cover (V) is assumed to be a sigmoidal function of the vertical light attenuation (E)
(Scheffer, 1998). If the light attenuation exceeds a certain threshold (hE), a lake can get
vegetated. Vegetation cover is assumed to grow logistically to this equilibrium:
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We assume for simplicity that the vertical light attenuation is a linear function of the
total phosphorus of the water (Pw):

E =  E Pw

							
E =  E Pw

(2)

We further model the total phosphorus pool of the lake (P, g m-2), which is the sum of
the phosphorus available in the water phase (concentration Pw, g m-3 times mean depth
z, m) and in the sediment. This pool is affected by the phosphorus concentration in
the inflow (Pw,in, g m-3) and the residence time (τ). Part of the fraction in the sediment
can be buried with a rate of (rB) and become unavailable.

P P
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In this model we also assume that in the absence of vegetation a fixed fraction (cP)
of the total phosphorus content of the lake is in the water phase, but that vegetation
alters the partioning between sediment and water due to the “clearing effect” of
plants modeled as a Monod function with a half saturation constant of hV:

P
P
zz

hhV
V
hhVV ++ V

V
Pw == ccP
							
P
w
P

(4)

In this way vegetation instantaneously reduces the phosphorus content of the water,
which implies a direct positive feedback, as the plants grow better if turbidity is
reduced. However, in the long run the reduced phosphorus content in the water outlet
causes the total phosphorus content of the lake to increase slowly, which implies a
simultaneous “slow” negative feedback.

Mechanism 2: Anoxic P release on accumulation of organic material
Although P release from the sediment should increase with the P content of the
sediments, it may also vary widely depending on the redox conditions in the top
sediment layer (Lijklema, 1977). Anoxic conditions can boost sediment P release. It
seems reasonable to expect that macrophyte dominance may under some conditions
lead to accumulation of organic material and thus promote the chances of anoxia to
happen at the sediment surface. Moss et al. (1990) and Perrow et al. (1994) suggested
that this mechanism might in fact explain cyclic vegetation patterns in Alderfen broad.
In years with macrophyte domination, vegetation grows in summer and decays in
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winter. The decay of plant material is relatively slow and takes generally longer than
one winter season (Godshalk and Wetzel, 1978). Therefore, in consecutive years, an
increasing pool of organic material from decomposing plants is built up (Asaeda and
others 2000). As decomposition requires oxygen, the sediment can become anaerobic
and a P release from sediment can be boosted resulting in potentially in a shift to a
turbid state.
To explore this mechanism, we model vegetation in a similar way as in the first model
(equation 1), but now we assume that vegetation can lead to an increase of sediment
oxygen demand (SOD) due to accumulation of decaying organic material:
dSOD
							
(5)
V  lSOD SOD
dSOD == kkV V
 lSOD
dt
V
SOD SOD
V
dt
In which kV is a parameter describing the build-up due to vegetation and lSOD is the
first-order decay of SOD. We assume that there is a threshold (HSOD) above which the
sediment oxygen demand depletes oxygen in such way that there is a strong P flux
from the anaerobic sediment (Moss et al., 1990; Perrow et al., 1994). For simplicity we
assume the sediment phosphorus pool to be large and we only model the phosphorus
in the water column. The total phosphorus in the water (Pw) now becomes:
SOD
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SOD pSOD
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pSOD is a parameter that determines the steepness of the increase in sediment P release
around the critical value HSOD and g represents the maximum release rate. Following
the reasoning explained for the first model (equation 2 and 4), turbidity (E) depends
on the phosphorus content of the water Pw but decreases with vegetation cover:

h
E ==  E P
Pw hvvv
E
							
E w
w hv + V
E
hvv + V

(7)

Note that since we no longer simulate the total-P pool of the lake, we are now
neglecting the effect of vegetation on Pw (as formulated in equation 3 and 4). In lakes
with a long residence time, the dynamics of SOD is an order of magnitude faster than
the dynamics of Pw. In such cases we simplify the model further by assuming that
SOD is always at its in equilibrium. SOD can then be expressed simply as a function
of vegetation (obtained by setting equation 5 to zero). Equation 5 is thus replaced by
the following function:

k V
							
SOD
= V
lSOD

(8)
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Table 8.1: State variables and default parameter values of both models. Model 1 is
focusing on the loading of total phosphorus pool of the lake due to vegetation. Model
2 studies the hypothesis that vegetation causes an increase in the organic matter content of the sediment. (1) = Van Nes et al. �����������������������������������������������
(2003); (2) = Scheffer (1998); (3) unpublished
data Rip; (4) Assumed reasonable value; (5) Calibrated on Botshol data (Fig. 8.2).

Parameter/
State variable

Description

Default
value

Ref.

Model

V

Fraction of the area of the lake covered with
vegetation (-)

-

-

1,2

P

Total phosphorus pool in water and
sediment (g m-2)

-

-

1

Pw

Total phosphorus concentration of the
water (g m-3)

-

-

1,2

E

Vertical light attenuation (function of Pw) (m-1)

-

-

1,2

Cp

Partition of phosphorus over water and
sediment

0.2

g

Maximal effect of SOD on phosphorus
(g m-3 d-1)

0.002

(4)

2

γE

Relation between total P and light
attenuation (m2 g –1)

30

(3)

1,2

hE

Light attenuation where half the lake
is vegetated (m-1)

1

(5)

1,2

Critical sediment oxygen demand (g m-2)

2

hv

Vegetation cover with half of the maximal
effect on water clarity

0.2

(5)

1,2

kV

Maximum attribution of vegetation to
SOD (g m-2 d)

0.05

(5)

2

lSOD

Mineralization rate of sediment
oxygen demand (d)

0.01

(4)

2

Exponent in Hill function of positive
vegetation effect

4

(2)

1,2

pSOD

Exponent in Hill function for SOD effect
on Pw

10

(4)

2

Pw,in

Phosphorus concentration incoming
water divided by mean depth (g m-2)

0.05

(5)

1,2

0

(4)

1

HSOD

pE
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1

2

rB

Rate of phosphorus burial (d-1)

rV

Maximum growth rate of vegetation (d )

0.07

(1)

1,2

τ

Retention time (d)

475

(3)

1,2

z

Mean water depth (m)

3

(3)

1,2

-1
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We checked numerically for the default parameter settings that the resulting twodimensional model has similar behavior as the three-dimensional model, but we
found that the period of the cycles in the simplified model is ca. 20% faster. To
compensate for this effect we scaled the time by a factor 0.8.

Methods of analysis
We analyzed the sensitivity of cyclic behavior of the models to parameter changes,
focusing on two aspects: 1) how the period of the cycles is affected by small parameter
changes and 2) in what range of parameters the model behavior is cyclic.
The effect on the length of the cycles is assessed by changing the value of each
parameter in turn plus or minus 10% and measuring the effect on the length of the
period in days by simulation. A sensitivity coefficient was defined as the relative
change of the length of the period of the cycle.
The range of parameters where the model behavior is periodic is assessed by
one-dimensional bifurcation analyses for each parameter while keeping all other
parameters to their default value. The bifurcation analyses were performed with the
program LOCBIF (Khibnik et al., 1992) for local bifurcations (Hopf bifurcation). We
checked the models further for global bifurcations by simulation in MATLAB.

Parameter estimation
As a basis of the parameterization of both models we fitted the vegetation nullcline
of both models to Fig. 8.2b to obtain a realistic range of alternative states. The relation
between total P and vertical light attenuation (parameter γE) was fitted to measured
data (data Rip et al., 2005). The hydraulic residence time (τ) was estimated based
on the volume of the water and average inflow (unpublished data W.J. Rip). Some
other parameters were hard to determine (e.g. Cp, g, HSOD). Here we either calibrated
to get cyclic behavior, or took what seemed a reasonable value (Table 8.1). Burial of
phosphorus in sediment (rB) was neglected.

Model results
As we neglected sediment burial of phosphorus in the first model, it can be shown
easily from equation (3) and (4) that phosphorus nullcline is a straight line:
h C
*
V
= V p P*  hV
							
z Pw,in

(9)

This situation is thus similar to the graphical model (Fig. 8.2) and a crossing of both
nullclines in the unstable part of the catastrophe fold is possible, depending on
the parameters in equation (10) (Fig. 8.4). The maximum rate of change of the lake
A theory for cyclic shifts between alternative states

127

Fig. 8.4: The dynamics of the two models. Upper panels (a, b) are the phase planes
of both models with the nullclines for vegetation (V’ = 0) and phosphorus (P’ = 0 or
Pw’ = 0) and one trajectory (solid line with arrows). In the vegetated state, P is slowly
increasing (see horizontal arrows) till the former critical threshold is passed, where
the macrophytes collapses (see vertical arrows). As the P nullcline is crossed after the
collapse of macrophytes, phosphorus will then slowly decrease again. This continues till the lower critical threshold is reached and vegetation can recolonize again
(see also Fig. 8.3). As the phosphorus dynamics are much slower than the vegetation
dynamics, the cycle follows more or less the vegetation nullcline. The lower panels
(c, d) show the time scale of the limit cycle of both models.

phosphorus pool is also much smaller than of vegetation (a ratio of about 0.02 for
default parameter settings), so both conditions for slow-fast cycles are fulfilled. If
we run simulations we do indeed get cycles, but our simulations also reveal that the
default parameters causes these cycles to have a very long period of about 27 years
(Fig. 8.4c).
The second model has a non-linear Pw nullcline (Fig 8.4b) (for convenience this
nullcline is written as a function of vegetation V instead of Pw):
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The equilibrium phosphorus level thus equals the phosphorus level in the inflow
plus a sigmoidal Hill function of vegetation cover. This formula illustrates that in
the model the negative effect of vegetation on phosphorus only takes place above
a certain level of vegetation. This nullcline can intersect the unstable part of the
catastrophe fold. Moreover, the time scale of the phosphorus is also much slower than
the vegetation (in a standard run a ratio of 0.005), so again the requirements for cycles
are fulfilled as deduced from the slow-fast analysis. Indeed, simulations show cycles
(Fig. 8.4b,d). With the default parameter settings these cycles have a period of almost
5 years (Fig. 8.4d), which is close to what is observed in Lake Botshol and Alderfen
Broad. Moreover, the shape of the vegetation peak resembles the field pattern more
closely.
The sensitivity analysis of the parameters with regard to the period of the cycles (Table
8.2) shows that the exponent pE and the parameter hV have the largest effect in both
models. These parameters determine the range of hysteresis in the model of Scheffer
(1998). A larger hysteresis implies that the slowly changing phosphorus needs to be
increased and decreased over a longer range, which implies a longer period of the
cycle. Another important parameter is the residence time (τ) in both models. This
parameter determines the speed of the slow P content of the water (Pw) to a high
extend. As these three important parameters (pE, hV and τ) were determined from data,
we are relatively sure about the value of these parameters in Lake Botshol. In the
first model, the partitioning of phosphorus also has a strong impact on the length of
the cycles. This can be understood as this parameter determines the total amount of
P stored in the lake. A lower Cp implies a higher total P pool in the sediment, which
takes longer to load and unload.
Unfortunately this parameter is quite unsure. However, we feel that our estimation
of 20% of the phosphorus being in the water in the absence of vegetation is rather
high. In reality Cp could be smaller, which means that our predicted cycle length for
this model might be even longer, confirming that this mechanism is unlikely the main
cause of the observed cycles.
We further did one-dimensional bifurcation analyses for all parameters to find the
ranges in which the model is cyclic. The first model always lost the cycles by means
of a “Hopf bifurcation” which means that the amplitude of cycles becomes smaller till
the cycles disappear. For all realistic values of some parameters (Cp and z), the model
was cyclic. Other parameters had a quite small range where cycles occurred (e.g. hE
and γE), but in general most parameters had a large range in which the model was
cyclic, so the cycles seem to be a rather robust phenomenon. Of course this does not
indicate that the phenomenon is also common in nature. Apart from uncertainties in
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the model, the default parameter setting might also be uncommon in real lakes.
The second model sometimes has a special way of losing cycles with changing
parameters. Instead of a gradually shrinking of the cycles (which occurs in a Hopf
bifurcation), the period of the cycle becomes longer, while the amplitude hardly
changes (Fig. 8.5). This behavior can be understood from the nullclines. If the
Pw nullcline moves to the right, it intersects with the lower bending point of the
vegetation nullcline, creating a new equilibrium. Just after this first intersection, this
equilibrium splits in two: a stable node and an unstable saddle point. But as the limit
cycle is located very close to the vegetation nullcline these two equilibria will be part
of the limit cycle. Because one equilibrium is stable the limit cycle will disappear at
once (Fig 8.5a). A similar bifurcation can occur in the upper branch of the vegetation

Fig. 8.5: Two examples of obtaining an infinite-period bifurcation in the second model. At this bifurcation, an unstable saddle equilibrium (gray circle) and a stable node
(closed circle) appear on a limit cycle with an unstable spiral (open circle). Close to
the bifurcation point the cycles can become very long. a. Nullclines at Pw,in = 0.007 g
m-3 (1), Pw,in = 0.0.0865 g m-3 (2) and Pw,in = 0.01 g m-3 (3) b. Nullclines at g = 0.00012 g
m-3 d-1 (1), g = 0.000151 g m-3 d-1 (2) and g = 0.00018 g m-3 d-1 (3). c. Simulation at Pw,in
= 0.0858899 g m-3 d. Simulation at g = 0.0001513415 g m-3 d-1.
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Table 8.2: Sensitivity analysis of parameters of model to the frequency and the occurrence of cycles of both models. The sensitivity of the cycles is defined as the relative change of the period of the cycles if the parameter is change by ± 10 %. The
range of each parameter is determined by finding the bifurcations by increasing and
decreasing the parameter in LOCBIF or MATLAB while all other parameters are at the
default value (see: Table 8.1). H = Hopf bifurcation; I = infinite period bifurcation.

Period of cycles

Occurrence of cycles

Sensitivity
-10 %

Sensitivity
+10 %

Absolute
average

Range of
parameter

Cp

0.10

-0.08

0.09

all realistic values

γE

0.06

0.00

0.03

16.6 - 37.5

HH

hE

0.00

0.05

0.03

0.8 - 1.8

HH

hV

0.12

-0.10

0.11

< 0.38

H

pE

-0.17

0.15

0.16

2.4 - 8.9

HH

Pw,in

0.06

0.00

0.03

0.03 - 0.06

HH

Parameter

Bifurcations

Model 1:

rB

-

-

-

< 0.8

H

rV

0.01

-0.01

0.01

> 0.0004

H

τ

-0.09

0.09

0.09

>3

H

z

0.00

0.00

0.00

all realistic values

HSOD

0.00

0.00

0.00

0.46 -3.62

HH

Pw,in

-0.05

0.06

0.06

< 0.0859

I

g

0.02

-0.01

0.01

0.00015 - 1021

IH

γE

-0.03

0.05

0.04

12.7 - 51

II

hE

0.06

-0.03

0.04

0.58 - 2.4

IH

hV

0.07

-0.06

0.06

0.073 - 0.52

IH

kV

0.00

0.00

0.00

0.028 - 0.22

HH

lSOD

0.00

0.00

0.00

0.0023 - 0.018

HH

pE

-0.13

0.12

0.13

2.5 - 12.6

HI

pSOD

0.00

0.00

0.00

> 1.05

H

rV

0.03

-0.02

0.03

> 0.0032

H

τ

-0.06

0.06

0.06

> 143.9

I

Model 2:
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nullcline (Fig. 8.5b). This global bifurcation is called an “infinite-period bifurcation”
(Strogatz, 1994). The biological implication is that with increasing nutrients the
vegetated dominated state is predicted to be alternated with increasingly longer
periods without vegetation (Fig.8.5a, c). With decreasing nutrients the vegetated state
will become gradually longer compared to the vegetationless state, until the vegetated
state is not alternated anymore with periods without vegetation (Fig 8.5b,d).
An important feature of the model is that it produces regular cycles if the external
conditions remain unchanged. Even if some parameters are varied stochastically, the
cycles of the model stay rather regular (not shown). This indicates that the regularity
of the cycles in the field may be suggestive of such an intrinsic process if no obvious
periodic external trigger is present. In the case of Alderfen Broad, no such external
trigger is known. However, for the case of Lake Botshol, Rip et al. (2007) showed that
there has been a remarkably regular pattern of wet and dry winters coinciding with the
cycles in Lake Botshol. A wet winter results in a larger phosphorus load in summer than
dry winters, as winter precipitation increases the phosphorus runoff from catchment
areas. Perhaps, external forcing and internal feedbacks have interacted to drive the
cycles in this case. As it seems unlikely that the precipitation cycle stays very regular,
future development may shed more light of the relative role of climatic forcing.

Fig. 8.6: The feedbacks that may cause a variable to oscillate in slow-fast cycles.
The oscillating variable (here: vegetation) has a positive feedback with a fast variable
(here: turbidity) and a negative density dependence, which limits its growth. If the
positive feedback is moderately strong it can cause the system to have alternative stable states. However if there is a third negative feedback, the dynamics of the system
may change. This negative feedback can cause the system to become oscillating in a
part of its parameter space if it involves a relatively slow variable (here: lake phosphorus) and if the effect of this feedback is relatively strong. If these conditions are
not fulfilled, the negative feedback will simply reduce the strength of the positive
feedback, and the alternative stable states may eventually disappear.
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Synthesis
In conclusion, our analyses suggest that cyclic shifts between alternative states may arise
in shallow lakes as the result of a ‘time-bomb effect’ of slow internal eutrophication,
followed by unloading. The cycles have the character of slow-fast limit cycles (Rinaldi and
Scheffer, 2000; Scheffer and Carpenter, 2003) such as the ones described earlier for spruce
budworm dynamics (May, 1977; Ludwig, Jones and Holling, 1978; Rinaldi and Muratori,
1992a), elephant-fire oscillations (Dublin, Sinclair and McGlade, 1990) and predator prey
systems (Rinaldi and Muratori, 1992b). In all of these cases there is a positive feedback
that could potentially cause alternative stable states, but the effect of this feedback is
destabilized by a negative feedback that has a slower time scale (see Fig. 8.6). This is
analogous to the condition for self-organized pattern formation such as regular stripes
(“tiger bushes”) labyrinths, spots (“leopard bushes”) or gaps (Rietkerk et al., 2004). These
patterns are also caused by a combination of a positive and a negative feedback, but the
scale discrepancy between the two feedbacks is in space rather than in time.
Our models suggest that cycles will only occur in particular cases. The singular
perturbation theory analysis (Fig. 8.3) implies that the nutrient nullcline should cross the
vegetation nullcline in the unstable middle section of the fold. This happens only if: 1)
the internal eutrophication effect of vegetation is relatively large; and 2) hysteresis in the
system (considering nutrient level as a parameter, otherwise this term cannot be used)
exists but is not too large. The latter can happen for instance in lakes that are not too
shallow and where vegetation has not such a strong effect on clarity (Scheffer 1998; Van
Nes et al., 2002). The fact that particular conditions are needed for the cyclic behavior is in
line with the apparent rarity of cyclic shifts in lakes. We are aware of only the two cases
mentioned in this paper, despite the fact that numerous shallow lakes are monitored
nowadays.
Although various parameters in our models are quite uncertain, our numerical results
suggest that simple increase of the phosphorus content of the sediment may be a too
slow process to generate cycles of the observed frequency. By contrast accumulation
of SOD resulting in anoxic sediment P release appears a candidate mechanism that
may generate the cycles with frequencies corresponding to those observed in Lake
Botshol and Alderfen Broad. However, it should be noted that although our models
are simple, they have relatively many parameters, while our data sets are rather
limited. Therefore it is possible that we got good results for the wrong reasons, for
instance due to overfitting (Larimore and Mehra, 1985). Clearly, the observed regular
cycles in both lakes may always be due to a periodic external forcing. Nonetheless,
our results suggest that periodic oscillations between a vegetated and a turbid state in
shallow lakes may plausibly be explained from internal mechanisms. Similar intrinsic
mechanisms, that undermine alternative states, could also occur in various other
ecosystems with positive feedbacks.
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Abstract
After the reduction in external phosphorus load in 1988 to two shallow lakes in the
Botshol Nature Reserve, the Netherlands the submerged macrophyte community
exhibited interannual fluctuations in percent cover and species composition.
Multivariate analyses of data collected during 1988-2003 were applied to examine
the role of various environmental variables in these macrophyte fluctuations. Based
on analyses with environmental variables the dataset was divided in two groups:
years with high precipitation, nutrient levels, and turbidity (1993-95 and 19992001), and years with lower precipitation, nutrient levels, and turbidity (1990-92
and 1996-98). Previous studies demonstrated the (feedback) relationships between
precipitation, phosphorus, turbidity and total cover of submerged vegetation while
this research showed that submerged macrophyte species composition was mainly
related to macro-ionic composition (Cl, Ca and SO4) of the lake water. Precipitation,
ammonium and Secchi depth were also significantly related to species composition.
These 6 factors explained together 65% of the variance of the submerged macrophyte
community composition. Further analyses provided insight into the potential role
of environmental fluctuations in changes in the aquatic plant community, including
the switch in dominant species from Chara connivens to Najas marina, and the
disappearance of Fontinalis antipyretica. These three dominant species, had different
relations with the selected environmental variables for CCA. For example Najas
marina and Chara connivens, showed opposite correlations with ammonium, chloride,
and calcium levels. Ammonium increased whereas calcium and chloride decreased in
Botshol after 1996 (Rip et al., 2005), which could account for the switch in dominance
from C. connivens to N. marina around that time.

Introduction
The abundance of submerged macrophytes has a great effect on shallow lake
ecosystems (Carpenter and Lodge, 1986; Blindow, Hargeby and Andersson., 1998). It
is well known that light availability is a primary determinant of submerged aquatic
plant communities, and that plants themselves are important in the maintenance
of low turbidity and high transparency (Scheffer et al., 1993; Weisner, Strand and
Sandsten, 1997). Because submerged macrophytes are in close contact with the lake
environment through their root systems and especially through their stems and
leaves, they respond strongly to changes in local chemical conditions (Spence, 1967;
Hutchinson, 1975; Carr, Duthie and Taylor., 1997; Heegard et al., 2001).
Both light availability and the chemical environment of lakes may be affected by lake
restoration efforts (Sas, 1989; Bootsma, Barendregt and van Alphen, 1999; Hansel-

	Opposing relationships total cover and composition with environment

137

Welch et al., 2003). For example, restoration efforts in the Botshol Nature Reserve
in the Netherlands resulted in interannual fluctuations in turbidity, phosphorus and
chloride levels and, ultimately, in the cover and species composition of submerged
macrophyte populations (Rip et al., 2005; Chapter 2).
Mathematical models of the functioning of the aquatic ecosystem in Botshol in
1988-2002 suggested that year-to-year changes in precipitation caused fluctuations
in nutrient load, phytoplankton abundance, and turbidity that were correlated with
changes in submerged macrophyte abundance. The average yearly net precipitation in
1988-2002 was 209 mm and showed considerable variation during 1988-2002, standard
deviation was 198 mm. 1989-1991 and 1996-1997 had relatively low precipitation (<80
mm); while 1993-1994 and 1998-2002 had relatively high precipitation (> 260 mm)
(Rip et al., in prep.; Rip, et al., 2007). An alternative hypothesis concerns the intrinsic
effects of the negative feedback of accumulation of decaying macrophytes on P levels
(Van Nes et al., 2007).
Up until 1960, the lakes of Botshol were clear with Characeae as dominant vegetation.
From 1940 to 1965, Nitellopsis obtusa was the most dominant species in Botshol
(Westhoff, 1950; Simons et al., 1994), occurring together with Chara major, Chara aspera,
Chara contraria, Chara globularis and Najas marina. Beginning in the 1960s, water
quality deteriorated, due to increasing external phosphorus input from nutrient-rich
inlet water, and from three adjacent agricultural areas which drained their excess
water into Botshol. During 1965-88, the submerged macrophytes declined and
almost completely disappeared (Den Held et al., 1976; Vroman, 1976; Hillebrand,
1987). Beginning in November 1988, environmental restoration was attempted by
reducing the external nutrient load. The goal of restoration was to re-establish the
Characeae and other submerged macrophytes in the two lakes of Botshol. Results of
a long-term study of the Botshol ecosystem showed that the restoration effort was
successful in the beginning (Simons et al., 1994), but that on the long term the aquatic
ecosystem fluctuated between low turbidity/high vegetation and high turbidity/low
vegetation states (Rip et al., 2005; Chapter 2). The objective of this study is to get more
ecological insight in the interannual fluctuations in submerged macrophyte species
composition in relation to the chemical and physical aquatic environment. Since
multivariate analyses have been successfully applied to various studies involving
aquatic macrophytes (Toivonen and Huttunen, 1995; Blindow, 2000; Vestergaard
and Sand-Jensen, 2000; Heegaard et al., 2001; Hansel-Welch et al., 2003; Mäkelä,
Huitu and Arvola, 2004) we used CCA to determine which environmental gradients
best explained changes in species composition, and how individual species were
distributed along those gradients. We hypothesized that the environmental variables
which explained variation in submerged macrophyte abundance differed from those
variables explaining changes in species composition.

138

Chapter 9	 

Methods
Study area
Botshol, a nature reserve in the center of the Netherlands (52°15´ North 4°26´ East), is
a small wetland area in a hydrologically isolated polder with infiltration rate of 1.75
mm day-1. Two shallow lakes are present with different characteristics. Lake I (surface
area 53.4 ha, mean depth 2.5m) is larger, deeper, farther from the main water inlet, and
has less island area than Lake II (surface area 20.8 ha, mean depth 2 m). During spring
and summer, approximately 106 m3 of water flows into Botshol from a brackish rivulet
to compensate for water losses due to evaporation and infiltration. Under conditions
of unusually high precipitation water flows out to adjacent agricultural areas with
lower water levels. Up to until 1960, the lakes of the Botshol Nature Reserve were
clear and dominated by Characeae. Beginning in the 1960s, water quality deteriorated
due to the rise of external phosphorus input, and submerged macrophyte populations
declined (Simons et al., 1994). Isolating the wetlands from three agricultural areas in
November, 1988 was part of the restoration plan for the nature reserve. Beginning in
1989, the external nutrient load was further reduced by chemical stripping of 60-80%
of phosphate from the water supply (Van Iersel and Rip, 1992). From 1997 onwards,
chloride levels in Botshol were maintained at or below 800 mg l-1 to prevent blooms
of Prymnesium parvum, which can cause fish kills by excretion of toxic substances (Rip
et al., 2005). Chloride was controlled by partial replacement of brackish inlet water
with water from a fresher source, Lake Vinkeveen. The reduction in the external Pload resulted in the return of benthic vegetation. By 1991-92, submerged macrophytes
covered more than 80% of the lake bottoms. Most species that were present during the
sixties returned (Simons et al., 1994), including some Characeae that are uncommon in
the Netherlands (Nitellopsis obtusa, Chara major, and Chara connivens), and C. connivens
replaced N. obtusa as the dominant species. The new macrophyte community was not
stable, however, and cover and community structure have fluctuated widely since
1992 (Rip et al., 2005).
Monitoring
The area covered by submerged macrophytes in Lakes I and II was mapped each
summer during 1985-2003, except for 1986. The same transect pattern covering most
of the open water and pools, watercourses and ditches was followed each year. Plant
material along the transect was observed and collected by snorkeling and dredging
with a special apparatus described by Satake (1987). Characeae species were identified
according to Van Raam (2003). The presence and abundance of each macrophyte
species was determined by the number of dredges in which it was found and the
amount of material collected. The vegetation maps were digitized, and the percent
cover of each species was determined for each lake and year. The dynamics of the
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macrophyte community within each lake were analyzed from 390 (two lakes x 13
species x 15 years) digitized vegetation maps.
Monitoring of abiotic variables (Table 8.2) started in 1987 at two sample stations in each
of the lakes. During different periods, samples were collected weekly, at two-week
intervals, or seasonally. Precipitation and daily solar radiation records were provided
by KNMI (the Royal National Meteorological Institute of the Netherlands). Total
annual precipitation (March to March) was used as an indicator of diffuse loading by
runoff from catchment areas in the previous year, which can be an important nutrient
source (Hough et al., 1991; Mander et al., 1998; Rip et al., 2007; Chapter 5 and 6). Total
solar radiation during April-June was used as an index of available light, as this is the
primary period for germination and growth of submerged macrophytes in Botshol.
Organic matter accumulated from decomposing plants could have a negative impact
on macrophyte growth (Barko, Gunnison and Carpenter, 1991; Van Nes, Rip and
Scheffer, 2007), therefore the sum of submerged macrophyte cover over the previous
five years was used as the best indicator of accumulated organic matter (unpublished
data Rip).
Summer averages (April-September) were calculated for all other environmental
variables. The difference between maximum and minimum surface water level
in the previous year (March to March) was used to investigate the importance of
water level fluctuation. Differences between environmental factors of Lakes I and
II were tested for statistical significance using a paired sample t-test (SPSS). If the
majority of environmental variables differ between the two lakes, it will justify the
use of measurements from the two lakes as independent data sets in the multivariate
analysis.
Statistical analyses
Multivariate statistical analyses were used to examine the patterns in the environmental
and vegetation data set for Lakes I and II during 1988-2003, and to determine whether
interannual variation in the species composition of submerged macrophytes (Rip et
al., 2005; Rip, Rawee and De Jong, 2006; Chapter 2 and 4) could be explained by the
measured environmental changes. All data were standardized to zero mean and unit
variance. The patterns of the independent (environmental) and dependent (biological)
variables were examined using the Principal Components Analysis (PCA, Canoco; Ter
Braak, 1987). To visualize the major patterns of variation in the submerged macrophyte
species composition the multivariate Canonical Correspondence Analysis (CCA)
was applied. CCA extracts gradients (ordination axes) from the species data, that
maximize separation among different plant species. These gradients are then related
to a linear combination of variables, quantitatively represented by arrows (Ter Braak,
1987). Missing values were estimated by linear interpolation. Interpolation was not
applied when more than 20% of the abiotic variables were missing for one sampling
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Fig. 9.1: Distribution pattern of two dominant species Chara connivens and Najas
marina in summer 1988, 1991, 1992, 1994, 1996, 1997, 1998, 1999 and 2003 in Botshol.
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Table 9.1: Species of submerged macrophytes, their abbreviations listed in decreasing order of occurrence in lake I and II (n= 15; n=16 resp) in Botshol in the period
1988-2003.
Species

Najas marina
Chara connivens
Fontinalis antipyretica
Chara contraria
Chara major
Chara globularis
Nitellopsis obtusa
Chara aspera
Potamogeton pectinatis
Chara aculeolata
Potamogeton crispus
Chara vulgaris
Potamogeton pusilus

abbreviation

Lake I
presence

Lake II
presence

N.mar
C.conn
F.anti
C.cont
C.maj
C.glob
N.obt
C.asp
P.pec
C.acu
P.crip
C.vul
P.pus

100%
93.3%
60.0%
73.3%
53.3%
53.3%
66.7%
66.7%
100%
26.7%
26.7%
6.7%
13.3%

93.8%
93.8%
81.3%
68.8%
75%
75%
62.5%
62.5%
25%
37.5%
6.3%
6.3%
0%

date, or if the same variable was missing in two consecutive samples. A variable was
only used for CCA when the values of that variable had been determined or reliably
estimated by interpolation for every year in the period 1988-2002. Forward selection
procedure with the Monte Carlo permutation test (Ter Braak, 1987) was used to
identify environmental variables with a significant contribution. The differences
between the two lakes such as depth, area, island shelter from wind and waves, and
distance from the water inlet, etc. were not taken into account by the environmental
variables used in the CCA. To correct for these lake differences a dummy variable was
created and used as a covariable. All the environmental variables with a significant
contribution were included in the final CCA as explanatory variables. The relative
contribution of the significant environmental variables in explaining the total variation
in the submerged macrophyte composition was determined by using the variance
partioning methods as proposed by Borcard, Legendre and Drapeau (1992). Finally
the statistical significance of all axes was tested using a Monte Carlo permutation test
for the full model. The results from the CCA were graphically presented in biplots,
in which the correlations of the significant environmental variables and the species
with the first three ordination axes were plotted. In these plots, positive correlations
were shown by vectors parallel to the axis or pointing in the same direction as other
vectors, whereas negative correlations were indicated as arrows in opposite directions.
Perpendicular arrows were not correlated.
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mg N l

Tot-N
NO3
NH4
chla
secchi
Cl
HCO3
SO4
Ca
temp

Total N

NO3

NH4

Chlorophylla

Sechi disc

Chloride

bicarbonate

sulphate

calcium

temperature
Sum of spring solar
radiation
Precipitation last 12
months

Sum cover plant last
5yr
Difference between
max. and min surface
water level

mg N l-1

PO4

PO4
1.2906

1.2906

56.63
15.45

mm year-1
%
m

rain

Plant5yr
level

177.56**

230.45

2365.91

***

C

µE m-2sec-1

Light

o

84.39***

mg S l
mg Ca l-1

***

44.37

231.28

176.99

1.43

15.50

7.56

42.71

218.31

-1

mg C l
***

-1

61.39
148.01

155.82

11.84

7.22

0.0767

0.0767
**

0.1265

0.1265**

***

0.0036

0.0144

s.d.

0.0068

0.0395

mean

Lake I

659.65***

mg Cl l-1

cm

ug chla l-1

-1

mg N l
-1

mg P l-1

mg P l-1

Tot-P

Total P

unit

Variable name

variable

17.14

207.65**

230.45

2365.91

**

93.15**

53.83

**

252.48

**

753.19**

141.01

13.14

0.1371
**

0.1991**

1.4519
**

0.0073

0.0411

mean

Lake II

48.05

231.8

176.99

1.39

15.55

6.60

42.57

132.79

44.84

9.33

0.0823

0.1442

0.2002

0.0034

0.0144

s.d.

.003

equal

equal

.000

.000

.000

.000

.000

.063

.140

.002

.004

.000

.296

.450

Paired sample
t test

Table 9.2: Environmental variables with their abbreviations, units, summer means (April-September) with standard deviations and
paired sample t test results of Lake I and Lake II. * P < 0.05, ** P < 0.01, *** P < 0.001

Results
Temporal variation in macrophytes
During 1988 to 2003, nine species of Characeae and five other submerged macrophytes
species were found in the two lakes of Botshol (Table 9.1). Three other Characeae
(Chara pedunculata, Nitella mucronata and Nitella flexilis ) and 7 other macrophyte
species (Ranunculus circinatis, Ceratophyllum demersum, Elodea nuttallii, Stratiotes
aloides, Utricularia vulgaris, Nymphaea alba and Nuphar lutea) were also identified from
the wetland area, but only outside the lakes. These 12 Characeae species represents
approximately 50% of all Characeae species found in the Netherlands (Bruinsma
et al., 1998). The dominant species in terms of lake areal cover were N. marina, F.
antipyretica, C. connivens, C. contraria, C. major and C. globularis. Interannual variation
in macrophyte abundance in the lakes was large (Fig. 9.1). The composition of the
macrophyte community in the lakes of Botshol also varied over time. Chara connivens
was dominant from 1988 to 1996, but Najas marina dominated during 1997-2003 (Fig.
9.1). Fontinalis antipyretica, an aquatic bryophyte which was more abundant in Lake II
than in Lake I, did not fluctuate over time, but declined continuously after 1989, was
rare after 1994, and was absent after 2001 (Rip et al., 2006).
Mulivariate analysis.
The two lakes of Botshol exhibited significant differences in total-N, NO3, NH4, Cl,
HCO3, SO4, Ca, temperature, and accumulated organic matter (Table 9.2). But not for
phosphorus and chlorophyll levels because the values were near the detection limits.
So we could use measurements from the two lakes as independent data sets in the
multivariate analyses.
The four PCA axes of the environmental variables accounted for 61.3, 25.7, 11.7, and
2% of the variance, respectively. The dominant environmental variable correlated
with Axis 1 was Secchi depth (Fig. 9.2). Other factors associated with Axis 1, but
pointing in the opposite direction as Secchi depth, were chlorophyll a, total P, and
precipitation of the last year. The years 1993-1995 and 1999-2001 were situated on the
right of the first axis and the years 1990-1992 and 1996-1998 on the left of this axis.
Axis 2 was predominantly a macro-ion gradient and was associated with calcium,
chloride, total N, water level and bicarbonate. Ammonium, radiation, and temperature
were correlated with Axis 3. The trajectories in Fig. 9.2 showed a cyclic behavior of
the ecosystem. In the first four years after phosphorus reduction (November 1988),
decreases were observed in phosphorus and chlorophyll-a concentrations and
chloride levels increased. Subsequently reduced chlorophyll levels resulted in high
Secchi depths in 1992 and abundant growth of Charaphyte species and Najas marina
(Fig. 9.1). From 1993 onwards, the ecosystem alternated between turbid water with
low macrophyte abundance, and clear water with high macrophyte abundance.
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Fig. 9.2: PCA diagram of environmental variables, axis 1 (abscissa, 61.3 % of the
variance) against axis 2 (ordinate, 25.7 % of the variance) and axis 1 against axis 3
(ordinate, 11.7 % of the variance). The years are passive variables and shown as trajectories. Triangles are centroids of years with less than 50% plant cover, circles are
centroids of years with more than 50% plant cover. Each arrow points in the direction
of steepest increase of values for the corresponding parameter. Positive correlations
are shown by arrows parallel to the axis or pointing in the same direction as other
vectors, whereas negative correlations are indicated by arrows pointing in opposite
directions. The stronger the correlation to the axis, the longer the arrow. Perpendicular arrows are not correlated. For abbreviations see Table 9.2.

Phosphorus and chlorophyll-a concentrations and Secchi depth showed concomitant
fluctuations. The position of the last five years of the study (1999-2003) at the high
end of the gradients for ammonium, temperature and radiation indicated that these
years were relatively warm, and had more sun and higher ammonium levels than the
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1.0

previous years. The position of 1998 was rather isolated, with relatively high Secchi depth
and total P, and relatively low chloride, calcium, bicarbonate, and ammonium levels.
The four PCA axes of the submerged macrophyte analysis accounted for 44.1, 38.3,
14.4, and 2% of the variance, respectively (Fig 9.3). Axis 1 was a temporal gradient:
1988-1996 on the left side of Axis 1 was associated with F. antipyretica and C. connivens;
1997-2003 on the right side was associated with N. marina. Axis 2 showed a clear
distinction between years with high vegetation cover (1991-92 and 1997-98) and
years with low vegetation cover (1988-90, 1993-96, and 1999-2003) and revealed also
a fluctuating pattern in time. Overall, the fifteen years of the study fell into four
groupings.
The plant rich years 1991 and 1992 were in the upper left hand corner and were
dominated by C. connivens. 1997 and 1998, the years with the highest macrophyte
diversity, in the upper right hand corner were dominated by N. marina, C. major, C.
aculeolata, C. contraria, Potamogeton pectinatus, and other Charophyte species. The
years with minor plant cover 1988-1990 and 1993-1996 lower left hand corner were
dominated by F. antipyretica. 1999-2003 in the lower right hand corner were weakly
correlated with N. obtusa. These two last periods were characterized with low
diversity and low total cover of submerged macrophytes.
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Fig. 9.3: PCA diagram of submerged macrophyte species, axis 1 (abscissa, 44.1 % of
the variance) against axis 2 (ordinate, 38.3 % of the variance) The years (1988-2003)
are passive variables. For abbreviations see Table 9.1
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Fig 9.4: CCA biplot of macrophyte species, environmental variables and a plot of
years, axis 1 (abscissa, 37.7 % of the variance) against axis 2 (ordinate, 15.6 % of the
variance) and axis 1 against axis 3 (ordinate, 5.2 % of the variance). The years are
passive variables and shown as trajectories. * are centroids for the lakes. For abbreviations see Table 9.1 and 9.2.

Forward selection procedure in the CCA (Fig. 9.4) identified six significant
environmental variables, chloride, calcium, sulphate, the previous year’s
precipitation, Secchi depth and ammonium, in order of importance according
the variance partioning methods (Table 9.3). Together they explained 65% of the
variance of the submerged macrophyte community (Monte Carlo test, p < 0.005).
Axis 1 was most strongly correlated with ammonium and, in opposite direction,
calcium, sulphate and chloride (Fig. 9.4). Axis 2 was most strongly correlated with
chloride and, in the opposite direction, rain. Precipitation and sulphate are negatively
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Table 9.3: Results of partial CCA. The full model includes 6 significant variables:
chloride, calcium, sulphate, precipitation, ammonium and Secchi depth. In the partial CCA one variable is included in the model and the other five are covariables.

Variable included
full model
Cl
Ca
SO4
precipitation
Secchi depth
NH4

Explained variance

P-value

65%
6.45%
6.11%
4.84%
4.84%
4.77%
4.64%

0.004
0.01
0.018
0.014
0.012
0.02

correlated. Axis 3 was most strongly correlated with Secchi depth and sulphate and
in the opposite direction precipitation, ammonium and calcium. The three dominant
macrophyte species, N. marina, C. connivens, and F. antipyretica, were positioned quite far
from each other, and had different relations with the selected environmental variables.
Abundance of N. marina, for example, was positively correlated with ammonium and
negatively correlated with chloride, while abundance of C. connivens was negatively
related to ammonium and positively correlated with chloride. Fontinalis antipyretica
had an isolated position in the CCA, and was positively correlated with calcium and
sulphate, and negatively correlated with ammonium. Nitellopsis obtusa was grouped
with C. vulgaris, N. marina and Potamogeton pectinatis. These species were positively
correlated with precipitation and ammonium, and negatively correlated with chloride,
Secchi depth, and calcium. Chara spp. (except C. vulgaris) and P. pectinatis were positively
correlated with Secchi depth, but the other submerged macrophytes showed a negative
correlation to water clarity. F. antipyretica seems indifferent to Secchi depth. Many of
the species had highest cover at low chloride and calcium levels, except C. connivens,
C. globularis, and F. antipyretica. Most species, except C. connivens, C. globularis, and F.
antipyretica, were positioned at lower calcium levels. The position of individual years
along Axis 1 showed a clear distinction between 1988-96 and 1997-2003. The latter
years were positioned more closely to each other (except 1998 on axis 3), indicating that
they were more similar than years in the earlier period. Chloride and calcium levels
gradually decreased over time, and ammonium increased.

Discussion
Our hypothesis was confirmed by the multivariate analysis (CCA and the variance
partioning method) of species composition in which Secchi depth was fifth in
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importance, whereas in other studies (Rip et al., 2005; Rip et al., 2007, Van Nes et
al., 2007; Chapter 2, 6 and 8) Secchi depth played a central role in explaining the
total cover of macrophytes. Apparently, abundance of submerged macrophytes is
controlled by turbidity, while the species composition was firstly regulated by macro
ions: chloride, calcium en sulphate. Precipitation, ammonium and Secchi depth had
a less important but still significant role in explaining the variation of the species
composition.
The two dominant species, N. marina and C. connivens, showed opposite correlations
with ammonium, chloride, and calcium levels. Ammonium increased whereas
calcium and chloride decreased in Botshol after 1996 (Rip et al., 2005; Chapter 2),
which could account for the switch in dominance from C. connivens to N. marina around
that time. Previous studies have shown both chloride and the ammonium/nitrate ratio
to be important environmental variables in explaining variance in aquatic vegetation
(Schuurkes, Kok and Den Hartog, 1986; Blindow, 2000; Blindow et al., 2003; Vermeer
et al., 2003). The gradual disappearance of F. antipyretica was probably also caused
by the combined effects of increased chloride levels after the isolation Botshol in
1988, increased ammonium and decreased calcium after 1996. CCA results indicated
that F. antipyretica was negatively correlated with chloride and ammonium, and
positively correlated with calcium. N. obtusa, which exhibited opposite correlations
with ammonium, calcium, and chloride, was the dominant species before 1960,
declined, then increased in abundance after 1997. Even the different species of Chara
had different relations to the chemistry of the Botshol lakes. C. connivens, C. aculeolata,
and C. major had positive correlations with chloride, while C. aspera, C. contraria, and
C. globularis were more abundant at lower chloride levels. The positive correlations
between precipitation and certain macrophyte species (N. obtusa, N. marina, and P.
pectinatus) may have been due to dilution effects on chloride levels during periods
with a high precipitation. Generally high turbidity during the latter years of the study
may have had a greater impact on C. connivens than on N. marina because the latter
species can germinate and develop in the dark (Agami and Waisel, 1984; Agami, Beer
and Waisel, 1980, 1986). Chara spp. can also germinate in the dark, but require light
for establishment (Bonis and Grilaas, 2002; De Winton, Casanova and Clayton, 2004).
Relatively high temperatures during the last five years of the study may have also
benefited N. marina (Van Viersen, 1982), while C. connivens is able to survive during
the winter (E. Nat, pers.obs.) and could have had an advantage during cold springs.
The importance of the previous year’s precipitation in explaining both abundance
and species composition supported the hypothesis that the temporal pattern of
precipitation and runoff influence the dynamics in phosphorus, phytoplankton,
turbidity, and submerged macrophytes in a lake (Hough et al., 1991; Rip et al., 2007;
Chapter 5 and 6). In wet winters phosphorus rich runoff from land in Botshol acted as
an important internal nutrient source (Rip et al., submitted) and resulted in increased
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phosphorus levels and phytoplankton biomass in surface water. In addition to high
P levels, the flow from land to water contained large amounts of dissolved organic
substances (humic acids) that colored the water dark brown and further reduced
light penetration (Rip et al., in prep.). Consequently, light extinction was so high
during periods of high precipitation that Chara populations declined. After dry
winters, groundwater level in terrestrial peat remained below the surface water
level, and the internal P source was absent. During the next growing season, water
transparency was high, and Chara populations increased (Rip et al., 2006). PCA of
the environmental variables distinguished the years in turbidity, total P, chlorophyll
a, and precipitation. Thus wet, nutrient-rich, turbid years (1993-95 and 1999-2001)
were separated from drier, more oligotrophic, clear-water years (1990-92 and 199698). PCA of macrophytes data and CCA showed a clear distinction between the
years 1988-95 and the years 1997-2003. The year, 1996 was located in between both
groups and was an exceptionally dry year, during which Botshol required an inflow
of water 1.5 times the usual amount. From 1997 onwards, chloride levels in Botshol
were maintained at or below 800 mg l-1 to prevent blooms of P. parvum. This change
of water regime apparently had a large impact on water chemistry and, ultimately,
on species composition of the submerged macrophyte community and abundance
(Beltman et al., 2005; Chapter 3).
The proportion of the total variance in the composition of submerged macrophytes
in the two lakes of Botshol explained by multiple regression and CCA was large,
65%, indicating that the most important environmental variables had been included.
Abiotic conditions that could affect the macrophyte community, and were not
incorporated in the analysis, are sediment properties like cohesion (Handley and
Davy, 2002; Schutten, 2005; Schutten et al., 2005), toxic sulphide levels, and redox
potential (Lamers et al., 1998). These factors were difficult to estimate for an entire
lake because their distributions are not homogeneous. However, incidental sulfide
measurements in Botshol (Pijnappel, pers. comm.) did not indicate any sulphide
toxicity in the sediments. Biotic factors, such as selective herbivory (Lodge et al.,
1998; Mitchell and Perrow, 1998), competition (Van den Berg et al., 1998; Van Nes et
al., 2003), and allelopathy (Van Donk and Van den Bund, 2002; Mulderij, Van Donk
and Roelofs, 2003) might also influence macrophyte community structures. Rip et al.
(2006; Chapter 4) excluded the importance of herbivory by birds in Botshol.
However, the importance of these other factors seems overruled by the factors included
in the present study. An alternative explanation for the fluctuations in macrophyte
abundance in Botshol could be that it resulted from the build-up of decaying plant
material in the lake sediment. Over time, the decay could have used up oxygen and
caused a P-flux from the plant material and from anaerobic sediments, resulting in
phytoplankton blooms and turbid water (Godshalk and Wetzel, 1977). Alternatively,
the increased organic content of the sediment could have prevented growth by
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Characeae (Barko and Smart, 1983; Barko, Gunnison and Carpenter, 1991; Carpenter
and Lodge, 1986). After a few years, most of the organic material would have been
mineralized, and the negative influences on macrophytes abated. Thus, restoration
of the macrophyte community itself could explain the cyclical pattern subsequently
observed in submerged macrophytes. The lakes of Botshol could be particularly
sensitive to the accumulation of organic matter, as the only losses of water was
through evaporation and bottom infiltration (Van Nes et al., 2007; Chapter 8). Moss
et al. (1990) first suggested this hypothesis to explain alternations between clear and
turbid years in the Alderfen Broad. In the present study, plant cover over the previous
five years, which was used as an estimate of organic matter from decaying plants,
had no significant contribution to variance in macrophyte abundance or composition.
Either the parameter did not provide an accurate estimate of accumulated organic
matter, or organic matter did not have much influence on the composition of the
submerged macrophyte community.
Overall, the large interannual variation of submerged macrophytes species
composition after the reduction in external P-load could be explained. Other studies
showed that, in Botshol, abundance of submerged macrophytes was related to
water turbidity. However, results of the multivariate analyses provide evidence that
composition of the macrophyte community was related to macro-ions.
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Introduction
Restoration of eutrophic, shallow lakes is challenging. Long-term investigations are
crucial to understand the many and complex interacting processes involved. Results
of the research presented in this thesis demonstrate that the long-term effects of
reduced external phosphorus load on a shallow lake and wetland ecosystem can be
both predictable and surprising. The general accepted pattern in reaction to reduced
external phosphorus load is one shift from a turbid phytoplankton dominated
state to a clear vegetation dominated state. In the case of Botshol, reduced external
phosphorus load resulted in an ecosystem alternating between two states. One state
was characterized by low phosphorus levels, low phytoplankton densities, low
turbidity, and high abundance of submerged macrophytes; the other was characterized
by high phosphorus levels, high phytoplankton densities, high turbidity, and low
abundance of submerged macrophytes. The primary goal of this thesis is to use
data from biological and environmental monitoring, manipulative experiments, and
mathematical modeling to unravel the possible causes of the observed oscillating
patterns.

Alternative states
The most eye-catching pattern in the lakes of Botshol after the reduction in external
phosphorus load was the alternation between clear and turbid states (Chapter 2, Fig.
2.2). Two clear-water and two turbid periods occurred in Botshol during the fifteen
years of this study. Many of the ecosystem parameters and processes that influenced
the submerged macrophyte community in Botshol interacted in complex ways (Fig.
10.1). Years of high precipitation, for example, increased P-rich runoff, but decreased
chloride levels and, therefore, indirectly decreased P availability in peat (Chapter 3).
A change in water supply aimed at reducing chloride levels and preventing fish kills
had a large impact on P availability, zooplankton density, and the species composition
of submerged macrophytes. It is not a simple task, therefore, to identify the primary
cause of the observed alternation between clear/high vegetation and turbid/low
vegetation states.
Scheffer (1993) hypothesized from simple modeling that shallow, moderately
eutrophic lakes might have two alternative stable states, one characterized by high
transparency and abundant submerged vegetation, and the other by low transparency
and low macrophyte abundance (Chapter 1, Fig 1.1). Both states are self-reinforcing,
as they have stabilizing feedback processes. The reduction in external P load has to
be large enough to drop below the critical P load for a switch from the turbid to the
clear state to occur. Long-term monitoring (1987-2002) of the shallow lake ecosystems
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of Botshol provided comprehensive information about mechanisms controlling
alternative stable states.
Both clear and turbid states occurred over a P level range of 0.018-0.043 mg P l-1
(Chapter 4, Fig. 4.3) and over a estimated P load range of 0.8-1.5 mg P m-2 day-1 in
Botshol (Chapter 5; Fig 5.8). The P level range is low in comparison to the critical
P range of 0.10-0.15 mg P l-1 for nearby Lake Veluwe and Lake Wolderwijd (Meijer,
2000). This may be because mean depth at Botshol is greater (2 m) than mean depth
of those two lakes (1.5 m). Therefore greater water transparency – and, hence, lower
P and chlorophyll levels – may be necessary at Botshol for a similar amount of light
to reach the bottom. Light reaching the bottom of a lake is essential for the growth of
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benthic plants. A narrow P range for alternative states and a flat lake bottom profile,
as in Botshol, may facilitate fast alternation between states (Chapter 8; Van Nes et al.,
2002), as minor events change the P level enough to move in and out of the critical P
range in which both states can exist.

Causes of alternation between turbid and clear states – three
hypotheses
Research presented in this thesis tested three hypotheses that could account for the
observed switching of the aquatic ecosystem in Botshol between the two alternative
clear and turbid states: 1) grazing impact of water birds. 2) temporal fluctuations
in precipitation and nutrient load, 3) accumulation of organic matter of decaying
plants.

Birds
Large-scale exclosure experiments, conducted during 1996 and 1997, were used to
test the hypothesis that herbivory could prevent recovery of Characeae in Botshol
(Chapter 4). During the exclosure experiment in 1996-97, the lake ecosystem in Botshol
switched from a high P, turbid, low-vegetated state to a low P, clear, high-vegetated
state. Results of the exclosure experiments suggested that grazing did not restrict
Characeae abundance under either condition (Chapter 4). Although the populations
of waterfowl in Botshol did not have a significant impact on submerged vegetation
through grazing, they probably did make a significant contribution to nutrient fluxes.
Birds can import nutrients from agricultural sources (Post et al., 1998; Kitchell et al.,
1999; Jefferies, 2000) or accelerate nutrient cycling by herbivory (Van den Wyngaert,
2001). Geese (Anser anser) and gulls (Larus ridibundus) can be considered as nutrient
vectors in the Botshol ecosystem: they forage partly outside of Botshol, and breed,
moult, and rest in Botshol, thus, transporting allochthonous nutrients into the nature
reserve. A rise in these bird populations, starting in 1994, increased the importance of
P load from birds (Chapter 4, Figs. 4.4 and 4.5). The total P load from bird droppings
in 2003 was estimated to be 49.87 kg which is comparable to half the yearly P load
from the water supply after dephosphorization. Other herbivorous bird species
that remain the whole year within Botshol maintained stable numbers, but could
influence the rate of nutrient cycling. Overall, water birds may have had a negative
impact on submerged macrophytes in Botshol by enhancing nutrient concentrations,
phytoplankton biomass, and turbidity, but probably did not cause the ecosystem to
switch between alternative stable states.
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Precipitation
An annual nutrient budget was constructed for Botshol during 1989-2002 to test
the hypothesis that a likely driver of the repeated ecosystem shifts is variation in
precipitation driven by the North Atlantic Oscillation (NAO) (Chapter 5, 6 and 7).
The North Atlantic Oscilation index is the difference between the sea level pressure
anomaly at Portugal and Iceland. During positive NAO conditions low-pressure
anomalies over the Islandic region with high pressure anomalies across the subtropical
Atlantic produce stronger than average westerlies across the mid-altitudes resulting in
wetter and warmer conditions in Northern Europe. NAO affects weather in Western
Europe profoundly, and many studies have shown how timing of seasonal patterns
and other aspects in ecosystems are correlated to the state of the NAO (Ottersen
et al., 2001; Hargeby, 2006). In our study area precipitation is well correlated to the
state of the North Atlantic Oscillation, years with a high NAO are wetter (Chapter
5 and 7; Fig. 7.2). The DBS model used actual meteorological conditions to compute
transport of water and nutrients from land to surface water, and to predict changes
in phytoplankton biomass and light extinction, and finally, biomass of Characeae
(Chapter 6). The budgets and model were not set up to investigate the effects of
reduction in external P load, but to analyse the cause of interannual oscillations, so
they started in 1989. Results of the model supported the hypothesis that variation in
NAO and precipitation drives interannual changes in P flux and humic acids from
terrestrial peat, which may account for a substantial part of the switches between a
clear-vegetated state and a turbid-low vegetated state (Chapter 6; Figs. 6.5 and 6.6).
Another much simpler model confirmed this idea (Rip and Schippers, unpublished).
During wet periods when precipitation exceeded the infiltration rate, the freatic
level rose above the surface water level, and P-rich water flowed from land into
surface water, increasing P-load to the lakes (Chapter 5, Fig. 5.5 & 5.7). During dry
periods, infiltration of water exceeded precipitation, water runoff to the lakes was
decreased, and P load from runoff was low. Although the catchment areas were not
fertilized or used for agriculture, P concentrations in terrestrial peat were high due to
mineralization, seasonal alternation in desiccation and inundation (Lucassen, 2004),
and high chloride levels (Chapter 3; Beltman et al., 2000). The combined effects of
increased P availability in peat, due to increased chloride levels and the interannual
fluctuations of precipitation, enhanced the interannual fluctuations in P-rich runoff.
Previous studies have also shown effects of long-term climatic changes on aquatic
ecosystems (Mander et al., 1998), such as a dependency of precipitation and summer
lake inflow on spring El Niňo-Southern Oscillation phenomena (McKerchar et al., 1998;
Weyhenmeyer et al., 2004) and influence of long-term climatic changes in temperature
on ecosystems (George, 2000; Weyhenmeyer, 2004).
The calculations did not correspond well with the observations in all aspects. For
instance the observed high chlorophyll levels in January/February of 1991, 1992
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and 1997 (Fig. 6.3) were not calculated by DBS. The explanation could be that
Prymnesium parvum bloomed during these months. P. parvum is heterotrophic and
DBS does not include such algae. P. parvum can utilize organic P from decaying algae
(McLauglin, 1958) and may profit of the clear situation in winter at low temperatures.
P. parvum tolerates chloride levels between 250 and 625 mg l-1, but grows optimally
at concentrations of 800 mg l-1 or more (Shilo and Shilo, 1955; Holdway, Watson and
Moss, 1978; Farrow, 1969). The optimal chloride levels for excreting the ichthyotoxin,
prymnesine, is 800 mg Cl l-1 (Holdway, Watson and Moss., 1978). Phosphorus
limitation triggers the release of the toxin. Winter blooms of this chrysophyte and
resulting minor fish kills occurred in Botshol three times during the course of the
present study and corresponded to extreme high peaks of phosphorus.
Also, the calculated Secchi depths did not correspond completely with the observed
Secchi depths. This discrepancy could be explained by the intrinsic negative feedback
of accumulated decaying plants over years (Chapter 8), which was not incorporated
in the DBS model, in which decay of Chara was assumed to be similar to decay of
free floating algae and mineralization was completed in one season. In periods with
high cover of Characeae, such as the summers of 1991, 1992, and 1998, calculated
chlorophyll levels were higher than the observed values. This was probably due
1500
1250

-1

8000

net precipitation (mm half year )

cumulative net precipitation (mm)

10000

1000
6000

750

4000

500
250

2000

0
0

-250

-2000

-500

cumulative net precipitation

net precipitation
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Fig.10.3: Picture of two dominant species of the submerged vegetation: Chara Connivens
(left) and Najas marina (right).

to the lack of some feedback processes in DBS. In reality dense Chara populations
could have provided shelter for grazing zooplankton or could have influenced
phytoplankton through allelopathic effects (Mulderij, Van Donk and Roelofs, 2003;
Berger and Schagerl, 2004) or by increasing the sedimentation rate (Schefffer et al.,
1994). However, biological feedback processes were not completely lacking in the
model. Phosphorus calculated to be stored in Chara, for example, was not available
for other algae and predicted light attenuation was affected by free-floating algae, but
not by the bottom dwelling Chara.
The absolute levels of calculated and observed Chara in Fig. 6.6 can not be compared
because of the difference in units (kg C and % cover, respectively). The general timing
of relative changes in Chara is comparable but the calculated and observed moments
of the switches did not always match (Fig 6.6). The first calculated switch from high
to low cover occurred one year later than the observed switch in 1993 (Fig. 6.6). The
calculated recovery of Chara in 1996, on the other hand, was one year earlier than the
observed recovery. It is possible that in reality Chara needed more time to re-establish
than the fast-reacting, benhtic algae modeled in DBS, or that the pool of decomposing
Chara was not completely broken down in 1996 (Chapter 8).
Finally, the observed collapse of Chara populations in 1999 corresponded to the
calculations (Fig 6.6), but the observed and calculated P and chlorophyll levels did
not match- calculated P levels rose but observed levels dropped (Fig. 6.2). The second
half of 1998 had extreme high precipitation (Fig. 5.3) and consequently high runoff
which resulted in high phosphorus levels in 1998. In the model P levels in runoff
were constant, however it is more likely that P levels in runoff decreased during long
periods of precipitation.
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In conclusion, although the model results suggest that variation in precipitation may
explain some of the observed dynamics, other mechanisms than the modelled ones
apparently had effects too.
It is speculated in this thesis that long-term climatological changes have enhanced
the influence of P load via runoff in Botshol during the last hundred years. Both
temperature and precipitation increased during this period (IPCC, 2001; KNMI,
2000, 2001) (Fig. 10.2). All winters in which more than 500 mm of precipitation
were recorded in De Bilt, the Netherlands, occurred after 1960. During periods with
relatively low precipitation (1910-1950; 1989-1992), cumulative net precipitation was
constant; during periods with relatively high precipitation (1960-1968 and 1978-1988;
1993-1995), cumulative net precipitation increased. Overall, therefore, P load from
runoff to surface waters in the Netherlands has increased since 1960. In response
to global changes in climate, water managers in the Netherlands have focused their
attention on finding potential areas to store water during periods of high precipitation.
However, potential effects of increasing precipitation on water quality are neglected.
In principle any lake with a large enough catchment area will have variation in P load
from runoff that is related to variation in precipitation. However, the fluctuation in P
load will not always result in a related pattern of high and low cover of submerged
macrophytes. In shallow lakes there is a range of nutrients over which either a
turbid, vegetation-poor or a clear, vegetation-rich state can exist (Scheffer et al., 1993).
Fluctuations in precipitation and runoff will only cause a switch between turbid,
unvegetated and clear, vegetated states if the P load falls above or below this range.
Within this range a change from the turbid to clear state requires a push to lower the
turbidity of the lake. For example, removal of fish, can alter the ecological balance
within this range (Shapiro and Wright, 1984; Søndergaard et al., 1990; Meijer, 2002).
The influence of fluctuations in runoff on the cover of Characeae depends on the size
of the runoff area, the P load from other sources, and the P load range where both
alternative states can exist. This critical range is determined by size, depth, fetch, and
sediment type of the lake (Janse, 2005). For example, the critical P load causing a switch
in stable state is markedly lower and the range for alternative stable states is smaller in
deeper lakes than in shallow lakes. Botshol is relatively deep compared to many Dutch
lakes, so the range of critical P load is relatively low and small (0.8-1.5 mg P m-2 day-1,
Chapter 5 and 6) and is easily exceeded by small changes in P load. Janse (2005; Table
4.9) calculated somewhat higher values for Botshol (1.3-2.3 mg P m-2 day-1) using the
PCLake model which was developed for freshwater lakes. Botshol’s lakes are slightly
brackish and brackish lakes in general have a higher water turbidity than freshwater
lakes (Jeppesen et al., 1994). This may be due in part to the fact that Daphnia are rare
in brackish water (Bales et al., 1993; Irvine et al., 1993: Jeppesen et al., 1994). As a result
top-down control of phytoplankton is often limited in brackish systems (Jeppesen et
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al., 1994). Brackish Danish lakes that lacked Daphnia had no clear-water phase during
spring, a phase that is essential for development of new submerged macrophytes.
Temporal fluctuations in Botshol corresponded at least in part to those observed in
the Danish lakes. Lower zooplankton densities were found in Botshol during years
with high chloride levels than during years with low chloride levels (Chapter 2; Rip
et al., 2005). High chloride levels, furthermore, probably increased the availability of
phosphorus in terrestrial peat (Chapter 3; Beltman et al., 2000). This chloride impact
interferes with the meteorological effects as described in Chapters 5 and 6 (Fig. 10.2). In
addition to effects on zooplankton and P availability, macro-ionic composition (Cl, Ca
and SO4) of the lake water was related to submerged macrophyte species composition
(Chapter 9). Some Characeae that appeared after restoration, such as Chara connivens
(Fig. 10.3), were associated with high chloride levels, and were rarely or never seen in
Botshol during the period of high vegetation cover in 1940-1960.

Accumulation of organic matter
The third hypothesis examined in this thesis is the idea that an intrinsic mechanism
might drive the cyclic alternation between clear and turbid in Botshol. The idea is that
decomposing organic matter from accumulated macrophyte biomass may cause high
oxygen consumption triggering the release of P and causing the aquatic ecosystem
of Botshol to switch from a clear to a turbid state (Chapter 8; van Nes et al., 2007).
In years with macrophyte domination, vegetation grows in summer and decays in
winter. The decay of plant material is relatively slow and takes generally longer than
one winter season (Godshalk and Wetzel, 1978). Therefore, in consecutive years, an
increasing pool of organic material from decomposing plants is built up (Asaeda et
al., 2000). As decomposition requires oxygen, the sediment can become anaerobic
and a P release from sediment can be boosted resulting potentially in a shift to a
turbid state. The period of phytoplankton dominance during the turbid years might
then reflect the time needed for the sediment surface to return to conditions suitable
for development of submerged macrophytes. If the oscillations in abundance of
submerged macrophytes were due to a cyclic process, there should be autocorrelations
of environmental and abundance parameters with a certain time lag. Indeed in the
Botshol data total P, chlorophyll a, Secchi depth, and cover of submerged macrophyte
showed significant autocorrelations with a time lag of 6 or 7 years (Chapter 2; Rip
et al., 2005). More in general cycles in a shallow lake may occur if vegetation has a
positive feedback that could potentially cause alternative stable states, but the effect
of this feedback is destabilized by a negative feedback that has a slower time scale.
The models in chapter 8 suggest that cycles will only occur in particular cases if: 1)
the internal eutrophication effect of vegetation is relatively large; and 2) hysteresis in
the system exists but is not too large. The latter can happen for instance in lakes that
are not too shallow and where vegetation does not have such a strong effect on clarity
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(Scheffer, 1998; Van Nes et al., 2002). Botshol fits in this profile with an average depth
of 1.5-3 m, and chloride levels around 600-800 mg l-1 the feedback between plants and
turbidity may be relatively small.

Causes of alternation between turbid and clear states –
synthesis
If the oscillations have natural causes, why did they only start to occur over the
past decades? It has already been shown that net precipitation in the Netherlands
increased during the last fifty years (Fig. 9.2). This corresponds to the trend of NAO
toward a more positive phase over the past 30 years, with a magnitude that seems
to be unprecedented in the observational record (Visbeck et al., 2001). During a
positive NAO meteorological conditions are warmer and wetter in Western Europe.
In addition, the northern part of the research area (Fig. 5.1, subareas IV and V) which
showed high interannual variation in runoff has more land now than in 1940-1960
due to terrestrialization processes. Thus, the surface of potential runoff areas has
increased. These long-term climatological and landscape changes are likely to have
increased the precipitation driven P load to the aquatic ecosystem of Botshol.
Based on the water flow and nutrient load models presented in this study, the P load
to Botshol stayed below the higher threshold for clear water during the first half of
the 20th century and was more stable than during the second half of this century.
After 1960, both eutrophication and precipitation increased and may have pushed the
system towards a switch from clear to turbid water, from abundant to sparse benthic
vegetation.
The impact of accumulated plant biomass may have increased in importance after
the hydrological isolation of Botshol in 1989. Since the inflow of excess agricultural
water was stopped, very little water flows out of Botshol, except during years with
extremely high precipitation, due to the high infiltration. Even with a long-term data
set, it is difficult to distinguish between the effects of increased precipitation and
nutrient load and effects of enhanced biomass accumulation. The interannual net
precipitation pattern during 1988-2002 showed a 6 to 7 year cycle, which was similar
to the cyclic behavior of biomass accumulation and decomposition (Fig. 10.2). In fact,
it seems most likely that forcing by the variation in precipitation would act in concert
with this intrinsic mechanism, locking it into the dominant frequency of the North
Atlantic Oscillator.
So, in reality, both processes, as well as increased P input from water birds, probably
played a role in the observed rise and fall of submerged macrophytes in Botshol. ����
The
external phosphorus load threshold to sustain clear water water in Botshol appears
to be between 0.8 and 1.5 mg P m-2 day-1. The absolute level for sustaining clear water
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Fig. 10.4: Removing forest and digging new turf ponds (on the right in the picture) to set
back vegetation succession due to terrestrialization was performed in winter 2006/2007.
On the left in the picture the landscape is comparable to the situation of the new turf
ponds before 2006 (trees). In the future more new turf ponds will be created.
probably also depends on the cover of submerged macrophyte during previous
years. Large amounts of decaying plants would contribute to the P loading and
decreases this clear water threshold. In summary, h���������������������������������
igh precipitation, large amounts
of decomposing plant biomass, and large populations of water birds may all have
contributed to periodic P levels above the threshold for collapse of the vegetation.

Consequences for water management
Although Lake Botshol is clearly a special case, our analysis demonstrates that
climatic conditions may indeed drive some ecosystems across a tipping point for
dramatic change. Since the incidence and amplitude of climatic extremes seems likely
to increase with climatic warming this is of more than academic interest. One important
implication is that we might use predicted climatic extremes to our advantage for tipping
ecosystems from a degraded state to a desired state. For example this has been proposed
for semi-arid regions where rainy El Niño years may be used to trigger regeneration
of native woodlands if herbivores are controlled in synchrony (Holmgren and Scheffer,
2001). Our findings suggest that climatic swings may also be used to restore some turbid
lakes to a clear state. Experiments have shown that such a change may in principle be
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invoked by reducing fish density. However, many of such biomanipulation attempts
have failed as fish densities could not be reduced sufficiently, or nutrient levels were
apparently too high. Our results suggest that variation in phosphorus load may cause
the resilience of the alternative states to vary with climatic conditions. Even if this effect
is not strong enough to push a lake to switch as in the case of Botshol, it still suggests
that moderate fishing efforts may well tip the balance in some years while in other
wetter years even large efforts are not sufficient to tip the balance.
Phosphorus loading is only one way in which climatic conditions may influence the
resilience of lake states. For instance, water level and temperature are known to have
marked effects too (Scheffer, 1998). If we understand better how resilience of alternative
states in lakes is affected by climatic conditions it may help finding smart approaches
to restoration. The same holds for other ecosystems in which climatic conditions may
open a window of opportunity for restoration.
Incompatible needs of terrestrial and aquatic ecosystems
Ecological goals have been formulated by water managers and nature organizations
for both surface water and land areas within the Botshol nature reserve. The two
primary goals for terrestrial areas are 1) to reduce acidification of the terrestrial peat
which is occurring due to acid precipitation, 2) enhance the ecological diversity by
setting back vegetation succession due to terrestrialization. To counteract the influence
of acid precipitation, measures such as digging more ditches are being carried out
to enhance penetration of buffered surface water into terrestrial peat. This study
shows that during dry winters, as in 1989-92 and 1996-98, flow from land to surface
water was small due to low drainage in Botshol. If drainage is increased, runoff and
P loading will increase, and interannual variation in runoff will decrease (Chapter
5). More widely spaced ditches are necessary for the wetlands to hold water, and to
restrict water flow from land to surface water during periods of high precipitation
so clear surface water can be achieved. To counteract acidification of peat the acid
precipitation needs to drain from land to water as quickly as possible on the other
hand to reduce P rich runoff water flow from land to water needs to be restricted.
The need to limit drainage capacity to maintain good water quality has important
implications for practical management of both land and water areas. Digging of new
turf ponds and ditches needs to be done without increasing drainage.
To set back the vegetation succession due to terrestrialization large areas of terrestrial
peat will be removed 1 m below water level. In winter 2006/2007 the first five turf
ponds were digged (Fig. 10.4). This will reduces the surface area where nutrient-rich
groundwater can flow into surface water and will reduce the P input by runoff. More
wider surface water area is created, furthermore, in which oxygen levels will rise,
so reduction of sulphate to sulphide will decrease. Terrestrialization was common
in Botshol during 1940-1960, but after, 1960, this succession has slowed and ceased.
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It is not completely clear why this ecological succession is now lacking in Botshol.
Research by others showed that high sulphide levels are probably an obstructing
factor (Smolders and Roelofs, 1995; Lamers, Smolders and Roelofs, 2002).
The agricultural areas that drained excess water into Botshol prior to 1988 now
belong to the Society for the Preservation of Nature. This organization would like to
improve water quality in the former agricultural areas, using water from the nature
reserve to maintain water level during summer. Flushing of subareas IV and V during
winter with water from these former agricultural areas, furthermore, is thought to be
necessary to improve ecological succession within the reserve (Natuurmonumenten,
2005). Despite the fact that agricultural activities were stopped the nutrient levels
in water from the former agricultural areas will remain high, due to runoff. If these
plans are realized the external P load to the surface waters of the nature reserve might
increase. Combined with the increase of P load due to water bird populations, the
new flow could cause the P load exceed the threshold for clear water. The ultimate
result may well be a loss of submerged macrophytes in the lakes of Botshol. Clearly,
future management plans for Botshol need to integrate the management of land and
water areas.
Infiltration reconsidered
Lakes in the Netherlands that are next to deep polders have a high loss of water
due to infiltration. In most wetlands and lakes, water from the River Rhine is used
to compensate for the shortage of water. Rhine water is poor in iron and alkaline
with a relatively high chloride and sulphate content. Use of this water has resulted
in increased alkalinity and organic sediment breakdown in many of the wetlands.
Increased sulphate reduction can lead to iron sulphide precipitation and internal
eutrophication (Roelofs, 1991; Smolders and Roelofs, 1995). Sulphide accumulates in
the sediment pore water and may reach toxic levels for aquatic plants (Lamers et al.,
2002). These insights have led water managers to generally reject the use of Rhine
water and to minimize the water need by reducing infiltration.
This thesis provided evidence of a conflicting positive aspect of infiltration. Infiltration
reduces the P rich runoff from terrestrial peat, which results in an advantageous
decrease in phosphorus, chlorophyll levels and water turbidity in surface water
(Chapter 5). There are plans to inundate parts of the deep polders like polder Groot
Mijdrecht to reduce the negative effects of water level differences in the surrounding
areas. Depending on the resulting difference in water level between polder and
surrounding areas, infiltration will be reduced and/or seepage will be restored. A
higher fraction of seepage water is valuable for seepage-dependant plant species and
for reduction of internal eutrophication but is unfavorable for water transparency
due to increased P-rich runoff and eutrophic seepage.
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It should be stressed that restoration of natural ground water flows does not
automatically lead to recovery of the desired ecology (Barendregt, Wassen and Schot,
1995; Beltman, den Broek and Bloemen, 1995; Lamers et al., 2002; Van Dijk et al.,
2004) and that pros and cons for land and water management should be considered
simultaneously.
European Water Framework Directive
At this time water managers in Europe are developing ecological goals for the
European Water Framework Directive for water bodies and restoration plans to
achieve those goals (European Parliament and Council of European Union, 2000).
Once each six years the waterbodies must be monitored by measuring abiotic
parameters and some required biotic groups: vegetation, phytoplankton, fish and
macrofauna- to see if the ecological goals have been achieved. This thesis illustrates
that such low frequency monitoring does not provide sufficient information in cases
where oscillations between clear and turbid states exist.
This thesis also highlights the need to base management decisions on a thorough
system analysis to understand the functioning of the ecosystem rather than just
monitoring required abiotic and biotic parameters. To guide watermanagement and
restoration plans the actual phosphorus load and the critical phosphorus load that
causes the system to switch from turbid to clear must be determined before efficient
measures can be formulated. In addition the presented planning of the restoration
measurements in 2015, 2021 and 2027 by The European Water Framework Directive
doesnot take into account the climatological fluctuations which can help or frustrate
the achievement of the ecological goals.  �

	General discussion

167

168

Chapter 10

9
References

References

169

170

References

REFERENCES
Agami, M. Beer, S. & Waisel, Y., 1980. Growth and photosynthesis of Najas marina L. as
affected by light intensity. Aquatic Botany 9: 285-289.
Agami, M. & Waisel, Y., 1984. Germination of Najas marina L. Aquatic Botany 9: 37-44.
Agami, M., Beer, S. & Waisel, Y., 1986. The morphology and physiology of turions in Najas
marina L. in Israel. Aquatic Botany 26: 371-376.
Andersen, M.G. & Low, J.B., 1976. Use of a sago pondweed by waterfowl on the Delta
Marsh. Manitoba.
��������������������
Journal of Wildlife Management. 40: 233-242.
Andersen, D.C., Sartoris, J.J., Thullen, J.S., & Reusch, P.G., 2003. The effects of bird use on
nutrient removal in a constructed waterwater treatment wetland. Wetlands 23: 423435.
Anonymous,

1995.

Voortgangsrapportage

Integraal

Waterbeheer

en

Noordzee-

aangelegenheden 1994. Ministerie van Verkeer en Waterstaat (in Dutch).
Anonymous, 2006. Waterbeheersplan AGV 2006-2009. Water in de levende omgeving.
Hoogheemraadschap Amstel, Gooi en Vecht.
Asaeda, T., Trung, V. K. & Manatunge, J., 2000. ������������������������������������������
Modeling the effects of macrophyte growth
and decomposition on the nutrient budget in Shallow Lakes. Aquatic Botany 68: 217237.
Bachman, R.W., Hoyer, M.V. & Canfield, D.E., 1999. The restoration of Lake Apopka in
relation to alternative stable states. Hydrobiologia 394: 219-232.
Bales, M., Moss, B., Phillips, G., Irvine, K. & Stansfield, J., 1993. The changing ecosystem
of a shallow brackish lake Hickling Broad Norfolk UK II. Long-term trends in water
chemistry and ecology and their implications for restoration of the lake. Freshwater
Biology 29: 141-165.
Barendregt, A., Wassen, M.J. & Schot, P.P., 1995. Hydrological systems beyond a nature
reserve, the major problems in wetland conservation of Naardermeer (The Netherlands).
Biological conservation 72: 393-405.
Barko, J.W. & Smart, R.M., 1982. Comparative influences of light and temperature on the
growth and metabolism of selected submersed fresh water macrophytes. Ecological
Monographs 51: 219-236.
Barko, J.W. & Smart, R.M., 1983. Effects of organic matter additions to sediments on the
growth of aquatic plants. Journal of ecology 71: 161-175.
Barko, J.W., Gunnison, D. & Carpenter, S.R., 1991. Sediment interactions with submersed
macrophyte growth and community dynamics. Aquatic Botany 41: 41-65.
Beltman, B., den Broek, T. & Bloemen, S., 1995. Restoration of acidified rich-fen ecosystems
in the Vechtplassen area: succession and failures. In : Wheeler B.D. Shaw, S.C. Fojt, W.J.
and Robertson, R.A. (eds.) Restoration of temperate wetlands. John Wiley and Sons
Ltd, Chichester, 273-286.

References

171

Beltman, B. & Van der Krift, T., 1997. The
�������������������������������������������������
impact of sulphate and chloride on phosphate
availability in peat soils. De
����������������������������������������������������������������
invloed van sulfaat en chloride op de fosfaatbeschikbaarheid
in veenbodem, een bijdrage aan integraal waterbeheer. H2O 30: 19–23. (in Dutch,
English summary).
Beltman, B., Rouwenhorst, G., Kerkhoven, M.B. & Van der Krift, T., 2000. ���������
Internal
eutrophication in peat soils through competition between chloride and sulphate with
phosphate for binding sites. Biogeochemistry
����������������������������
50: 183–194.
Beltman, B., Rip, W.J., Bak, A. & Van den Broek, T., 2005. �����������������������������
Nutrient release after water
quality restoration measures. A phytometer assessment in the Botshol wetlands, the
Netherlands. Wetlands ecology and Management 13: 577-585.
Bengtsson, L., Fleischer, S., Lindmark, G. & Ripl, W., 1975. Lake Trummen restoration
project I. Water and sediment chemistry. Verhandlungen der Internationale Vereinigung
für�����������������������������������������������������
Theoretische und Angewandte Limnology 19: 1080-1087.
Berger, J. & Schagerl, M., 2004. Allelopathic activity of Characeae. Biologia 59: 9-15.
Best, E.P.H., De Vries, D. & Reins, A., 1984. �������������������������������������������
The macrophytes in the Loosdrecht Lakes: A
story of their decline in the course of eutrophication. Verhandlungen der Internationalen
Vereinigung für Theoretische and Angewandte Limnologie 22: 868-875.
Best, E.P.H., Buzzelli, C.P., Bartell, S.M., Wetzel, R.L., Boyd, W.A., Doyle, R.D. & Campbell,
K.R., 2001. Modeling submersed macrophyte growth in relation to underwater light
climate: modeling approaches and application potential. Hydrobiologia 444: 43-70.
Blindow, I., 1988. Phosphorus toxicity in Chara (short communication). Aquatic Botany
32: 393–395.
Blindow, I., 1992. Long- and short-term dynamics of submerged macrophytes in two
shallow eutrophic lakes. Freshwater Biology 28: 15-27.
Blindow, I., 2000. Distribution of charophytes along the Swedish coast in relation to salinity
and eutrophication. International review of hydrobiology 85: 707-717.
Blindow, I., Andersson, G., Hargeby, A., Johansson, S., 1993. Long-term pattern of
alternative stable states in two shallow eutrophic lakes. Freshwater Biology 30: 159167.
Blindow, I., Hargeby, A., & Andersson, G., 1998. Alternative stable states in shallow
lakes: What causes a shift? In: Jeppesen E., Søndergaard Ma., Søndergaard Mo. &
Christoffersen K. (Eds.), The structuring role of submerged macrophytes in lakes.
Ecological Studies. Springer Verlag 131: 353-360.
Blindow, I., Hargeby, A., Andersson, G., 2002. Seasonal changes of mechanisms maintaining
clear water in a shallow lake with abundant Chara vegetation. Aquatic Botany 72: 315334.
Blindow, I., Dietrich J., Molmann N. & Schubert H., 2003. Growth, photosynthesis and
fertility of Chara aspera under different light and salinity conditions. Aquatic
���������������
Botany
76: 213-234.

172

References

Boers, P., Van der Does, J., Van der Molen, D.T. & Rip, W.J., 1993. Eutrophication
�����������������������
control
in the Netherlands by reduction of P loadings: Approach, results, challenges for the
future. - In: proceedings congress “ Lake mangement strategies beyond 2000”, Stresa,
Italy.
Bonis, A. & Grilaas, P., 2002. Deposition, germination and spatio-temporal patterns of
charophyte propagule banks: a review. Aquatic Botany 72: 235-248.
Bootsma, M.C., Barendregt, A. and Van Alphen, J.C.A., 1999. Effectiveness of reducing
external nutrient load entering a eutrophicated shallow lake ecosystem in the
Naardermeer nature reserve, Biological Conservation 90: 193-201.
Borcard, D. Legendre, P. & Drapeau, P., 1992. Partialling out the spatial component of
ecological variation. Ecology,
�����������������������
73: 1045-1055.
Bruinsma, J., Krause, W., Nat, E. & Van Raam, J., 1998. Determinatietabel voor kranswieren
in de Benelux. Stichting Jeugdbondsuitgeverij, Utrecht (in Dutch).
Bruland, G.L., Hanchey, M.F. & Richardson C.J., 2003. Effects
�����������������������������������
of agriculture and wetland
restoration on hydrology, soils and water quality of a Carolina bay complex. Wetlands
Ecology and Management 11: 141-156.
Buiteveld, H., 1995. A model for calculation of diffuse light attenuation (PAR) and Sechi
depth. Netherlands Journal of Aquatic Ecology 29: 55-65.
Canfield, D.E.J., Shireman, J.V., Colle, D.E. & Haller, W.T., 1984. Prediction of chlorophyll
a concentration in Florida lakes importance of aquatic macrophytes. Canadian Journal
of Fisheries and Aquatic Sciences, 41: 497-501.
Caraco, N.F., Cole, J.J. & Likens, G.E., 1989. Evidence for sulfate-controlled phosphorus
release from sediments of aquatic systems. Nature 341: 316-318.
Carpenter, S.R., 1981. Submersed vegetation: an internal factor in lake ecosystem
succession. American Naturalist 118: 372-383.
Carpenter, S.R., 2002. Regime shifts in Lake Ecosystems; Pattern and Variation. Ecological
Institute, Oldendorf Luhe, Germany.
Carpenter, S.R., 2005. Eutrophication of aquatic ecosystems: Bistability and soil phosphorus.
Proceedings of the National Academy of Sciences of the United States of America 102:
10002-10005.
Carpenter, S.R. & Lodge, D.M., 1986. Effects of submerged macrophytes on ecosystem
processes. Aquatic Botany 26: 341-370.
Carr, M.C., Duthie, H.C. & Taylor, W.D., 1997. Models of aquatic plants productivity: a
review of the factors that influence growth. Aquatic Botany 59: 195-215.
De Winton, M.D., Casanova, M.T. & Clayton, J.S., 2004. Charophyte germination and
establishment under low irradiance. Aquatic Botany 79: 175-187.
Den Held, A.J., Copijn, G.M. & Oostendorp, P.J., 1976. Water���������������������������������
en moerasvegetaties in de
Botshol. In: Bakker, P.A., Van der Hoeven-Loos, C.A.J., Mur, L.R. and Stork, A. (eds).
De Noordelijke Vechtplassen publ St Comm voor de Vecht en het Oostelijk en Westelijk
plassen gebied. Hilversum
������������������
278–315.

References

173

De Ruiter, M., 1992. Restoration of Botshol (The Netherlands) by reduction of external
nutrient load: Botshol and the Dutch governmental program of nutrient reduction.
Hydrobiological Bulletin 25: 261–265.
Dublin, H.T., Sinclair, A.R. & McGlade, J., 1990. Elephants and fire as causes of multiple
stable states in the Serengeti-Mara Tanzania woodlands. Journal of animal ecology 59:
1147-1164.
Eijkelkamp, 1998. Catalogue and Parts Lists, 341pp. (rhizons pp. 161).
European Parliament & Council of European Union, 2000. Richtlijn
�������������������������
2000/60/EG van
het europees parlement en de raad van 23 oktober 2000 tot vaststelling van een kader
voor communautaire maatregelen betreffende het waterbeleid. Publicatieblad
����������������������
van de
Europese Gemeenschappen. L327: 1-72.
Farrow, G.A., 1969. Note on the association of Prymnesium with fish mortalities. Water
������
Research 3: 375-379.
Geelhoed, J.S., Hiemstra, T. & Van Riemsdijk, W.H., 1997. Phosphate
�����������������������
and sulphate
adsorption on goethite: single anion and competitive adsorption. Geochimica et
cosmochimica acta 61(12): 2389–2396.
George, D.G., 2000. The impact of regional-scale changes in the weather on the long-term
dynamics of Eudiaptomus and Daphnia in Esthwaite Water, Cumbria. Freshwater 45:
111-121.
Godshalk, G.L. & Wetzel, R.G., 1977. Decomposition
������������������������������������������������
of macrophytes and the metabolism
of organic matter in sediments. In: Golterman H.L. (ed.) Interactions between sediments
and freshwater. Dr. W. Junk Publishers, the Hague, pp258-264.
Godshalk, G.L. & Wetzel, R.G., 1978. Decomposition of Aquatic Angiosperms .2. Particulate
Components. Aquatic Botany. 5: 301-327.
Gulati, R.D. &Van Donk, E., 2002. Lakes in the Netherlands, their origin, eutrophication
and restoration: state-of-the-art review. Hydrobiologia 478: 73-106.
Handley, R.J. & Davy, A.J., 2002. Seedling root establishment may limit Najas marina L. to
sediments of low cohesive strength. Aquatic Botany 73: 129-136.
Hansel-Welch, N., Butler, M.G., Carlson, T.J. & Hanson, M.A., 2003. Changes in macrophyte
community structure in Lake Christina (Minnesota), a large shallow lake, following
biomanipulation. Aquatic Botany 75: 323-337.
Hargeby, A., Blindow, I. & Hansson, L.A., 2004. Shifts between clear and turbid states in a
shallow lake: multi-causal stress from climate, nutrients and biotic interactions. Archiv
für Hydrobiologie 161: 433-454.
Hargeby, A., Jonzén, N. & Blindow, I., 2006. Does a long-term oscillation in nitrogen
concentration reflect climate impact on submerged vegetation and vulnarability to
state shifts in a shallow lake. Oikos 115: 334-348.
Heegaard, E., Birks, H.H., Gibson, C.E., Smith, S.J. & Wolfe-Murphy, S., 2001. Speciesenvironmental relationships of aquatic macrophytes in Northern Ireland. Aquatic
Botany 70: 175-223.

174

References

Hillebrand, H., 1977. Periodicity and distribution of multicellular green algae in two lake
areas in The Netherlands. PhD
�����������������������������
Thesis. Amsterdam, 178pp.
Hillebrand, H., 1987. De eutrofiering van Botshol - Wetenschappelijke Mededelingen
KNNV 182 (in Dutch). Hoogwoude,
�����������������
48 pp.
Holdway, P.A., Watson, R.A. & Moss, B., 1978. Aspects of ecology of Prymnesium parvum
(Haptophyta) and water chemistry in Norfolk Broads, England. Freshwater Biology 8:
295-311.
Holmgren, M. &Scheffer, M., 2001. El Nino as a window of oppurtunity for the restoration
of degraded arid ecosystems. Ecosystems 4: 151-159.
Holmgren, M., et al., 2006. Extreme climatic events shape arid and semiarid ecosystems.
Frontiers in Ecology and the Environment 4: 87-95.
Hooghart, J.C., 1988. From Penman to Makkink: a new converse procedure for the
climatological evaporation-data, KNMI/CHO, reports and notes no 19 (in Dutch).
Horppila, J. & Nurminen, L., 2003. Effects of submerged macrophytes on sediment
resuspension and internal phosphorus loading in Lake Hiidenvesi (southern Finland).
Water Research 37, 4468-4474.
Hosper, H., 1997. Clearing lakes. An ecosystem approach to the restoration and management
of shallow lakes in The Netherlands, PhD thesis Wageningen, 168pp.
Houba, V.J.G., Van der Lee, J.J. & Novozamsky J., 1995. ��������������������������
Soil Analysis Procedures.
Department of Soil Science and Plant Nutrition, Agricultural University, Wageningen,
263 pp.
Hough, R.A., Allenson, T.E. & Dion, D.D., 1991. The response of macrophyte communities
to drought-induced reduction of nutrient loading in a chain of lakes. Aquatic Botany
41: 299-308.
Hsieh, C.H., Glaser, S.M., Lucas, A.J. &Sugihara, G., 2005. Distinguishing random
environmental fluctuations from ecological catastrophes for the North Pacific Ocean.
Nature 435: 336-340
Hughes, T.P., 1994. Catastrophes, phase shifts, and large scale degradation of a Caribbean
coral reef. Science 265: 1547-1551.
Hurlbert, S.H., 1975. Secondary effects of pesticides on aquatic systems. Residue Review
58: 81-148.
Hutchinson, G.E., 1975. A treatise on Limnology. Volume III, Limnological Botany. John
Wiley and Sons, New York, 660 pp.
IPCC, 2001. Climate Change 2001: the Scientific basis. Cambridge university press, 892 pp.
IPCC, 2001. Climate Change 2001: Synthesis Report. A contribution of Working Groups
I, II and III to the third assesment report of the Intergovernmental Panel on Climate
Change. Cambridge University Press.
Irvine, K., Moss, B., Bales, M. & Snook, D., 1993. The changing ecosystem of a shallow,
brackish lake, Hickling Broad, Norfolk, U.K. I. Trophic relationships with special
reference tot the role of Neomysis integer. Freshwater Biology 29: 119-139.

References

175

Iwaco, 1995. Hydrological system analysis of Botshol. Werkdocument 10.5707.0 (in
dutch)
James, W.F., Barko, J.W., 1990. Macrophyte influences on the zonation of sediment accretion
and composition in a north-temperate reservoir. Archiv für Hydrobiologie 120: 129142.
Janse, J.H., 2005. Model studies on the eutrophication of shallow lakes and ditches. Thesis, Wageningen University. 376 pp.
Janse, J.H., van Donk, E., & Aldenberg, T., 1997. A model study on the stability of the
macrophyte-dominated clear water state as affected by biological factors. Water
Research 32: 2696-2706.
Jefferies, R.L., 2000. Allochthonous inputs: integrating population changes and food-web
dynamics. Trends in Ecology and Evolution 15: 19-22.
Jensen, H.S., Kristensen, P., Jeppesen, E, & Sytthe, A., 1992. Iron:phosphorus ratio in
surface sediments as an indicator of phosphorus release fom the aerobic sediments in
shallow lakes. Hydrobiologia
������������������������������
235/236: 731-743
Jeppesen, E., Kristensen, P., Jensen, J.P., Søndergaard, M., Mortensen, E. & Lauridsen
T.L., 1991. Recovery
�������������������������������������������������������������������������
resilience following a reduction in external phosphorus loading
of shallow eutrophic Danish lakes: duration, regulating factors and methods for
overcoming resilience. ������������������������������������������������������������
Memorie dell’Institu Italiano di Hydrobiologia. 48: 127-148.
Jeppesen, E., Sondergaard, M. Kanstrup, E. & Petersen, B., 1994. Does
�������������������
the impact of
nutrients on the biological structure and function of brackish and freshwater differ?
Hydrobiologia 276: 15-30.
Jeppesen, E., Søndergaard, M., Søndergaard, M. & Christoffersen, K., 1998. The structuring
role of submerged macrophytes in Lakes. Ecological studies 131. Springer-Verlag New
York, 423 pp.
Johnes, P.J., 1999. Understanding lake and catchment history as a tool for integrated lake
management. Hydrobiologia 395/396: 41-60.
Jupp, B. & Spence, D., 1977. Limitations of macrophytes in an eutrophic lake, Loch Leven.
II. Wave action, sediments and waterfowl grazing. Journal of Ecology 65: 431–446.
Khibnik, A.I., Kuznetsov, Y.A., Levitin, V.V. & Nikolaev, E.V., 1992. Continuation techniques
and interactive software for bifurcation analysis of ODE’s and iterative maps. Physica
D 62: 360-370.
Kiørboe, T., 1980. Distribution and production of submerged macrophytes in Tipper
Grund (Ringkøbing Fjord, Denmark) and the impact of waterfowl grazing. Journal of
applied Ecology 17: 675-687.
Kitchell, J.F., Schindler, D.E., Herwig, B.R., Post, D.M. & Olson, M.H., 1999. Nutrient cycling
at the landsape scale: The role of diel foraging migrations by geese at the Bosque del
Apache National Wildlife refuge, New Mexico. Limnology and Oceanography 44: 828836.

176

References

Klinge, M., Grimm, M.P. & Hosper, S.H., 1995. Eutrophication and ecological rehabilitation
of Dutch lakes: Presentation of a new conceptual framework. Water
��������������������������
Science Technology:
207-218.
KNMI, 2000. De toestand van het klimaat in Nederland 1999. (in Dutch)
KNMI, 2001. De toestand van het klimaat in Nederland 2000. (in Dutch)
Koerselman, W., Van Kerkhoven, M.B. & Verhoeven, J.T.A., 1994. ���������������������
Release of inorganic
N, P and K in peat soils; effects of temperature, water chemistry and water level.
Biogeochemistry 20: 644–647.
Kufel, L. & Kufel, I., 2002. Chara beds acting as nutrient sinks in shallow lakes. a review.
Aquatic Botany 72: 249-260.
Lambers, H., Stuart Chapin F.III & Pons, T.L., 1998. Plant Physiological Ecology. Springer
Verlag, New York, 540pp.
Lamers, L.P.M., 2001. Tackling Biogeochemical Questions in Peatlands. PhD thesis.
Nijmegen, 160pp.
Lamers, L.P.M., Smolders, A.J.P., Brouwer, E. & Roelofs, J.G.M., 1996. Is sulphate enriched
water suitable for water inlet? The role of water quality in measures compensating for
water shortage. Landschap 13: 19–30 (in Dutch with English summary).
Lamers, L.P.M., Tomassen, H.B.M. & Roelofs, J.G.M., 1998. Sulphate-induced eutrophication and
phytotoxicity in freshwater wetlands. Environmental Science & technology 32: 199-205.
Lamers, L.P.M., Falla, S-J., Samborska, E.M., Dulken, I.A.R., Van Hengstum, G. & Roelofs,
J.G.M., 2002. Factors controlling the extent of eutrophication and toxicity in sulfatepolluted freshwater wetlands. Limnology and Oceanography 47: 585-593.
Lamers, L.P.M., Smolders, A.J.P. & Roelofs, J.G.M., 2002. The restoration of fens in the
Netherlands. Hydrobiologia 478: 107-130.
LaMontagne, J.M. & Jackson, L.J., 2003. Compensatory growth responses of Potamogeton
pectinatus foraging by migrating trumpeter swans in spring stop over area. Aquatic
Botany 76: 235-244.
Larimore, W.E. & Mehra, R.K., 1985. The problem of overfitting data. Byte 10: 167-178.
Lauridsen, T., Jeppesen, E. & Søndergaard, M., 1994. Colonization and succession of
submerged macrophytes in shallow Lake Væng during the first five years following
fish manipulation. Hydrobiologia 275–276: 233–242.
Lijklema, L., 1977. The role of iron in the exchange of phosphate between water and
sediments. Pages 313-317 in H. L. Golterman, editor. Interactions between sediments
and freshwater. Junk Publ., The Hague.
Lodge, D.M., 1991. Herbivory on freshwater macrophytes. Aquatic Botany 4: 195-224.
Lodge, D.M., Cronin, G., Van Donk, E. & Froelich, A.J., 1998. Impact of herbivory on plant
standing crop: comparions among biomes, between vascular and non-vascular plants
and among freshwater herbivore taxa. In: Jeppesen E., Søndergaard M., Søndergaard
M. & Christoffersen K. (eds.), The structuring role of submerged macrophytes in lakes.
Springer, New York, pp 149-174.

References

177

Los, F.J. & Brinkman, J.J., 1988. Phytoplankton modelling by means of optimization: a 10-year
experience with Bloom II. Verhandlungen
������������������������������������������������������������
Internationale Verein. Limnologie 23: 790-795.
Los, F.J., 1992. Proces formulations DBS. T542, Waterloopkundig Laboratorium Delft, The
Netherlands (in Dutch).
Los, F.J., 1993. DBS. Tech. Rep. T542, Delft Hydraulics, The Netherlands (in Dutch).
Los, F.J., 2005. An algal biomass prediction model. In: ‘Water Resources Systems Planning
and Management - an introduction to methods, models and applications’ by Daniel P.
Loucks and Eelco van Beek. UNESCO, 2005.
Lucassen, E.C.H.E.T., 2004. Biogeochemical constraints for restoration of sulphate-rich
fens. PhD thesis. Nijmegen, 150pp.
Lucassen, E.C.H.E.T., Smolders, A.J.P & Roelofs, J.G.M., 2005. Effects of temporary
desiccation on the mobility of phosphorus and metals in sulphur-rich fens: differential
responses of sediments and consequences for water table management. Wetlands
Ecology and Management 13: 135-148.
Ludwig, D, Jones, D.D. & Holling, C.S., 1978. Qualitative analysis of insect outbreak
systems the spruce budworm and forest. Journal of Animal Ecology 47: 315-332.
Madsen, J.D., Chambers, P.A., James, W.F., Koch, E.W. & Westlake, D.F., 2001. The
interaction between water movement, sediment dynamics and submersed macrophytes.
Hydrobiologia 444: 71-84.
Mäkelä, S., Huitu, E. & Arvola, L., 2004. Spatial patterns in aquatic vegetation composition
and environmental covariates along chains of lakes in the Kokemäenjoki watershed (S.
Finland). Aquatic Botany 80: 253-269.
Mander, Ü., Kull, A., Tamm, V., Kusemets, V. & Karjus, R., 1998. Impact of climatic
fluctuations and land use change on runoff and nutrient losses in rural landscapes.
Landscape and Urban planning 41: 229-238.
Manny, B.A., Johnson, W.C. & Wetzel, R.G., 1994. Nutrient additions by waterfowl to lakes
and reservoirs: predicting their effects on productivity and water quality. Hydrobiologia
279/280: 121-132.
May, R.M., 1977. Thresholds and breakpoints in ecosystems with a multiplicity of stable
states. Nature 269: 471-477.
McKerchar, A.I., Pearson, C.P & Fitzharris, B.B., 1998. Dependency of summer lake inflows
and precipitation on spring SOI. Journal of Hydrology 205: 66-80.
McLauglin, J.J.A., 1958. Euryhaline Chrysomonads: nutrition and toxogenesis in
Prymnesium parvum, with notes Isochrysis and Monochrysis lutheri. Journal of
Protozoology 5: 75-81.
Meijer, M-L., 2000. Biomanipulation in the Netherlands - 15 years of experience. Thesis,
Wageningen University. 208 pp.
Meijer, M-L., De Boois, I, Scheffer, M., Portielje, R. & Hosper, H., 1999. Biomanipulation
in shallow lakes in The Netherlands: an evaluation of 18 case studies. Hydrobiologia
408/409: 13-30.

178

References

Meyer, J.L., Likens, G.E., & Sloane, J., 1981. Phosphorus, nitrogen and organic carbon flux
in a headwater stream. Archiv für Hydrobiologie 91: 28-44.
Mitchell, S.F., 1989. Primary production in a shallow eutrophic lake dominated alternately
by phytoplankton and by submerged macrophytes. Aquatic Botany 33: 101-110.
Mitchell, S.F. & Perrow, M.R., 1998. Interactions between grazing birds and macrophytes.
In: Jeppesen, E., Sondergaard, Ma., Sondergaard, Mo., Christoffersen, K. (Eds.), The
structuring Role of submerged macrophytes in Lakes. Springer Verlag, New York, pp
175-195.
Moss, B., 1990. Engineering and biological approaches to the restoration from eutrophication
in which aquatic plant communities are important components. Hydrobiologia 275/276:
367-377.
Moss, B., Stansfield, J. & Irvine, K., 1990. Problems in the restoration of a hypertrophic
lake by diversion of a nutrient-rich inflow. �����������������������������������������
Verhandlungen Internationale Vereinigung
Theoretisch Angewandte Limnologie 24: 568-572.
Moss, B., Stansfield, J., Irvine, K., Perrow, M.R. & Phillips, G., 1996. Progressive
������������
restoration of a shallow lake: a 12-year experiment in isolation, sediment removal and
biomanipulation. Journal
�������������������������������������
of Applied Ecology 33: 71-86.
Mulderij, G. , 2006. Chemical warfare in freshwater; allelopathic effects of macrophytes on
phytoplankton. Thesis,
������������������������������������
University Nijmegen, 287 pp.
Mulderij, G., Van Donk, E. & Roelofs J.G.M., 2003. �������������������������������������������
Differential sensitivity of green algae to
allelopathic substances from Chara. Hydrobiologia
���������������������������
491: 261-271.
Mulderij, G., Mooij, W.M., Smolders, A.J.P. and Van Donk, E., 2005. ��������������
Inhibition of
phytoplankton by allelopathic substances from the aquatic macrophyte Stratiotes
aloides., Aquatic Botany 82: 284-296.
Mur, L.R., 1976. Enige gegevens omtrent het plankton van de Botshol. In: Bakker P.A., Van
der Hoeven-Loos C.A.J., Mur L.R. and Stork A. (eds.), De Noordelijke Vechtplassen.
Publ. St. Comm. voor de Vecht en het Oostelijk en Westelijk plassen gebied, Hilversum
pp. 346–359.
Muratori, S. & Rinaldi, S., 1991. A separation condition for existence of limit cycles in slowfast systems. �������������������������������������������
Applied Mathematical Modelling 15: 312-318.
Noordhuis, R., van der Molen, D.T. & van den Berg, M.S., 2002. Response
������������������������
of herbivorous
water-birds to the return of Chara in Lake Veluwemeer, The Netherlands. Aquatic
Botany 72, 349-367.
Oschlies, A., 2001. NAO-induced long-term changes in nutrient supply to the surface
waters of the North Atlantic. Geophysical research letters 28, 1751-1754.
Ottersen, G., Planque, B., Belgrano, A., Post, E., Reid, P.C. & Stenseth, N.C., 2001. �����������
Ecological
effects of the North Atlantic Oscillation. Oecologia 128, 1-14.
Ouboter, M.R.L., 1997. Dynamiek Eutrofiering Botshol. Waterloopkundig Lab. Delft (in Dutch).
Oyama, M.D. & Nobre, C.A., 2003. A
��������������������������������������������������������
new climate-vegetation equilibrium state for tropical
South America. Geophysical Research Letters 30.

References

179

Pannekoek, A.J., 1956. Geological history of the Netherlands. Explanation to the general
geological map of the Netherlands on the scale of 1:200,000. Staatsdrukkerij en
Uitgeversbedrijf, the Hague, 148pp.
Pereyra-Ramos, E., 1981. The ecological role of Characeae in the lake littoral. Ekol. Pol. 29:
167–209.
Perrow, M.R., Moss, B. & Stansfield, J.H., 1994. Trophic interactions in a shallow lake
following a reduction in nutrient loading: a long term study. Hydrobiologia 275/276:
43-52.
Perrow, M.R., Schutten, J.H., Howes, J.R., Holzer, T., Madgewick, F.J. & Jowitt, A.J.D., 1997.
Interactions between coot (Fulica atra) and submerged macrophytes: the role of birds in
the restoration process. Hydrobiologia 342/343: 241-255.
Petticrew, E. & Kalff, J., 1992. Water flow and clay retention in submerged freshwater
macrophytes beds. Canadian Journal of Fisheries and Aquatic Sciences 49: 2483-2489.
Philips, G.L., Eminson, D. & Moss, B., 1978. A mechanism to account for macrophyte
decline in progressively eutrophicated freshwaters. Aquatic Botany 4: 103-126.
Portielje, R. & Rijsdijk, R.E., 2003. Stochastic modeling of nutrient loading and lake
ecosystem response in relation to submerged macrophytes and benthivorous fish.
Freshwater biology 48: 741-755.
Portnoy, J.W., 1990. Gull contribution of phosphorus and nitrogen to a Cape Cod kettle
pond. Hydrobiologia 202: 61-69.
Post, D.M., Taylor, J.P., Kitchell, J.F., Olson, M.H., Schindler, D.E.& Herwig, B.R., 1998. The
role of migratory waterfowl as nutrient vectors in a managed wetland. Conservation
Biology 12: 910-920.
Richardson, C.J., Qian, S., Craft, L.B. & Qualls, R.G., 1997. Predictive models for phosphorus
retention in wetlands. Wetland Ecology and Management 4: 159–175.
Ricker, W.E., 1975. Computation and interaction of biological statistics of fish populations.
Fisheries Research Board of Canada. Department of the environment, Ottawa, 382 pp.
Rietkerk, M., Dekker, S.C., de Ruiter, P.C. & van de Koppel, J., 2004. ���������������
Self-organized
patchiness and catastrophic shifts in ecosystems. Science 305: 1926-1929.
Rinaldi, S. & Muratori, S., 1992a. Limit cycles in slow-fast forest-pest models. Theoretical
population biology 41: 26-43.
Rinaldi, S. & Muratori, S., 1992b. Slow-fast limit cycles in predator-prey models. Ecological
Modeling 61: 287-308.
Rinaldi, S. & Scheffer, M., 2000. Geometric analysis of ecological models with slow and fast
processes. Ecosystems 3: 507-521.
Rip, W.J., Everards, K. & Houwers, A., 1992. Restoration of Botshol (The Netherlands)
by reduction of external nutrients load: The effects on physico-chemical conditions,
plankton and sessile diatoms. Hydrobiological
�������������������������������������
Bulletin 25: 275-286.
Rip, W.J., der Horst, M. and Houwers, A., 1994. Integrale Eutrofieringsbestrijding Botshol.
Deelrapporten I (127 pp.) & II (261 pp.). Provincie Utrecht.

180

References

Rip, W.J., Ouboter, M., Van Nes, E.H. & Beltman, B., 2005. Oscillation
������������������������������
of a shallow lake
ecosystem upon reduction in external phosphorus load. Archiv
������������������������������
für Hydrobiologie 164:
387-409.
Rip, W.J., Rawee, N. & de Jong, A., 2006. Alternation
�����������������������������������������������
between clear, high-vegetation and
turbid, low-vegetation states in a shallow lake: the role of birds, Aquatic Botany 85:
184-190.
Rip, W.J., Ouboter, M. & Los, H.J., 2007. Impact of climatic fluctuations on Characeae
biomass in a shallow, restored lake in the Netherlands. Hydrobiology 584: 415-424
Rip, W.J., Nat, E., Huls, J., Wymenga, E. & Peeters, E.T.H.M., in prep. Multivariate analysis
of a fluctuating, submerged macrophyte community after reduction in phosphorus
load in a shallow lake.
Rip, W.J. Ouboter, M.R.L., Grashoff, P. & Scheffer, M. in prep. Climate driven oscillation of
phosphorus load to a shallow lake in the Netherlands.
Rip, W.J., Ouboter, M.R.L., Beltman, B., Peeters, E.T.H.M., Van Nes, E.H. & Scheffer, M.,
submitted. Climate induced stability shifts in a freshwater ecosystem.
Roelofs, J.G.M., 1991.Inlet of alkaline river water into peaty lowlands: effects of water
quality and Striatiotes aloides L. stands. Aquatic Botany 39: 267-293.
Sandsten, H., 1995. Can waterfowl grazing trigger a shift from clear to turbid water in
shallow lake Krankesjon? Master thesis, University Lund, Sweden.
Sas, H., 1989. Lake restoration by reduction of nutrient loading: expectations, experiences,
extrapolations. Academia Verlag Richarz, St. Augustin, 497 pp.
Sas, 1988. Sas/Stat Users guide for personal computers. SAS-inst. Inc. N. Carolina. USA.
Santamaria, L. & Rodriguez-Girones, M.A., 2002. Hiding from swans: optimal buring
depth of sago pondweed tubers foraged by Bewick’s swans. Journal of Ecology 90:
303-315.
Satake, K., 1987. A small dredge for sampling aquatic macrophytes. Hydrobiologia 150:
141-142.
Scheffer, M., 1990. Multiplicity of stable states in freshwater systems. Hydrobiologia
200/201: 475-486.
Scheffer, M., Hosper, S.H., Meijer, M.L., Moss B. & Jeppesen, E., 1993. Alternative equilibria
in shallow lakes. Trends in Ecology and Evolution 8: 275-279.
Scheffer, M., Van den Berg, M., Breukelaar, A.W., Breukers, C., Coops, H., Doef, R.H. &
Meijer, M-L., 1994. Vegetated areas with clear water in turbid shallow lakes. Aquatic
Botany 49: 193-196.
Scheffer, M., 1998. Ecology of shallow lakes. Population and Community Biology series,
Kluwer academic publishers, 357 pp.
Scheffer, M., Carpenter, S.R., Foley, J.A., Folke, C. & Walker, B., 2001. Catastrophic shifts in
ecosystems. Nature 413: 591-596.
Scheffer, M. & Carpenter, S.R., 2003. Catastrophic regime shifts in ecosystems: linking
theory to observation. Trends in Ecology and Evolution 18: 648-656.

References

181

Scholten, M.C.Th., Jak, R.G. & Foekema, E.M., 1994. Ecological control of algal densities.
Towards a better comprehension of eutrophicational problems in aquatic ecosystems.
TNO, Delft, the Netherlands, TNO-MW.R94/280.
Schriver, P., Bogestrand, J., Jeppesen, E. & Søndergaard, M., 1995. Impact of submerged
macrophytes on fish-zooplankton-phytoplankton interactions: large scale enclosures
experiments in a shallow eutrophic lake. Freshwater
�������������������������������
Biology 33: 255-270.
Schutten, J., 2005. Biomechanical limitations on macrophytes in Shallow Lakes. thesis,
University of Amsterdam, 155 pp.
Schutten, J., Dainty, J. & Davy, A.J., 2005. Root anchorage and its significance for submerged
plants in shallow lakes. Journal of Ecology 93: 556-571.
Schuurkes, J.A.A.R., Kok, C.J. & Den Hartog, C., 1986. Ammonium
�������������������������������
and nitrate uptake by
aquatic plants from poorly buffered and acidified waters. Aquatic Botany 24: 131-146.
Shapiro, J. & Wright, D.I., 1984. Lake restoration by biomanipulation Round Lake,
Minnesota, the first two years. Freshwater Biology 14: 371-384.
Shilo, M. & Shilo, M., 1955. Control of the phytoflagellate Prymnesium parvum.
Verhandlungen International Verein Limnologie 12: 233-240.
Simons, J., 1991. Decline of the Characeae community in the shallow peat lake Botshol.
In: Rozema, J. & Verkleij, J.A.C., Eds., Ecological Responses to Environmental Stresses,
161-169, Kluwer, Dordrecht.
Simons, J., Ohm, M. & Daalder, R., 1992. Restoration of Botshol (The Netherlands)
by reduction of external nutrient load: recovery of the characeaen community.
Hydrobiological Bulletin 25: 287-294.
Simons, J., Ohm, M., Daalder, R. , Boers, P. & Rip, W.J., 1994. Restoration of Botshol ( The
Netherlands) by reduction of external nutrient load: recovery of a characean community,
dominated by Chara connivens. Hydrobiologia
�������������������������������
275/276: 243-253.
Smits, J.G.C. & van der Molen, D.T., 1993. ��������������������������������������������
Application of SWITCH, a model for sedimentwater exchange of nutrients, to Lake Veluwe in the Netherlands. Hydrobiologia 253:
281-300.
Smolders, A. & Roelofs, J.G.M., 1995. Internal eutrophication, iron limitation and sulfide
accumulation due to the inlet of river Rhine water in peaty shallow waters in The
Netherlands. Archiv fur Hydrobiology 133: 349–365.
Sokal, R.R. & Rohlf, F.J., 1995. Biometry : the principles and practice of statistics in biological
research. W.H. Freeman & Co., New York, 887 pp.
Søndergaard, M.L., Jeppesen, E., Mortensen, E., Dall, E. Kristensen, P. & Sortkjaer,
O., 1990. Phytoplankton biomass reduction after planktivorous fish reduction in a
shallow eutrophic lake a combined effect of reduced internal P-loading and increased
zooplankton grazing. Hydrobiologia, 200/201: 229-240.
Søndergaard, M.L., Kristensen, P. & Jeppesen, E., 1993. Eight years of internal phosphorus
loading and changes in the sediment phosphorus profile of Lake Søbygaard, Denmark.
Hydrobiologia 253: 345-356.

182

References

Søndergaard, M.L., Bruun, T., Lauridsen, E., Jeppesen, E. &Vindbæk Madsen, T., 1996.
The impact of grazing waterfowl on submerged macrophytes: In situ experiments in a
shallow eutrophic lake, Aquatic Botany 53: 73-84.
Søndergaard, M., Jensen, J.P. & Jeppesen, E., 2001. Retention
����������������������������������
and Internal loading of
phosphorus in shallow, eutrophic lakes. TheScientificWorld Journal 1: 427-442.
Spence D.H.N., 1967. Factors controlling the distribution of freshwater macrophytes with
particular reference to the lochs of Scotland. Journal of Ecology 55: 147-170.
Sterner, R.W., 1993. Daphnia growth on varying quality of Scenedesmus: mineral limitation
of zooplankton. Ecology 74: 2351-2360.
Strand, J.A. & Weisner, S.E.B., 2001. Dynamics of submerged macrophyte populations in
response to biomanipulation. Freshwater Biology 46: 1397-1408
Strogatz, S.H., 1994. Nonlinear Dynamics and Chaos - With Applications to Physics,
Biology, Chemistry and Engineering. Reading: Addison-Wesley Publishing Company.
Thomas, C.D. et al., 2004. Extinction
����������������������������������������������������������
risk from climate change. Nature 427: 145-148.
Timms, R.M. & Moss, B., 1984. The prevention of growth of potentially dense phytoplankton
populations by zooplankton grazing in the presence of zooplanktivorous fish in a
shallow wetland ecosystem. Limnology and Oceanography 29, 472-486.
Toivonen H. & Huttunen P., 1995. Aquatic macrophytes and ecological gradients in 57
small lakes in southern Finland. Aquatic
���������������������������
Botany 51: 197-221.
Ter Braak C.J.F., 1987. Ordination. In: Jongman R.H.G., ter Braak C.J.F. & van Tongeren
O.F.R. (eds.). Data
���������������������������������������������������������������������
analysis in community and landscape ecology. PUDOC, Wageningen,
299 pp.
Van den Berg, M.S., Coops, H., Noordhuis, R., Van Schie, J. & Simons, J., 1997.
Macroinvertebrate communities in relation to submerged vegetation in two Chara
dominated lakes. Hydrobiologia
�������������������������������
342/343: 143-150.
Van den Berg, M.S., Coops, H., Meijer, M.-L., Scheffer, M. & Simons, J., 1998. Clear
������������
water
associated with a dense Chara vegetation in the shallow and turbid Lake Veluwemeer,
The Netherlands. In: Jeppesen, E. Sondergaard, Ma., Sondergaard, Mo, & Christoffersen,
K. (Eds.), The structuring role of submerged macrophytes in lakes. Ecological Studies.
Springer Verlag 131: 339-352.
Van den Berg, M.S., Coops, H., Simons, S. & de Keizer, A., 1998. Competition
��������������������
between
Chara aspera and Potamogeton pectinatis as a function of temperature and light.
Aquatic Botany 60: 241-250.
Van den Wyngaert, I.J.J., 2001. Grazing of extensive reed beds by moulting Greylag
geese: effects on nutrient dynamics and growth of Phragmites australis vegetation and
consequences for the lake ecosystem. Thesis.
��������������������������������������
University of Utrecht, 190 pp.
Van der Molen, D.T. & Boers, P.C.M., 1994. Influence
������������������������������������������������
of internal loading on the phosphorus
concentration in shallow lakes before and after reduction of the external loading.
Hydrobiologia 275-276: 379-389.

References

183

Van der Molen, D.T., Los, F.J., van Ballegooijen, L. & van der Vat, M.P., 1994. �������������
Mathematical
modelling as a tool for management in eutrophication control of shallow lakes.
Hydrobiologia 275/276: 479-492
Van der Molen, D.T. & Boers, P.C.M., 1999. �������������������������������������������
Eutrophication control in the Netherlands.
Hydrobiologia 395/396: 403-409.
Van Dijk, J., Stroetenga, M., Bos, L., Van Bodegom, P.M., Verhoef, H.A. & Aerts, R., 2004.
Restoring natural seepage conditions on former agricultural grasslands does not lead to
reduction of organic matter decomposition and soil nutrient dynamics. Biogeochemistry
71: 317-337
Van Donk, E., Veen, A. & Ringelberg, J., 1988. Natural community bioassays to determine
the abiotic factors that control phytoplankton growth and succession. Freshwater
Biology 20: 199-210.
Van Donk, E. & Otte, A., 1995. Effects of grazing by fish and waterfowl on the biomass and
species composition of submerged macrophytes. Hydrobiologia 340: 285-290.
Van Donk, E. & Van de Bund, W.J., 2002. Impact
������������������������������������������
of submersed macrophytes including
charophytes on phyto- and zooplankton communities: allelopathy versus other
mechanisms. Aquatic Botany 72: 261-274
Van Duin, E.H.S., Frinking, L.J., van Schaik ,F.H., Boers, P.C.M., 1998. First results of the
restoration of Lake Geerplas. Water Science and Technology 37: 185-192.
Van Geest, G.J., 2005. Macrophyte succession in floodplain lakes, spatio-temporal patterns
in relation to hydrology, lake morphology and management. Thesis, Wageningen
University. 157 pp.
Van Geest, G.J., Coops, H., Scheffer, M. & van Nes, E.H., 2007. Long transient near the ghost
of a stable state in eutrophic shallow lakes with fluctuating water levels, Ecosystems
10: 36-46
Van Iersel, P.B.W. & Rip, W.J., 1992. ������������������������������������������������������
Restoration of Botshol (The Netherlands) by reduction
of external load: problem analyses and restoration methods. Hydrobiological
�������������������������
Bulletin
25: 265–275.
Van Liere, L., Gulati, R.D., Wortelboer, F.G. & Lammens, E.H.R.R., 1990. Phosphorus
�����������
dynamics following restoration measures in the Loosdrecht Lakes, The Netherlands.
Verhandlungen International Verein Limnology 24: 707-710.
Van Liere, L. & Gulati, R.D., 1992. Restoration
����������������������������������������������
and recovery of shallow eutrophic
lakes ecosystems in the Netherlands: epilogue. Proceedings of a conference held in
Amsterdam, the Netherlands, 16-19 April 1991. Hydrobiologia 233: 283-287.
Van Liere, L. & Janse, J.H., 1992. Restoration and resilience to recovery of the Lake
Loosdrecht ecosystem in relation to its phosphorus flow. ��������������������������
Hydrobiologia 233: 95-104.
Van Nes, E.H., Scheffer, M., Van den Berg, M.S. & Coops, H., 2002. �������������
Dominance of
charophytes in eutrophic shallow lakes--when should we expect it to be an alternative
stable state? ���������������������������
Aquatic Botany 72: 275-296.

184

References

Van Nes, E.H., Scheffer, M., Van den Berg, M.S. & Coops, H., 2003. �����������������������������
Charisma: a spatial explicit
simulation model of submerged macrophytes. Ecological Modeling 159:103-116.
Van Nes, E.H., Scheffer, M. & Rip, W.J., 2007. A theory for cyclic shifts between alternative
states in shallow lakes. Ecosystems 10: 17-27
Vanni, M.J., 2002. Nutrient cycling by animals in freshwater systems. �����������������
Annual Review of
Ecology and Systematics 33: 341-370.
Van Oorschot, M., Bakker, S., Beltman, B., De Klein, C., Mesters, C., De Caluwe, H.,
Van Logtestijn, R., Scheffer, R., Toet, S. & Rouwenhorst, G., 1995. Methods
���������������
Manual
Landscape Ecology. Department of Plant Ecology and Evolutionary Biology, Utrecht
University, The Netherlands, 42pp.
Van Raam, J. C., 2003. Handboek Kranswieren. Chara boek, Hilversum. (in Dutch)
Van Viersen, W., 1982. Some
������������������������������������������������������������������
notes on the germination of seeds of Najas marina L. Aquatic
Botany 12: 201–203.
Verhoeven, J.T.A., Koerselman, W., & Meuleman, A.F.M., 1996. ������������������������
Nitrogen- or phosphoruslimited growth in herbaceous, wet vegetation: relations with atmospheric inputs and
management regimes. Trends in Ecology and Evolution 11: 494–497.
Vermaat, J.E., Santamaria, L. & Roos, P.J., 2000. Water flow across and sediment trapping
in submerged macrophyte beds of contrasting growth form. ������������������������
Archiv für Hydrobiology
148: 549-562
Vermeer, C.P., Escher, M., Portielje, R. & de Klein, J.J.M., 2003. Nitrogen
��������������������
uptake and
translocation by Chara. Aquatic Botany 76: 245-258.
Vestergaard, O. & Sand-Jensen, K., 2000. Alkalinity and trophic state regulate aquatic plant
distribution in Danish lakes. Aquatic
��������������������������
Botany 67: 85-107.
Visbeck. M.H.,
�������������������������������������������������������������������������
Hurell, J.W., Polvani, L. & Cullen, H.M., 2001. The North Atlantic Oscillation:
�������������
Past, present and future. PNAS 98: 12876-12877.
Vollenweider, R.A., 1969. Möglichkeiten und Grenzen elementar���������������������������
er Modelle der Stoffbilanz
von Seen. ���������������������������������
Archiv für Hydrobiology 66: 1-36.
Vollenweider, RA., 1977. Advances in defining critical loading levels for phosphorus in
lake eutrophication. ������������������������������������������������������
Memorie dell’Istituto Italiano di Idrobiologia: 53-83.
Vroman, M., 1976. De verspreiding van waterplanten in de Botshol. In: Bakker, P.A., Van
der Hoeven-Loos, C.A.J., Mur, L.R. and Stork, A. (eds.), De Noordelijke Vechtplassen.
Publ. St. Comm. voor de Vecht en het Oostelijk en Westelijk plassen gebied, Hilversum,
pp. 316–331.
Weisner, S., Strand, J. & Sandsten, H., 1997. Mechanisms regulating abundance of
submerged vegetation in shallow eutrophic lakes. Oecologia,
������������������������
109, 592-599.
Westhoff, V., 1949. Landschap, Flora en Vegetatie van de Botshol, Stichting commissie voor
de Vecht en het Oostelijk en Westelijk plassengebied, Baambrugge, 102 pp. (in Dutch).
Westhoff, V., 1950. De plantengroei van de Botshol (bij Abcoude). �����������������������
Nederlands Kruidkundig
Archief 57: 88–91.

References

185

Weyhenmeyer, G.A., 1998. Resuspension in lakes and its ecological impact––a review.
Archiv für. Hydrobiology Special Issues Advanced Limnology 51: 185–200.
Weyhenmeyer, G.A., Willen, E. and Sonesten, L., 2004. Effects of an extreme precipitation
event on water chemistry and phytoplankton in the Swedish Lake Malaren. Boreal
environment research 9: 409-420.
Weyhenmeyer, G.A., 2004. Synchrony in relationships between the North Atlantic
Oscillation and water chemistry among Sweden’s largest lakes. Limnology and
oceanography 49: 1191-1201.
Wheeler, B.D., Shaw, S.C. & Cook, R.E.D., 1992. Phytometric assessment of the fertility of
undrained rich-fen soils. Journal of Applied Ecology 29: 466–475.

186

References

9
Summary

Summary

187

188

Summary

Introduction
Before 1950, most of the lakes in the Netherlands were clear, and lake bottoms
were covered with submerged macrophytes. The lakes contained low levels of
nutrients, and observers described transparent water and light green meadows of
submerged vegetation. In the 1960s, this situation started to change. Many lakes
became eutrophic due to increased phosphorus load. The eutrophication resulted
in increased phytoplankton growth and turbidity in most lakes, causing strong
reduction or complete disappearance of submerged macrophytes. Reduction in
external phosphorus load is a classic, but not always successfull method of returning
shallow eutrophic lakes to a clear water state. Models and field studies of shallow
lakes suggest that the necessary reduction in P is relatively large, because there is
a range of phosphorus levels where both clear and turbid conditions can exist as
alternative states. Within the range of phosphorus levels that allows both alternative
states an additional restoration measure, like removing most bream, is necessary to
switch from a turbid to a clear state. The Botshol nature reserve in the Netherlands
is a particularly interesting restoration case. Rather than staying turbid or simply
becoming clear the lakes in Botshol reacted to reduced external nutrient load by
slipping into a cyclic oscillation between turbid and clear states. In this thesis, I
attempt to unravel the mechanisms that might cause these cyclic shifts.

Long-term oscillations
During the first four years (1989-1992) after the decrease in phosphorus load, reductions
were observed in phosphorus and chlorophyll a concentrations, as well as in the
density of phytoplankton, zooplankton, and fish (Chapter 2). Reduced phytoplankton
density resulted in reduced turbidity and explosive growth of Characeae. Although
the objective of re-establishing submerged macrophytes seemed to be attained,
the clear water state was unstable. From 1993 onwards, the ecosystem alternated
between turbid water with minor macrophyte production and clear water with
abundant growth of aquatic plants. Other environmental and biological parameters,
for example phosphorus concentrations also showed strong related fluctuations in
Botshol, despite stable external phosphorus inflow from water suppletion after P
stripping. Consistent with the alternative stable states theory, the switch from clear
to turbid states occurred at higher phosphorus levels than the switch from turbid
to clear states. The P load range over which the two alternative states occurred in
Botshol was estimated at 0.8-1.5 mg P m-2 day-1.

Influence of chloride on P availability
A side effect of the hydrological segregation of Botshol from agricultural areas
was an increase in chloride from 500 to 1000 mg l-1. Research described in Chapter
3 investigated the hypothesis that high chloride levels enhances P in soil porewater.
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Internal biogeochemical processes were investigated with phytometers and direct
measurements of soil nutrient availability in greenhouse experiments and in the field.
Under ‘standardized’ conditions both greenhouse studies showed a treatment effect of
increased chloride on the P-availability, resulting in higher PO4 leaching and increased
plant nutrient concentrations and biomass. The field study showed higher available-P
concentrations in the shore zone than in remote areas. The results suggest that higher
chloride levels after restoration increased internal nutrient availability in the Botshol
wetlands. This chloride impact interferes with the meteorological effects as described
in Chapters 5, 6 and 7.

Role of birds
Research described in Chapters 4 through 8 investigated a series of hypotheses
that could potentially explain the fluctuations between the clear and turbid state in
Botshol. Chapter 4 examines the roles of grazing and nutrient input by birds. The
biomass and % cover of Characeae were monitored within and outside 17 exclosures
for two years. The experiments showed no significant increase in Characeae in the
absence of grazers compared with the controls. During the course of the experiments,
the entire lake switched from turbid water to clear water and high Chara biomass.
Since 1997, phosphorus and nitrogen input from droppings of greylag geese and
black-headed gulls increased. These birds foraged outside of Botshol and imported
phosphorus and nitrogen into the lake area. The total P load in 2003 from birds
droppings was estimated to be 50 kg which is comparable to about half the yearly
P load from the watersupply after dephosphorization. Overall, these results suggest
that water birds may have a negative impact on submerged macrophytes in eutrophic
lakes by significantly enhancing nutrient concentrations, but probably did not cause
the oscillations in the Botshol ecosystem.

Impact of meteorological fluctuations
In Chapter 5, 6 and 7 we show how changes in precipitation driven by North Atlantic
Oscillation (NAO) could have caused shifts between contrasting clear and turbid states
in Botshol. Chapter 5 describes a nutrient budget constructed to gain insight into the
cause of the fluctuations in phosphorus levels and relates the budget to NAO. Chapter
6 complements this analysis by modeling water quality processes and using the 14year nutrient budget to determine if fluctuations in precipitation and nutrient load
may have caused the ecosystem cycles. Monthly budgets were developed for water,
chloride and nutrients, including catchment areas, under prevailing meteorological
conditions. The accuracy of these budgets was estimated by comparing measured and
calculated chloride levels in surface water. The waterbudget appears dominated by
the infiltration rate of 2.5 mm day-1. Fluctuations in P-load were primarily attributable
to the annual variation in precipitation (Chapter 5). The model results suggest that
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variation in precipation is a plausible explanation for much of the observed dynamics
of nutrients, phytoplankton density, light attenuation, and Chara populations. During
wet winters under high NAO conditions P-rich water flowed from land into surface
water (runoff), increasing P-load above the critical threshold for clear water; the
lake switched from clear to turbid and the benthic flora disappeared. During years
with high net precipitation, runoff also transported humic acids from land to surface
water, further increasing light extinction. During dry winters, infiltration of water
exceeded precipitation, water did not flow from land into the lakes and the P-load
dropped below the lower critical threshold; the ecosystem then switched from turbid
to clear with submerged macrophytes. High infiltration and low drainage in Botshol
contributed to a high annual variation in runoff and P load.
Chapter 5 and 7 relate the switches between clear and turbid states to the oscillations
of the North Atlantic Oscillation index (NAO), which is related to the pattern
of precipitation in Europe. The North Atlantic Oscilation index is the difference
between the sea level pressure anomaly at Portugal and Iceland. During positive
NAO conditions low-pressure anomalies over the Islandic region with high pressure
anomalies across the subtropical Atlantic produce stronger than average westerlies
across the mid-altitudes resulting in wetter and warmer conditions in Northern
Europe. A significant relation is found between net precipitation in the study area
and NAO. The parameters total-P, chlorophyll, Secchi depth and Chara cover in
Botshol were significantly related to the sum of NAO of the previous three years. The
temporal pattern of precipitation and subsurface runoff driven by NAO provided a
likely explanation of the observed dynamics in phosphorus, phytoplankton, turbidity,
and Characeae in Botshol.

Submerged macrophytes as a driver for cyclic behavior
While the Chapters 4-7 focused on external causes of the switch in alternative
stable states, Chapter 8 explored the possibility that there is an intrinsic process that
causes regular cycles. We used a graphical model to demonstrate that cycles may, in
theory, occur if submerged macrophytes promote water clarity in the short run, but
simultaneously cause an increased nutrient retention, implying an accumulation of
nutrients in the long run. Thus, while submerged plants invoke a positive feedback
on their own growth by clearing the water, they may in the long run undermine
their position by creating a slow “internal eutrophication”. Chapter 8 proposed two
candidate mechanisms and used simple models to analyze whether these mechanisms
could theoretically generate regular cycles with realistic periods: 1) reduction of the
P concentration in the water column by macrophytes, leading to reduced outflow of
P, and hence, to a greater phosphorus accumulation in the lake sediments, and 2) a
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build-up of organic matter over time resulting in increased sediment oxygen demand
and, ultimately, in anaerobic conditions that boost P release from the sediment.
Although the models showed that both mechanisms can produce cyclic behavior, the
period of the cycles caused by model 2: the build-up of organic material, agreed more
closely with observed fluctuations in the Botshol lakes, in which regular cycles with a
period of approximately 7 years occurred over the past 17 years.

Composition of macrophytes.
In Chapter 9, multivariate analysis was used to explore the link between changes in the
submerged macrophyte community composition and environmental factors. While
previous chapters demonstrated the (feedback) relationships between phosphorus,
light and total cover of submerged vegetation, Chapter 9 concluded that submerged
macrophyte species composition was mainly related to macro-ionic composition (Cl,
Ca and SO4) of the lake water. Precipitation, ammonium and Secchi depth were also
significantly related to species composition. An analysis of only the environmental
variables (PCA) separated the years in two groups: years with high precipitation,
nutrient levels, and turbidity and years with lower precipitation, nutrient levels,
and turbidity. An analysis in which the variance in the species composition was
related to the environmental variables (CCA) provided further insight into the role
of environmental fluctuations in changes in the aquatic plant community, including
the switch in dominant species from Chara connivens to Najas marina, and the
disappearance of Fontinalis antipyretica.

Synthesis
It is not a simple task to identify the primary cause of the observed alternation
between clear/high-vegetation and turbid/low-vegetation states. High NAO and
high precipitation, for example, increased P-rich runoff, but decreased chloride levels
and, therefore, indirectly decreased P availability in peat. The chloride effect was not
included in the analyses of Chapters 5 and 6, however, because it was not possible
to quantify the effects of the small in situ chloride variation on the P availability in
peat.
The contrast between the stability of the submerged macrophyte community in
Botshol from 1940 to 1965 and the instability observed in the recovered lakes during
1987-2002 may seem to invalidate the hypotheses proposed in this thesis. However
long-term climatological and landscape changes are likely to have increased the P
load from land to the aquatic ecosystem of Botshol. Increased precipitation due to
climate change in Western Europe over the last fifty years has resulted in increased
importance of phosphorus supply from land to surface waters ultimately increasing
instability of Characeae populations. A remarkable feature of the NAO is its trend
toward a more positive phase over the past 30 years, resulting in warmer and wetter
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conditions in Western Europe. Based on the water flow and nutrient load models
presented in this study, the P load must have stayed below the critical threshold
for clear water during the first half of the 20th century, maintaining a stable clear
state. Since 1960 eutrophication and precipitation increased and, together pushed
the system towards a switch from the clear to the turbid state, from abundant to
sparse benthic vegetation. After the reduction in external phosphorus load in 1988
growth conditions for submerged macrophytes were enhanced but the P load did
not remain below the critical threshold for clear water. P input from water birds also
increased significantly, which made it harder to stay below the critical threshold.
As for the intrinsic cyclic hypothesis, the impact of accumulated plant biomass may
have increased in importance after the hydrological isolation of Botshol in 1989. Even
with a long-term data set, it is difficult to distinguish between the effects of increased
precipitation and nutrient load and effects of enhanced biomass accumulation. The
interannual net precipitation and NAO pattern during 1988-2002 showed a 6 to 7 year
cycle, which was similar to the intrinsic cyclic behavior. The
�����������������������������
external phosphorus load
threshold to sustain clear water water in Botshol appears to be between 0.8 and 1.5 mg
P m-2 day-1. The absolute level for sustaining clear water is probably dependant on the
cover of submerged macrophyte during previous years. Large amounts of decaying
plants decreases this clear water threshold, because the plants themselves contribute
to the P loading. Overall both ���������������������������������������������������������
intrinsic and external drivers probably played a role in
the observed rise and fall of submerged macrophytes in Botshol.

Consequences for water management
In response to projected global climate changes, water managers in the Netherlands
have focused their attention on finding potential areas to store water during periods
of high precipitation, while effects of increasing precipitation on water quality are
neglected. Although Lake Botshol is clearly a special case, this thesis demonstrates
that climatic conditions may indeed drive some ecosystems across a tipping point for
dramatic change. One important implication is that we might use climatic extremes
to our advantage for tipping ecosystems from a degraded state to a desired state.
Restoration projects of shallow lakes have shown that such a change may in principle
be invoked by reducing fish density. However, many of such biomanipulation attempts
have failed as fish densities could not be reduced sufficiently, or nutrient levels were
apparently too high. Our results suggest that variation in phosphorus load may cause
the resilience of the alternative states to vary with climatic conditions. Even if this
effect is not strong enough to push a lake to switch as in the case of Botshol, it still
suggests that moderate fishing efforts may well tip the balance in some years while in
other years even large efforts are not sufficient to tip the balance.
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The ecological goals of managing surface water and terrestrial areas in a nature reserve
can be in conflict. For example, drainage is increased to counteract the influence of
acid precipitation which conflicts with the policy for water management policy of
reducing the water flow from land to surface water. To counteract acidification of
peat, one should drain the acid precipitation from land to water as soon as possible.
On the other hand to reduce P rich runoff, one should hold water and restrict water
flow from land to water.
New insight into the impact of infiltration/seepage on water quality can be gained
from the studies in this thesis. A higher fraction of seepage water is valuable for
seepage dependant plant species and reduces the fraction of undesirable Rhine
water in freshwater ecosystems. However, a lower infiltration rate is unfavorable for
the water transparency due to increased phosphorus levels and turbidity through
increased P rich runoff. It should be stressed that restoration of natural ground water
flows does not automatically lead to recovery of the desired ecology and that the pros
and the cons for land and water management should be considered simultanously.
The European Water Framework Directive urges water managers in Europe to
develop ecological goals for water bodies and restoration plans to achieve those goals.
This thesis demonstrates the necessity to perform a thorough system analysis, to
understand the functioning of an aquatic ecosystem. This requires the study of more
than the required biological groups: vegetation, phytoplankton, fish and macrofauna.
In addition, the actual phosphorus load and the critical range of phosphorus loading
values for switching between alternative stable states must be determined to formulate
efficient measures. The European Water Framework Directive requires measurements
at least once every 6 years whether the ecological goals have been achieved. This
thesis shows that such low frequency measurements could lead to poor management
decisions, by missing long-term oscillations between clear and turbid states such
as have occurred in Botshol. In addition the presented planning of the restoration
measurements in 2015, 2021 and 2027 by The European Water Framework Directive
doesnot take into account the climatological fluctuations which can help or frustrate
the achievement of the ecological goals.
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Inleiding
Voor 1950 waren de meeste meren van Nederland helder en de bodems waren bedekt
met ondergedoken waterplanten. De meren hadden lage gehaltes aan nutriënten
en waarnemers beschreven helder water en licht groene weiden van ondergedoken
waterplanten. In de zestiger jaren werden veel meren eutroof (=voedselrijk) door
toegenomen aanvoer van nutriënten. De eutrofiering resulteerde in een toename van
fytoplankton en troebelheid waardoor de ondergedoken waterplanten verdwenen.
Het reduceren van externe fosfaatbelasting was een klassieke maar niet altijd
succesvolle methode om terug te keren naar de helder toestand. De fosfaatreductie
moest namelijk groter zijn dan verwacht omdat uit modellen en veldstudies is gebleken
dat er in ondiepe meren een range van fosfaatconcentraties bestaat waarin beide
situaties, helder of troebel, als alternatieve stabiele toestanden kunnen voorkomen.
Diverse stabiliserende mechanismen houden de troebele toestand van een meer
in stand. Zij wordt gestabiliseerd door o.a. een dominantie aan brasem, terwijl
ondergedoken waterplanten de heldere situatie in stand houden. In het traject van
alternatieve evenwichten zijn aanvullende maatregelen nodig, zoals bijvoorbeeld het
wegvangen van brasem, om een meer weer helder te maken. Zonder deze aanvullende
maatregelen moet de fosfaatbelasting beneden de laagste kritieke P belasting liggen
voor een spontaan herstel van de plantenrijke situatie. Botshol, een natuurreservaat
in Nederland is een voorbeeld van een meer dat op een afwijkende manier reageerde
op reductie van fosfaat belasting. In plaats van helder worden of troebel blijven kende
dit meer een regelmatige afwisseling tussen beide toestanden. In dit proefschrift zoek
ik naar mechanismen die deze afwisseling kunnen veroorzaken.

Reactie op de reductie van de fosfaatbelasting
In de eerste vier jaar (1989-1992) na de reductie in fosfaatbelasting nam het fosfaat- en
chlorofylgehalte snel af en ook de hoeveelheid plantaardig en dierlijk plankton en
vis. De afgenomen algendichtheid resulteerde in een toename van helderheid en een
explosieve groei van kranswieren en andere waterplanten. Het doel, herstel van de
ondergedoken watervegetatie, leek gehaald maar de heldere toestand was niet stabiel.
Vanaf 1993 fluctueerde het ecosysteem tussen troebel met weinig waterplanten en
helder met een dichte begroeiing van ondergedoken waterplanten met een cyclus
van ongeveer 7 jaar. Fosfaatconcentraties lieten overeenkomstige fluctuaties zien
die niet verklaard konden worden vanuit de externe toevoer van fosfaat via het
inlaatwater. De omslag van de heldere naar de troebele toestand gebeurde bij een
hogere fosfaatconcentratie dan de omslag van troebel naar helder, conform de theorie
van de alternatieve evenwichten.
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Invloed van chloride op de fosfaatbeschikbaarheid
Een neveneffect van de hydrologische isolatie van Botshol t.o.v. de agrarische
gebieden in 1988 was een stijging van het chloridegehalte van 500 tot 1000 mg l-1.
In hoofdstuk 3 is de hypothese onderzocht dat de toegenomen chlorideconcentratie
de beschikbaarheid van fosfaat in het veen heeft verhoogd. Interne biogeochemische
processen zijn onderzocht met planten als meetinstrument en er zijn directe metingen
aan beschikbaarheid van nutriënten in de bodem tijdens experimenten en in het
veld gedaan. Twee studies lieten onder vergelijkbare gestandaardiseerde condities
een effect van chloride op de fosfaatbeschikbaarheid zien, resulterend in hogere PO4
uitloging en toegenomen nutriënt concentraties in planten en hogere plantbiomassa bij
hogere chlorideconcentraties. De veldstudie toonde een hogere beschikbaarheid van
fosfaatconcentraties in de oeverzones ten opzichte van metingen in het midden van een
perceel, die meer onder invloed staan van zoet neerslagwater. Geconcludeerd is dat de
verhoogde chloride gehaltes na de maatregelen de nutrienten beschikbaarheid heeft
verhoogd.

De rol van vogels
In de volgende vier hoofdstukken worden een aantal hypotheses onderzocht die
de fluctuaties tussen de heldere en troebele toestand in Botshol kunnen verklaren.
In hoofdstuk 4 is de rol van vogels d.m.v. van graas en nutrienten import bij het
herstel van kranswier onderzocht. De biomassa en de bedekking van kranswier is
gemeten binnen en buiten 17 kooien. De kranswieren hadden echter geen significante
toename bij afwezigheid van graas ten opzichte van de controle locaties buiten de
kooien en deze hypothese is verworpen. Gedurende het tweejaarlijkse experiment
sloegen de twee meren om van troebel naar helder. Sinds 1995 zijn grauwe ganzen
en kokmeeuwen exponentieel toegenomen in Botshol, voor de grauwe gans is dit
overeenkomstig de landelijk trend en vermoedelijk veroorzaakt door de zachtere
winters. Deze vogels foerageerden buiten Botshol en importeerden daardoor fosfaat
en stikstof naar de plassen. De totale fosfaat belasting afkomstig van vogels is
toegenomen van enkele kg in 1995 tot ongeveer 50 kg in 2003 dat is ongeveer de
helft van de jaarlijkse fosfaatbelasting die via het gedefosfateerde inlaatwater Botshol
binnenkomt. Watervogels konden een negatieve invloed hebben op de ondergedoken
watervegetatie door een bijdrage aan de fosfaatbelasting maar ze waren niet de oorzaak
van de afwisseling tussen de heldere en troebele toestand in de onderzoeksperiode.

Invloed van neerslag fluctuaties
In hoofdstukken 5, 6 and 7 laten we zien hoe variaties in neerslag, aangestuurd
door de Noord Atlantische Oscillatie (NAO), waarschijnlijk de wisselingen hebben
veroorzaakt tussen de heldere en troebele toestand in Botshol. In hoofdstuk 5 is een
nutriëntenbalans opgesteld om inzicht te krijgen in de oorzaken van de wisselingen in
198

Samenvatting

fosfaatconcentraties en zijn relaties onderzocht met NAO. Hoofdstuk 6 vervolgt met het
modelleren van waterkwaliteitsprocessen op basis van de 14-jarige nutriëntenbalans
om te onderzoeken of de fluctuaties in neerslag en nutriëntbelasting de instabiliteit
van het ecosysteem in Botshol kunnen verklaren. Maandelijkse balansen voor water
en land zijn ontwikkeld voor water, chloride en nutriënten op basis van de actuele
weersomstandigheden gedurende 1988-2002. De waterbalans werd overheerst door de
gemiddeld hoge wegzijging van 2.5 mm dag-1. De nauwkeurigheid van deze balansen
is gecontroleerd door het vergelijken van gemeten en berekende chlorideconcentraties
in het oppervlaktewater. De fluctuaties in de fosfaatbelasting konden verklaard
worden door de jaarlijkse fluctuatie in neerslag. Resultaten van simpele en complexe
model berekeningen aan processen in het water uitgaande van de balansen waren
voldoende consistent met de metingen. Gedurende natte winters stroomde fosfaatrijk
water van land naar oppervlaktewater (runoff), resulterend in een stijging van de
fosfaatbelasting boven de hoogste kritieke belasting, en het meer switchte van helder
naar troebel. Gedurende droge winters overtrof de sterke infiltratie de neerslag en
stroomde er nauwelijks tot geen water van land naar water. De fosfaatbelasting naar
het oppervlaktewater kwam onder de laagste kritieke belasting en het ecosysteem
switchte van troebel naar helder met ondergedoken waterplanten. De range van
fosfaatbelastingen waarin twee alternatieve toestanden, helder en troebel, kunnen
voorkomen is in Botshol op basis van observaties geschat tussen 0.8 and 1.5 mg P
ha-1 dag-1. Door de hoge wegzijging en lage drainage in Botshol was de jaarlijkse
variatie in runoff en P-belasting groot. Hoofdstuk 5 en 7 leggen een verband tussen
de fluctuatie tussen de heldere en troebele toestand en de Noord Atlantische Oscillatie
index (NAO) een maat voor het gemiddelde luchtdrukverschil tussen de Azoren en
IJsland. Een positief drukverschil gaat gepaard met een karakteristiek patroon van
sterkere westenwinden. In de winters geeft dit door zeewind warmer en vochtiger
weer. Uit waarnemingen is bekend dat de Noord Atlantische index onregelmatige
fluctuaties vertoont. Deze fluctuaties noemt men de Noord Atlantische Oscillatie
(NAO). In de dataset is een significante positieve relatie is gevonden tussen de netto
neerslag en NAO. De parameters totaal-P, chlorofyl, zichtdiepte en Chara bedekking in
Botshol waren significant gecorreleerd met de som van NAO van de drie voorgaande
jaren. De analyses suggeerden dat het patroon in de tijd van NAO, neerslag en runoff
een groot deel van de geobserveerde dynamiek van fosfaat, algen, troebelheid en
ondergedoken waterplanten in Botshol kon verklaren.

Zijn ondergedoken waterplanten zelf verantwoordelijk voor instabiliteit?
De drie voorgaande hoofdstukken concentreerden zich op externe oorzaken als
verklaring voor de wisselingen tussen helder en troebel water. Hoofdstuk 8 onderzoekt
een alternatieve verklaring namelijk dat er een intern proces is dat regelmatige cycli
veroorzaakt. Een grafisch model laat zien dat cycli in theorie kunnen optreden
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wanneer ondergedoken waterplanten op korte termijn de helderheid bewerkstelligen
maar gelijktijdig op de lange termijn zorgen voor hogere nutriëntenconcentraties. Met
andere woorden aan de ene kant hebben ondergedoken waterplanten snel een positief
effect op hun eigen groei doordat ze het water helder houden maar aan de andere
kant verslechteren ze hun eigen groeiomstandigheden door een langzame interne
eutrofiering. Hoofdstuk 8 bespreekt twee mogelijke mechanismen en gebruikt simpele
modellen om te analyseren of deze mechanismen in theorie regelmatige cycli kunnen
veroorzaken. De twee mechanismen zijn: 1) verlaging van fosfaatconcentraties in de
waterkolom door waterplanten, waardoor minder fosfaat verdwijnt door uitstroming
en vervolgens leidt tot een hogere fosfaat opslag in het sediment wanneer de planten
afsterven en 2) een ophoping van organische stof in jaren met hoge bedekking
van waterplanten wat resulteert in een toegenomen zuurstofvraag en vervolgens
zuurstofloze omstandigheden waardoor fosfaat vrijkomt uit de bodem.
De modellen van beide mechanismen kunnen cyclisch gedrag produceren maar
de lengte van de cycli bij mechanisme 2: de opbouw van organische stof, lijkt meer
realistisch in vergelijking met de observaties in Botshol.

Bedekking van waterplanten door andere factoren bepaald dan soorten
samenstelling
In hoofdstuk 9 zijn met multivariate analyses de relaties onderzocht tussen diverse
omgevingsfactoren en de soortensamenstelling van de ondergedoken watervegetatie.
De voorgaande hoofdstukken toonden aan de (feedback) relaties tussen fosfaat, licht
en de totale bedekking van ondergedoken waterplanten terwijl dit hoofdstuk laat
zien dat de soortensamenstelling voornamelijk samenhangt met macro-ionen (Cl, Ca
en SO4) gehalten in het oppervlaktewater. Neerslag, ammonium en zichtdiepte waren
ook significant gerelateerd met de soortensamenstelling. Een analyse van alleen de
omgevingsvariabelen (PCA) scheidde de jaren in twee groepen: troebele jaren met
hoge neerslag en hoge fosfaatgehalte van heldere jaren met lage neerslag en lage
fosfaatgehalten. Een analyse waarin de variatie van de soortensamenstelling van
waterplanten is onderzocht in relatie tot 16 omgevingsfactoren (CCA) gaf inzicht in de
rol van omgevingsfactoren bij de veranderingen van de waterplantensamenstelling.
Bijvoorbeeld de wisseling van meest dominante soort van gebogen kransblad (Chara
connivens) naar Groot Nimfkruid (Najas marina), en de oorzaken van het volledig
verdwijnen van bronmos (Fontinalis antipyretica).

Synthese
Het is niet eenvoudig om de primaire oorzaak van de waargenomen wisseling tussen
de heldere en plantenrijke toestand en troebele en plantenarme toestand aan te
wijzen. Bijvoorbeeld jaren met hoge NAO en hoge neerslag verhogen de runoff maar
verlagen in principe ook de chloride concentratie en daardoor de gehalten van fosfaat
200

Samenvatting

in dit water. Dit is echter niet in de analyses van hoofdstuk 5, 6 en 7 meegenomen
omdat de effecten van de kleine gemeten chloride variaties op basis van onze kennis
niet goed kon worden ingeschat. Er is een contradictie tussen de stabiliteit van de
ondergedoken waterplantenvegetatie in Botshol in de periode 1940-1965 en de
instabiliteit in de herstelde meren gedurende 1988-2002 na het terugdraaien van de
eutrofiering in 1988 en dit lijkt de hypotheses uit hoofdstuk 5, 6 en 7 uit te sluiten.
Maar de klimatologische en landschappelijke veranderingen op de lange termijn
hebben waarschijnlijk de fosfaatbelasting door runoff vergroot. Als gevolg van de
globale klimaatveranderingen is in West-Europa gedurende de afgelopen honderd
jaar de temperatuur en de neerslag toegenomen. NAO van de afgelopen 30 jaar
vertoont een trend naar meer positieve waarden, hetgeen leidt tot een toename
in neerslag. Gedurende de eerste helft van de 20e eeuw bleef de fosfaatbelasting
vermoedelijk beneden de hoogste kritische grens en de ondergedoken vegetatie was
stabiel. Gedurende de tweede helft van die eeuw nam de eutrofiering en de neerslag
toe en was er een omslag van helder naar troebel water, van een dichtbegroeide
naar een schaars begroeide vegetatie. De reductie van fosfaatbelasting in 1988 heeft
de kansen op goede groeiomstandigheden voor de bentische waterflora verbeterd
doordat in droge jaren de fosfaatbelasting beneden de laagste kritische belasting voor
de heldere toestand komt. Fosfaattoevoer door watervogels verhoogde de basis-Pbelasting, waardoor het lastiger is om onder die drempel te blijven of te komen. Wat
betreft de hypothese dat intrinsieke processen een rol (hoofdstuk 8) hebben gespeeld,
de negatieve invloed van accumulatie van planten materiaal is waarschijnlijk
toegenomen sinds de hydrologische isolatie van Botshol in 1988. Zelfs met zo’n lange
dataset is het moeilijk om onderscheid te maken tussen deze twee hypotheses. Het
jaarlijkse netto neerslag patroon vertoont gedurende 1988-2002 een cyclus van 6-7
jaar, die gelijk is aan de intrinsieke cyclus van accumulatie van plantenmateriaal. In
realiteit spelen waarschijnlijk beide processen een rol in de waargenomen fluctuaties
van de ondergedoken waterplanten. De drempel voor externe fosfaatbelasting om
helder water te behouden lijkt in Botshol tussen 0.8 en 1.5 mg P m-2 dag-1 te liggen.
Waarschijnlijk is de hoogte van de drempel om helder water te behouden mede
afhankelijk van de bedekking met ondergedoken waterplanten in de afgelopen jaren.
Grote hoeveelheden afbrekend plantenmateriaal verlagen deze drempel, doordat de
planten zelf ook bijdragen aan de P belasting. Hoge NAO en hoge neerslag, grote
hoeveelheden afbrekend plantenmateriaal en de toename van watervogels hebben
allen bijgedragen aan regelmatige stijgingen van de fosfaatbelasting boven de
drempelwaarde om helder water te behouden.

Consequenties voor water management
In reactie op het vernatten van het klimaat concentreert het waterbeheer in Nederland
zich meer op het vinden van mogelijke waterbergingsgebieden dan op effecten van
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toegenomen neerslag op de waterkwaliteit. Hoewel in Botshol duidelijk specifieke
omstandigheden gelden laat dit proefschrift zien dat extreme klimatologische
condities sommige ecosystemen kunnen doen kantelen naar de alternatieve toestand:
van troebel naar helder of andersom. Een belangrijke consequentie is dat we
misschien voorspelde klimatologische extremen in ons voordeel kunnen gebruiken
om ecosystemen te doen omslaan van een gedegradeerde staat naar een gewenste
staat. Restauratie projecten van ondiepe meren hebben laten zien dat een dergelijke
omslag in principe bereikt kan worden door het verwijderen van witvis. Echter veel
van deze biomanipulatie experimenten hebben gefaald doordat de visdichtheden
niet voldoende verlaagd werden of doordat de nutrientbelasting te hoog bleef.
De resultaten van dit proefschrift suggereren dat de weerstand van alternatieve
toestanden mede afhankelijk is van variatie in fosfaatbelasting als gevolg van
klimatologische omstandigheden. Zelfs als dit effect niet voldoende is om een meer
te doen omslaan zoals in de casus Botshol, suggereert het wel dat in sommige jaren
een lage restauratie inspanning het evenwicht wel doet kantelen maar in andere jaren
zelfs een intensieve restauratie poging niet voldoende is voor herstel.
De ecologische doelen van oppervlaktewater en terrestrische gebieden kunnen
conflicterend zijn. Om de invloed van zure regen te verminderen is het bijvoorbeeld
noodzakelijk om de drainage te vergroten terwijl het voor een helder plantenrijk
water juist nodig is om zoveel mogelijk neerslag water vast te houden op land om de
fosfaat rijke runoff te zo laag mogelijk te houden.
Dit proefschrift geeft een nieuw inzicht over de invloed van infiltratie en kwel op
de waterkwaliteit. In het algemeen wordt infiltratie beschouwd als een negatieve
factor op de waterkwaliteit. In gebieden die naast diepe polders liggen moet
(Rijn)water met een slechte kwaliteit worden ingelaten om het peil te handhaven.
Dit proefschrift laat de positieve kant zien omdat een hoge wegzijging de runoff en
daarmee de fosfaatbelasting vermindert met name in aquatische ecosystemen met
relatief veel land. Het moet worden benadrukt dat herstel van grondwaterstromen
niet automatisch leidt tot het terugkrijgen van de gewenste ecologie en dat voor en
nadelen voor land en water integraal moeten worden beschouwd.
Als gevolg van de Europese KaderRichtlijn Water (KRW) ontwikkelen waterbeheerders
in Europa ecologische doelen voor waterlichamen en ze formuleren maatregelen om
die doelen te bereiken. De minimale eisen van KRW is om het behaalde ecologische
niveau van een waterlichaam een keer per zes jaar te beoordelen. Dit proefschrift
laat zien dat een meting per 6 jaar het gevaar kan inhouden dat ten onrechte een
systeem als slecht wordt beoordeeld door mogelijke lang-jarige fluctuaties tussen
helder en troebel water. Het is essentieel om een gedegen systeemanalyse naar het
functioneren van het waterlichaam uit te voeren, zodat duidelijk is welk ecologisch
doel haalbaar is in een waterlichaam en welke maatregelen efficiënt zijn. Het is
daarvoor noodzakelijk om meer dan alleen de verplichte abiotische en biotische
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parameters: vegetatie, fytoplankton, vis en macrofauna te meten. Tevens is het nodig
om de huidige fosfaatbelasting en de kritische grenzen van de fosfaatbelasting voor
de omslagpunten van troebel naar helder vast te stellen. De voorgestelde fasering van
het uitvoeren van maatregelen voor het behalen van KRW doelen in 2015, 2021 en
2027 houdt geen rekening met fluctuaties in het klimaat die kunnen helpen met het
behalen van het ecologische doel of juist frustreren.
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Als je op deze pagina bent geraakt door alle voorgaande te lezen zul je begrijpen
dat ik ze onmogelijk allemaal heb kunnen schrijven zonder de hulp en inspiratie
van anderen. Omdat er maar een naam op de omslag van dit proefschrift staat, kan
het vermoeden ontstaan dat dit het werk is geweest van slechts één persoon. Dit is
onjuist! De combinatie van kennis en ideeën van een groot aantal mensen heeft tot dit
proefschrift geleid en die mensen ben ik dank verschuldigd. In de eerste plaats mijn
promotor Marten Scheffer en copromotors Egbert van Nes en Boudewijn Beltman.
Marten toen ik jou in 2002 belde vanuit Chapel Hill, North Carolina hoefde je niet
lang na te denken over de vraag of je mijn promotor op afstand wilde zijn. Vooral het
laatste jaar was de samenwerking zeer motiverend. Alle drie bedankt voor de morele
steun en het zorgvuldig lezen en becommentariëren van mijn proefschrift. Door de
vele krabbels in de kantlijn en de discussies die we hadden, is dit proefschrift een stuk
leesbaarder en vollediger geworden.
Maarten Ouboter, jij bent medeauteur van vier hoofdstukken. Alleen daardoor
is het al duidelijk dat jouw bijdrage aan dit proefschrift zeer groot is. Sinds 1995
werken we samen aan het ontrafelen van het raadsel van de fluctuaties in Botshol.
Eerst werkte jij bij WL Delft-hydraulics en ik bij DWR. En nu ik terug ben uit USA
samen als gewaardeerde collega’s bij Waternet. Bedankt voor je enthousiasme en de
inspirerende samenwerking. Ik verheug me al op ons volgende project.
De promotiecommissie dank ik voor het lezen en beoordelen van dit proefschrift.
Ellen van Donk gaf mij in 1987 bij de provincie Utrecht de vrijheid om een uitgebreid
onderzoek op te zetten in Botshol om de effecten van de reductie van de externe
fosfaatbelasting te bestuderen. Hiervan pluk ik nu de vruchten. Alhoewel ik toen nog
niet wist dat ik dit onderzoek zou opschrijven in een proefschrift, maar misschien
wist jij dat toen al wel. Ik ben blij dat je deel uit maakt van mijn promotiecommissie.
Bedankt voor je inspirerende ambitie en motiverende gesprekken. Edwin Peeters
en Peter Schippers van de vakgroep Aquatische ecologie en waterkwaliteitsbeheer
bedankt voor de interesse en samenwerking. Alko Bolding jij zag me vertrekken naar
North Carolina en bood me ook weer een plek om terug te keren bij DWR. Daar ben
ik je dankbaar voor. Naar mijn mening is er geen mooier gebied in Nederland om aan
waterbeheer te werken.
In dit proefschrift zijn heel veel chemische en biologische metingen verwerkt die
gedurende 16 jaar zijn verzameld en geanalyseerd. Ik wil de medewerkers van het
laboratorium van Provincie Utrecht (1987-1997), DWR (1997-2005) en waterproef
(2005-2006) bedanken voor de bemonstering en nauwkeurige chemische analyses, ik
wil met name noemen Wil Leurs, Marjolein, Willy van de Berg, Angelique Schilder.
Wil Leurs bedankt dat je me zelfs in USA op de hoogte hield hoe helder of troebel
Botshol was. Soms voelde het alsof ik zelf even in Botshol was geweest zo snel was ik
op de hoogte, terwijl er een grote plas water tussen ons in lag. Willy en Marjolein jullie
maakten het mogelijk om ook de hele lage fosfaatconcentraties te meten, petje af, ik
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heb nog geen laboratorium tegengekomen die dit zo goed kan. Als het herstel van de
aquatische ecosystemen in Nederland zo door gaat is dat echter wel noodzakelijk.
Ook de mensen van informatiemanagement van DWR en waternet wil ik bedanken
voor het opsturen van gegevens naar USA, ik dank met name Jeanette de Groot en
Kirsten Vendrig. En natuurlijk ook dank aan Emile Nat, Jeroen Huls, Marieke Ohm,
Remco Daalder en Jan Simons voor de jaarlijkse nauwkeurige karteringen van de
onderwatervegetatie die een basis vormen van dit proefschrift. De Vereniging tot
Behoud van Natuurmonumenten wil ik bedanken voor de toestemming om met
zoveel verschillende mensen onderzoek te mogen doen in dit bijzondere natuurgebied.
Zelfs tijdens het broedseizoen mochten we dit bijzondere gebied betreden. Sytze de
Vries en Henk Vonk Noordegraaf wil ik met name bedanken voor hun interesse en
assistentie bij de bemonstering. Verder dank aan de mensen van de OVB, WL delft
hydraulics, AquaSense, Altenburg & Wymenga en TU-Delft.
Mijn directe collega’s van diverse afdelingen waar ik tijdens mijn loopbaan
in het waterbeheer heb gewerkt waren zeker niet onbelangrijk, bureau
Oppervlaktewaterkwaliteit bij de Provincie Utrecht, Afdeling watersystemen en
Landelijk Gebied bij DWR en nu sinds kort afdeling Planvorming bij Waternet. Zij
zorgden voor gezelligheid en “sparring” momenten. Ik wil hier met name noemen
degene die betrokken waren bij het onderzoek in Botshol: Piet van Iersel, Klaas
Everards, Rianne Houwers, Peter Heuts, Nico Rawee, Marien de Ruiter en Kirsty
Blatter.
Als laatste sluit ik de cirkel door die personen te bedanken die de basis vormen van
mijn leven: mijn naaste familie en vrienden. Bea Persoon, lieve vriendin, bedankt
voor je support en je vanzelfsprekende gastvrijheid tijdens de logeerpartijen als ik
Nederland bezocht vanuit North Carolina om aan mijn proefschrift te werken. Ik ben
blij dat jij vandaag naast me staat als paranimf. Sasi The, jij bent al ruim 40 jaar een
hele goede en lieve vriendin. Leo, jij hebt me vooral geholpen als er weer van alles
mis ging met digitale dingen waar ik geen enkel verstand van wil hebben, dankzij
jou heeft mijn proefschrift drie computercrashes overleefd. Verder zorgde je ervoor
dat het huishouden door liep als ik weer eens in het weekend aan mijn proefschrift
werkte. Mijn drie lieve kinderen, Maaike, Jelle en Iris, bedankt voor jullie liefde en
steun. Ooit hoop ik dat jullie begrijpen dat er (helaas?) moeders zijn die ambities
hebben die tijdelijk niet helemaal verenigbaar zijn met het perfecte moederschap.
Pa, jij leefde nog toen ik aan dit avontuur begon en je wilde zo graag deze dag nog
meemaken. Helaas kostte het me meer tijd dan ik dacht en die jaren had jij helaas niet
meer. Mama, ik vind het erg jammer dat je deze dag niet mee kan maken, maar ik
weet zeker dat je heel trots op me zou zijn.
Verder iedereen bedankt die op welke manier dan ook een bijdrage heeft geleverd
aan dit proefschrift en die ik vergeten ben om hier te noemen.
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Al tijdens haar jeugd was Winnie (25 januari 1962, Rotterdam) gefascineerd door het
waterleven. Ze zwierf rond in de grienden van de Oude Maas. Menig uurtje viste ze
met haar netje in het water om te ontdekken wat er zich allemaal afspeelde onder het
wateroppervlak. Haar enthousiasme was zo groot dat ze zelfs haar jeugdvriendin Sasi,
die gruwelde van al die kleine beestjes, kon overhalen om mee te doen. Na het behalen
van haar VWO diploma aan de Blaise Pascal in Spijkenisse is zij in 1980 begonnen
aan haar biologie studie aan de Universiteit van Leiden. De doctoraal studie (oude
stijl) bestond uit het hoofdvak: Milieubiologie onder leiding van dr. Arco van Strien
met als onderwerp: Onderzoek naar de effecten van diverse agrarische activitieten,
in het bijzonder frequentie van slootschoning op de oevervegetatie van sloten. Een
eerste bijvak Aquatische ecologie onder leiding van Prof. Dr. Joop Ringelberg met als
onderwerp: Onderzoek naar de groeifactoren van de goudalg Dinobryon divergens in
de Grote Maarseveense Plas. Een tweede bijvak: bioinformatica onder leiding van drs.
Hans Los and drs. Eke van Batenburg met als onderwerp: Ecologische modellering
van het onderwater licht klimaat. De studie werd in 1986 afgesloten (met lof). Van
januari 1987 tot december 1996 was zij werkzaam in het waterkwaliteitsbeheer bij
de Provincie Utrecht. Zij was projectleider van diverse projecten betreffende het
waterbeheer zoals de restauratie in Botshol en de restauratie van de Vinkeveense
Plassen, ontwikkeling van een ecologische verbinding tussen de Vinkeveense
Plassen en de Nieuwkoopse Plassen. In januari 1997 werd het waterkwaliteits- en
waterkwantiteitsbeheer samengevoegd en ontstond het Hoogheemraad Amstel,
Gooi en Vecht. Van januari 1997 tot februari 2001 was Winnie werkzaam bij DWR,
een uitvoerend orgaan van dit nieuwe integrale waterschap. In maart 2001 verhuisde
zij met haar gezin naar North Carolina in the USA, in verband met een internationale
assignment van haar man Leo Melchers. Zij begon in mei 2002 aan het onderliggende
proefschrift. In augustus 2004 verhuisde het gezin terug naar Naarden-Bussum in
Nederland en zij voltooide dit proefschrift en vervolgde haar werkzaamheden bij
DWR/Waternet. Zij werkt nu aan het watergebiedsplan Zuidelijke Vechtplassen een
integraal gebiedsgericht waterbeheer project wat moet leiden tot peilbesluiten voor
vijf polders en ecologische doelstellingen en herstelmaatregelen voor het Loosdrechtse
Plassengebied en Noorderpark in het kader van de Europese Kaderrichtlijn Water.
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Het in dit proefschrift beschreven onderzoek werd uitgevoerd aan Provincie Utrecht,
DWR en Waternet. Publicatie van dit proefschrift werd mede gefinancieerd door
Waternet.
The research described in this thesis was mainly conducted at Province Utrecht, DWR
and Waternet. Publication of this thesis was co-financed by Waternet.
The cover of this thesis and figures 1.5 and 10.4 by Albert-Jan Perier.
Photo’s on pages 107 and 153 by Wil Leurs.
Photo on page 135 and figure 10.3 by Adri van Beem (Landelijk Informatiecentrum
voor Kranswieren)
Photo on page 115 from forum.mikroscopia.com
Photo's on pages 7, 19, 41, 55, 91 by Winnie Rip
Adres van de auteur: Waternet, Postbus 94370, 1090GJ Amsterdam, the Netherlands.
E-mail: winnie.rip@waternet.nl
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