Littoral zones in shallow lakes
Contribution to water quality in relation to water level regime

Sollie, Susan (2007) Littoral zones in shallow lakes. Contribution to water quality in relation
to water level regime. PhD thesis, Utrecht University, Faculty of Science. 144 pp.
Keywords: Littoral zone, shallow lake, nutrient retention, water quality, Phragmites
australis, water level management.
ISBN 978-90-393-4608-2
Printing: Gildeprint Drukkerijen BV Enschede
Cover design and layout: S. Sollie
©2007 S. Sollie
Utrecht University
Faculty of Science
Institute of Environmental Biology
Landscape Ecology

http://www.bio.uu.nl/LandscapeEcology

The research presented in this thesis was financially supported by the Institute for Inland
Water Management and Waste Water Treatment RIZA, Lelystad, The Netherlands.
Financial support from Utrecht University for printing of this thesis is gratefully
acknowledged.

Cover: cylinder experiment in Lake Volkerak littoral zone.

Littoral zones in shallow lakes
Contribution to water quality in relation to water level regime

Littorale zones in ondiepe meren
Bijdrage aan waterkwaliteit in relatie tot waterpeilbeheer
(met een samenvatting in het Nederlands)

Proefschrift

ter verkrijging van de graad van doctor aan de Universiteit Utrecht op gezag van rector
magnificus, prof. dr. W.H. Gispen, ingevolge het besluit van het college voor promoties
in het openbaar te verdedigen op woensdag 5 september 2007 des ochtends te 10.30 uur

door

Susan Sollie

geboren op 8 september 1977 te Bilthoven

Promotor:
Prof. dr. J.T.A. Verhoeven
Co-promotoren: Dr. H. Coops
Dr. R. Bobbink

Contents
1

General introduction

9

2

Natural and constructed littoral zones as nutrient traps in eutrophicated
shallow lakes

17

3

Effects of water level regime on growth and nutrient retention capacity of
Phragmites australis stands

35

4

Nutrient cycling and retention along a littoral gradient in a Dutch shallow
lake in relation to water level regime

53

5

The contribution of marsh zones to water quality in shallow lakes - a
modelling study

71

6

Water quality improved by littoral zones and water level regime? A
synthesis

91

References

105

Summary

119

Nederlandse samenvatting

125

Dankwoord

133

Curriculum Vitae

137

7

Chapter 1
General introduction

Introduction
The great majority of shallow lakes in the temperate zone have a history of severe
eutrophication (Scheffer, 1998; Gulati and Van Donk, 2002; Smith, 2003). Although water
quality in European shallow lakes has improved considerably over the last decades, it is still
far from standards of a good water quality. In shallow lakes with low nutrient
concentrations, aquatic macrophyte coverage is usually high. Zooplankton is protected
against fish predation and contributes significantly to the control of phytoplankton biomass
(Scheffer, 1998). When nutrient loading increases, biomass of the macrophytes will
increase initially, but further eutrophication often leads to excessive phytoplankton blooms
(Dobson and Frid, 1998; Scheffer, 2001; Smith, 2003). This results in increased turbidity,
loss of submerged macrophytes due to light limitation, low dissolved oxygen, production of
organic matter and toxic gases (H2S, ammonia) and growth of toxic cyanobacteria (Scheffer,
1998).
It is obvious that measures have to be conceived, tested and implemented to reduce
nutrient concentrations in lake surface water. Littoral zones might play an important role
in managing water quality. The restoration and expansion of littoral zones is one of the
measures under consideration. In this context, this study aims at a good understanding of
plant growth and nutrient cycling in littoral zones and the interaction with loading rate and
water level regime.
Shallow lakes and littoral zones
Shallow lakes are characterized by frequent mixing of the entire water column without
stratification for long periods in summer. According to the definition of Scheffer (1998) the
average depth of shallow lakes is around 3 meters, but their surface area may range from
less than a hectare to over 100 km2. In contrast to deep lakes, shallow lakes have more
favourable conditions for macrophyte colonization, since light availability at soil surface is
higher (Scheffer, 1998).
Littoral zones of shallow lakes are defined as the zone where emergent vegetation is
9
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able to grow. In this thesis, the research of processes in the vegetation is focussed on
Phragmites australis (Common Reed), since this is a common species in Dutch lakes. The
open water section of a lake can be covered with submerged macrophytes or may not have
any vegetation. Within the littoral zone various subzones can be distinguished according to
different hydrological characteristics. Surface water has the least influence on the landward
side of the littoral zone. Only occasionally this zone is flooded with lake water. In the zone
within the amplitude of the seasonal water level fluctuations, the soil is alternately flooded
and drained depending on the water level and wind and wave action. At the lower end of
the gradient, the soil is flooded year-round.
The vegetation coverage mainly depends on light availability, which is in turn
influenced by phytoplankton growth, resuspension of sediment (Scheffer, 1998), and water
depth (Smith, 1968). Emergent helophytes are characteristic for the transition zone from
water to land (Gopal, 1990) and mainly grow in narrow to very extensive zones along the
lake shore, depending on shore morphometry. Expansion in deeper water hardly occurs
(Weisner and Ekstam, 1993). Grazing by geese (Hayball and Pearce, 2004) and wave action
(Coops et al., 1994) may also be prohibitive in the forming of wide helophyte zones. In
general, helophyte seeds are unable to germinate under water (Weisner and Ekstam, 1993)
and in those situations the colonisation by vegetation depends on vegetative expansion.
Littoral zone functions and services
Littoral wetlands along lake shores are important because they provide many production
services, regulation services and cultural services (Costanza et al., 1997; Hein et al., 2006;
Schmieder, 2004; Findlay et al., 2002). As these wetlands and their services can hardly be
replaced (Hueting et al., 1998), conservation of existing littoral zones has a high priority.
The flora in the vegetated parts of a lake can be very diverse (Junk et al., 2006). Littoral
zones are also important for fauna, like macroinvertebrates (Jayawardana et al., 2006), fish
(Okun and Mehner, 2005), geese (Van den Wyngaert et al., 2003), bitterns (Gilbert et al.,
2005), warblers and swans (Badzinski et al., 2006).
Other functions of littoral wetlands involve physical and chemical processes.
Vegetation in the littoral zone reduces erosion caused by wave action (Ostendorp et al.,
1995), traps nutrients by sediment deposition (Johnston et al., 1984) and plant uptake
(Jansson et al., 1998; Coveney et al., 2002) and reduces sediment resuspension (James et al.,
2004). The nutrients may be permanently stored when organic matter accumulates in the
shallow shore zone (Bai et al., 2005).
Water Framework Directive
The EU Water Framework Directive was launched in 2000 and requires all EU inland and
coastal water to reach a good ecological status (GES) in 2015 (European Union, 2000). The
EU-WFD introduces a general requirement for ecological protection, and a general
minimum chemical standard, for all surface waters. Conditions in European freshwater
bodies should fulfill the requirements of "good ecological status" and "good chemical status".
Good ecological status is defined in terms of the quality of the biological community of
water bodies within river catchments. As no absolute standards for biological quality can be
set because of ecological variability, the reference conditions are specified as closely as
10
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possible to what would be expected in conditions of minimal anthropogenic impact. Good
chemical status is defined in terms of compliance with all the quality standards established
for chemical substances at European level. Other uses or objectives for which water is
protected (e.g. drinking water, shellfish production) apply in specific areas, but not
everywhere. The way to incorporate them is to designate specific protection zones within
the lake basin which must meet these different objectives. Finally, there is a set of uses
which adversely affect the status of water bodies, but which are considered essential on
their own terms. They are overriding policy objectives, like flood protection and essential
drinking water supply.
EU countries are working on the implementation of the WFD. Most of the Dutch
water bodies will be characterized as 'heavily modified' or 'artificial'. The WFD requires the
assessment of the ecological status of lakes on basis of four 'biological quality elements':
macrophytes, phytoplankton, macroinvertebrates, and fish. To achieve a good ecological
status, for every water body cost-effective measures should be formulated, like a more
natural water level management. This management would have a strong impact on the
sediment and nutrient fluxes, mainly through the development of vegetation (Coops and
Hosper, 2002). However, the feasibility of a more natural water level regime strongly
depends on local circumstances, like risks of flood damage, decreased navigability and of
socio-economic restrictions. Managers should therefore consider a more or less natural
water level regime within permissible limits. BOVAR-IIVR (2001) proposed a more natural
water level regime with higher water levels in winter than in summer and drained zones
during the growing season, to stimulate helophyte germination (Weisner and Ekstam,
1993). With this water level regime a more gradual transition between water to land will
be formed, enhancing ecotype and species diversity. However, because of the highly
changed shore morphometry in the Netherlands, mainly existing of steep slopes, water level
regime by itself will not result in wide helophyte zones. Morphological adaptation of lake
shores will enhance the effect of a more natural water level regime (Coops et al., 2004b).
Nutrient retention and removal
Retention processes in littoral zone may reduce eutrophication problems in a lake. Several
of these processes will be explained briefly below.

Vegetation
Helophyte stands naturally present as littoral zones along the shores of shallow lakes are
often mentioned as diminishing nutrient concentrations in the lake water (Bratli et al.,
1999; Saunders and Kalff, 2001a; Coveney et al., 2002). Because of this ability, constructed
wetlands have been used all over the world for wastewater treatment (Vymazal, 2005;
Tanner et al., 1999; Verhoeven and Meuleman, 1999; Meuleman et al., 2002; Toet et al.,
2005). These wetlands are used to remove a wide range of pollutants, like organic
compounds, suspended solids, human pathogens, nitrogen, phosphorus and metals. The
removal efficiency of N and P is highly dependent on hydraulic load, nutrient load
(Saunders and Kalff, 2001a), water retention time (Jing et al., 2002; Busnardo et al., 1992)
and wetland design. The advantage of constructed wetlands over natural wetlands is that
mentioned factors can be managed to optimize nutrient retention.
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Denitrification
Denitrification is a decomposition process in which organic matter is broken down with
nitrate as an electron acceptor. Nitrate is reduced through nitrite, nitrogen oxide and
nitrous oxide, ending with gaseous N2 (Reddy and Patrick, 1984; Tiedje, 1988). Factors
found to be correlated with denitrification rate are, for example, nitrate concentration
(Davidsson and Leonardson, 1998; Hasegawa and Okino, 2004), temperature (Pribyl et al.,
2005) and organic matter content (Saunders and Kalff, 2001b). The source of nitrate can be
bacterial nitrification of ammonium or the inflow of nitrate from outside. For example, in
a littoral zone, nitrate may be supplied continuously by inflowing surface water or from
runoff from the agricultural environment (Köhler et al., 2005). Denitrification rate will be
increased when nitrification and denitrification occur simultaneously (Patrick en Delaune,
1977; Scheffer, 1998). This requires both aerobic and anaerobic conditions, which can be
created by alternations of flooding events and periods of drawdown. The absence of
drawdown, however, does not necessarily inhibit nitrification. In flooded soils, often an
aerobic layer is present depending on the rate of oxygen transport between water and
sediment, the population of oxygen consuming organisms, the population of oxygen
producing algae and the mixing of soil and water by water flow and wind (Mitsch en
Gosselink, 2000b). Furthermore, helophytes are known to transport oxygen into the soil by
root aeration (Matsui and Tsuchiya, 2006; Gries et al., 1990).
Decomposition
Decomposition is the process in which organic material is decomposed to inorganic
nitrogen and phosphorus (Mitsch and Gosselink, 2000b). Factors influencing decomposition
rate include temperature (Kirschbaum, 2006), oxygen availability (Asaeda et al., 2002),
nitrate availability and organic matter content (Santruckova et al., 2001). Littoral zones are
thought to retain significant amounts of nutrients in the organic layer (Larmola et al., 2006;
Asaeda et al., 2002). Input of organic matter from dying helophytes is high (Bai et al., 2005;
Gessner et al., 1996) and decomposition rate in the flooded parts is relatively low (Asaeda
et al., 2002). Thus, the rate of decomposition is important for the nutrient retention
capacity of a littoral zone.
P adsorption
The phosphorus concentration in the pore water mainly depends on the adsorption of P to
the soil. Phosphorus removed from the water via adsorption to Fe3+ may be released later
under anaerobic conditions after reduction to Fe2+. Sediment type (King, 1985), presence of
Al3+ and Fe2+ (Richardson, 1985) and redox potential (Ann et al., 2000; Savant and Ellis,
1964) influence the phosphorus absorption capacity of the soil.
Eutrophication history: two examples

Lake IJsselmeer
The IJsselmeer area is situated in the center of the Netherlands (52°45'N 5°25'E) and consists
of the large lake IJsselmeer and several smaller lakes ('Randmeren'), together covering
approximately 2000 km2. In these lakes average depths range from 1.5 to 4.5 m. The lakes
are connected to each other by open canals or via sluices (Lammens, 1999). The area has
been a freshwater system since in 1932 the Afsluitdijk closed the IJsselmeer area off from
12
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Figure 1. P and N load (g m-22 y-11) in Lake IJselmeer and Lake Veluwemeer over 30 years (personal communication
E. Lammens, D. van de Molen and R. Rijsdijk (Insitute for Inland Water Management and Waste Water
Treatment)).

the sea. Inflow of water into the lakes is mainly from the river Rhine/IJssel. In 1950-1960
the nutrient input from this river was extremely high, resulting in algal blooms with toxic
layers of cyanobacteria and a turbid state. In Figure 1 the N and P load in the IJsselmeer and
one of the Randmeren (Veluwemeer) during 30 years is shown. Although phosphate input
has halved since 1985, at present in the IJsselmeer Secchi depth still is only 0.5 m
(Lammens, 1999).
Because of economic and safety reasons, a substantial part of the shoreline is diked
and has a steep slope. The water regime is strongly regulated, with target water levels 20 cm
higher in summer than in winter. The water regime is primarily designed to reduce the
risks of flooding of low-lying adjacent areas. This water regime also accommodates
recreation, water supply for agriculture, and navigation (Gulati and Van Donk, 2002). The
water level regime, together with the morphometry of the shoreline has resulted in a
significant reduction of littoral vegetation. The lack of naturally fluctuating water levels
(Lammens, 1999) and the high summer water levels (Coops et al., 2004b) prevent the
development of wide zones of emergent vegetation.
Several wetland creation projects have been carried out along the lakeshores of the
IJsselmeer area and various others are in a planning stage (www.rijkswaterstaat.nl). These
projects encompass the deposition of sediment to decrease the water depth to a level at
which helophytes may colonize or be planted. In total 3000 ha of 'new' nature have been
and will be created between 2000 and 2010 (www.rijkswaterstaat.nl).

Lake Volkerak
Lake Volkerak (51°38'N 4°17'E) is a freshwater lake in the southwestern part of the
Netherlands. In 1987 the Krammer-Volkerak estuary was closed off from the North Sea,
turning it from a brackish estuary into a freshwater lake (Schutten at al., 1994). The Lake
Volkerak area is 4570 ha with an average water depth of 5.1 m and a maximum of 20 m.
The water surface is kept at a constant level and is regulated by several sluices. The first few
13
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years the lake was clear, despite high P loading. The light availability decreased from 1991
due to blooms of cyanobacteria (Breukers et al., 1997). At the same time, zooplankton
disappeared in combination with a high recruitment of fish. Nutrient loading remained
high and water quality did not improve, although submerged macrophyte coverage was
22% in 1991 (Schutten at al., 1994). Since 1994 a serious cyanobacteria problem has
persisted, because of the excess of nutrients entering the lake via the rivers Mark, Dintel,
Meuse and Rhine through the Hollands Diep. The banks of Lake Volkerak became much
steeper after the closure, because mudflats and shallow shore zones have been eroded as a
result of the regulated, constant water level. Together with grazing (both birds and cattle)
this has largely prevented the growth of helophytes along the shores of the lake.
Objectives
The goal of this research is to investigate the influence of different water level regimes on
the importance of littoral zones in enhancing water quality, to evaluate how large an area
of littoral zones would be needed for a significant contribution to the water quality and to
compare constructed littoral zones with natural zones for water quality improvement. In
this way, recommendations can be formulated for lake management. To achieve this, the
following research questions are addressed:
1.
Do constructed littoral zones perform similarly to natural zones with respect to
nutrient retention?
2.
What is the effect of water level regime on the nutrient uptake and growth of
littoral vegetation and on the biogeochemical processes denitrification and
decomposition?
3.
Are vegetated littoral zones able to reduce surface water nutrient concentrations
significantly at a whole lake scale?
Thesis outline
The study described in this thesis encompasses a combination of field measurements, field
and greenhouse experiments and modeling. First, the relevant processes were measured in
the field as well as nutrient concentrations in soil, water and vegetation. These data were
used to set up two experiments in which a number of relevant processes and parameters
were investigated in detail under different treatments. Finally, modeling was used to scale
up the effect of littoral zones on nutrient concentrations in the water to the scale of a whole
lake.
This PhD thesis consists of 6 chapters concerning the functioning of littoral zones
with respect to water quality. Chapter 2 describes a field study of the nutrient related
characteristics of water, soil and vegetation status of both natural and constructed littoral
zones in the IJsselmeer, The Netherlands. Comparisons between the two types of littoral
zones were made with the aim to find out whether recently constructed zones are
functioning in a way similar to natural zones. Nitrogen and phosphorus accumulation rates
were calculated as well as the amount of nutrients stored in the aboveground vegetation. In
chapter 3 a mesocosm experiment is described. This experiment answers research questions
concerning the effect of water level regime on growth of Phragmites australis,
denitrification and decomposition rates, and consequences for the nutrient retention by
14
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littoral vegetation. Chapter 4 focuses on the different zones in the littoral area parallel to
the lake shore by describing the results of a field experiment in Lake Volkerak, The
Netherlands. Comparisons are made of water quality, vegetation biomass and
denitrification rate between three different zones. The results are discussed in the context
of the importance of the position along the littoral gradient for nutrient retention and water
quality enhancement. In chapter 5 a shallow lake model (PCLake) is used to calculate the
effects of open water/marsh ratio, external nutrient loading and water exchange on water
quality at a large scale. Furthermore, the contribution of different nutrient removal fluxes
on water quality enhancement was investigated. Finally, chapter 6 synthesizes the main
results of the previous chapters and evaluates the importance of water level regime and
littoral zones for water quality. In addition, recommendations for lake management and
further research are described.
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Natural and constructed littoral zones as nutrient
traps in eutrophicated shallow lakes
Susan Sollie, Hugo Coops and Jos T.A. Verhoeven

Abstract
It is generally known that the water quality of shallow lakes can be influenced significantly
by marginal wetlands. To study the efficacy of constructed littoral wetlands in the
IJsselmeer area (The Netherlands) for water quality improvement, a field survey was carried
out in 2003. Vegetation, soil, pore water and surface water characteristics were measured
in spring and summer in two types of littoral zones: natural and constructed (about 10 years
ago).
The study showed that constructed wetlands are suitable to enlarge the vegetated
littoral zone in the IJsselmeer area. In both natural and constructed sites vegetation biomass
varied between 2200 g m-2 for helophyte vegetation and 1300 g m-2 for low herbaceous
vegetation. Nutrient concentrations in the pore water of constructed sites tended to be
higher than in natural sites. PO43- and NH4+ concentrations in pore water were much lower
when vegetation was present, probably owing to plant uptake. The N and P accumulation
rate in the soil of constructed wetlands was 40 g N m-2 y-1 and 6 g P m-2 y-1 in vegetated
plots; without vegetation the rate was much lower (16 g N m-2 y-1 and 3.6 g P m-2 y-1). It
is concluded that concerning their effect on water quality constructed sites may replace
natural sites, at least after 8-16 years.
Principal Component Analysis showed a relationship between vegetation biomass
and flooding, and nutrient concentrations in soil and pore water. Biomass was negatively
correlated with extractable nutrients and positively with soil total N and P content.
Flooding duration was negatively related to pore water salinity and positively to pore water
nutrients. Because of their high biomass, helophyte stands retained significantly more
nutrients than low pioneer vegetation and are therefore more suitable for improving water
quality.
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Introduction
The great majority of shallow lakes in the temperate zone have had a history of serious
eutrophication as a result of high nutrient loading. Although water quality in European
shallow lakes has improved considerably over the last decades, it is still far from standards
of a good ecological quality (Smith, 2003). High amounts of nutrients enter lakes and cause
eutrophication phenomena, including cyanobacterial blooms (Scheffer, 2001). The
prospects for further reduction of nutrient loading are often limited, also because
reductions of the external loading are often compensated by internal loading, without much
change of the lake water quality (Gulati and Van Donk, 2002; Søndergaard et al., 2003).
Therefore, internal management may be required to improve the nutrient status of lakes.
Various studies have indicated that the water quality of shallow lakes can be improved by
the construction of marginal wetlands and a suitable water level regime (Verhoeven and
Meuleman, 1999; Coops and Hosper, 2002; Coveney et al., 2002).
The shallow lakes of the IJsselmeer area in The Netherlands are characterized by
high nutrient levels causing blooms of cyanobacteria and turbid water. The water
management in these manipulated lakes accommodates recreation, navigation and the use
of the surrounding polders for agriculture. This has resulted in an artificial water regime
with small-amplitude water levels, which are slightly higher in summer than in winter,
while the natural water regime would be characterized by high levels in winter and spring
and lower levels in summer and autumn. The lack of naturally fluctuating water levels
prevents the development of wide zones of emergent vegetation (Lammens, 1999). These
zones could otherwise enhance water quality by acting as a nutrient sink through plant
uptake (Verhoeven and Meuleman, 1999; Coveney et al., 2002; Meuleman et al., 2002),
trapping nutrients by sediment deposition (Johnston et al., 1984) and reducing sediment
resuspension (James et al., 2004).
The water level regime is important for the development of shore vegetation (Coops
et al., 2004a). Biogeochemical processes in the littoral sediment affecting the transformation
and mobility of nutrients from pore water or surface water, including nitrogen removal by
nitrification-denitrification and phosphate adsorption, are influenced by water level
fluctuations as well (Patrick and Delaune, 1977; Mitsch and Gosselink, 2000b; Ann et al.,
2000).
Several wetland creation projects have been carried out along the lakeshores of the
IJsselmeer area and various others are in a planning stage. These projects encompass the
deposition of sediment to elevate ground level to a level at which helophytes may colonize
or are planted. About 350 ha of artificial shore wetlands have already been completed, and
another 1250 ha are planned for the next years (www.rdij.nl).
The artificial littoral sites may differ from existing natural sites in soil and vegetation
characteristics even after a considerable time span. To test the functioning of natural and
constructed littoral zones in the IJsselmeer area the following research questions were
raised:
1.
Are constructed littoral zones comparable to natural zones with respect to nutrient
retention in soil and vegetation?
2.
Which parameters are important for nutrient retention in the vegetation?
3.
What are the N and P accumulation rates in the constructed zones?
Higher total nutrient contents and higher organic matter content in the natural littoral
18
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zones were expected. It was assumed that 10 years after construction the artificial wetlands
are still developing to an equilibrium. The most important parameters influencing nutrient
retention in lakes were expected to be water level (flooding) and vegetation biomass.
Methods

Site description
The IJsselmeer area is situated in the center of the Netherlands (52°45'N, 5°25'E) and
consists of the large lake IJsselmeer and several smaller lakes ('Randmeren'), together
covering approximately 2000 km2. In these lakes average depths range from 1.5 to 4.5 m.
The lakes are connected to each other by open connections or via sluices (Lammens, 1999).
The area has been a freshwater system since in 1932 the Afsluitdijk closed the IJsselmeer
area off from the sea. Because of economic and safety reasons, a substantial part of the
shoreline is diked and has a steep slope. Water levels are highly managed by sluices that
discharge water to the sea, resulting in a non-natural water level regime (water levels in
summer 20 cm higher than in winter). This water level regime, together with the
morphometry of the shoreline has resulted in significant reductions of littoral vegetation.
Field procedures
Sampling sites were selected in three different parts of the IJsselmeer area: IJsselmeer,
Ketelmeer and Veluwemeer. In each of these lakes, one sampling area was located at a site
with littoral vegetation that had developed naturally after 1932 ('natural') and another one
at a site with recently (after 1990) created zones with littoral vegetation ('constructed')
(Table 1). The non-natural water level regime of these lakes during the growing season
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Table 1. Characteristics of sampling locations and number of plots measured. When 0 plots were measured,
this vegetation type did not occur on the location.
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Figure 1. Water level fluctuation in the different locations from March till August 2003. Dotted lines represent
the height of the plots compared to water level.

(with a raise in April, followed by a constant, high summer level and a drop in October) is
shown in Figure 1. Actual short-term water level fluctuations at the shores occur due to
wind action and by the operation of sluices superimposed on water level manipulation for
constant winter and summer levels. These fluctuations are highest in the IJsselmeer and
more moderate in the Veluwemeer. At each sampling area, plots of 1 m2 were selected
within different vegetation types, depending on their presence at the location. Vegetation
type 'Helophyte monostand' consisted of either Phragmites australis, or Typha angustifolia,
or T. latifolia. 'Helophyte association' was dominated by these helophytes, but also
contained species like Schoenoplectus lacustris, Bolboschoenus maritimus, Agrostis
stolonifera and Mentha aquatica. In the vegetation type 'Bulrush association' the dominant
S. lacustris and B. maritimus were accompanied by P. australis, Typha spp., Lycopus
europaeus and M. aquatica. In the 'Low herbaceous' vegetation type, 19 species occurred in
rather even distributions, among which Juncus articulatus, J. bufonius, Cirsium arvense,
Plantago maior, Persicaria hydropiper and Salix spp. In total 30 different plots were
selected. The dotted lines in Figure 1 represent the elevation of the plots relative to water
level. Some plots were flooded or dry during the entire study period, whereas others were
20
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alternately wet or dry.
Soil, pore water and surface water were sampled in May and August 2003.
Vegetation was sampled in August only, while water levels were measured throughout the
growing season. Soil samples were taken by mixing 3 subsamples per plot from the upper
10 cm of the soil (total volume of 0.3 dm3). Pore water was sampled in each plot by mixing
three sub samples collected with rhizons (Eijkelkamp Agrisearch Equipment BV). Surface
water was collected only when a plot was flooded. Soil samples were stored at 4°C and
analysed within 24 hours. Water samples were frozen (-18°C) until further analysis. To
measure aboveground vegetation biomass, a subplot of 20 * 20 cm was cut at ground level,
put in a plastic bag and stored at -18°C until further analysis. In addition, dominant species
as well as the other species present were noted. Water level was measured with half hour
intervals from March to August, using divers (Van Essen Instruments). The elevation of the
plots was measured with an altimeter and the total flooding duration per day and the
amount of flooding events were calculated for each plot.

Laboratory procedures
Soil samples were extracted with demineralized water, 0.2 M KCl extraction (NH4+ and
NO3-) (Houba et al., 1998) and Olsen extraction (PO43-) (Bray and Kurtz, 1945) within 24
hours after collection. For demi and KCl extractions, 100 ml extraction solution was added
to 10 g fresh soil and shaken for 1 hour followed by 4 minutes of centrifuging at 4000 rpm.
In the demi extract pH and EC were measured. The samples were then filtered over a GF/C
Whatman-filter and stored in the freezer (-18°C) until further analysis. For Olsen
extraction 50 ml of 0.5 M NaHCO3 was added to 5 grams of fresh soil and shaken for 30
minutes, centrifuged and filtered. A mixed reagent was added to the extract after which the
samples were measured colorimetrically at 880 nm for PO43-. Sediment samples were dried
(70°C, 48 h) and digested with a modified Kjeldahl procedure to measure total N and P
(Bremner and Mulvany, 1982). Five millilitre of a mixture of sulphuric acid and salicylic
acid was added to 750 mg of soil. A catalyst was added and the solution was heated for 1
hour at 200°C followed by 90 minutes at 340°C. When the samples were clear and green,
they were cooled and demineralized water was added up to 75 millilitre. After
homogenizing the samples, the supernatant was decanted and stored until further analysis
on the autoanalyser. Loss on ignition was calculated by igniting 5 grams of dry soil for 5
hours at 550°C. The accumulation rate of N and P in the soil (g m-2 y-1) was calculated by
multiplying bulk density (1000 kg m-3) of 20 cm soil (200 kg) and Kjeldahl N and P.
Of both the surface and pore water samples pH and EC were measured followed by
filtering over a Whatman GF/C filter (only surface water). All samples were frozen at -18°C
until analysis on the autoanalyser.
The plant samples collected were divided into dead and living biomass. Dry weight
was determined (70°C; 48 hrs) and the weights were converted into biomass per square
meter. For determination of total N and P 150 mg of ground biomass was digested with a
Kjeldahl procedure.
Pore water, surface water and demi extraction samples were analysed on a
continuous flow autoanalyser (Skalar SA-40, Breda, The Netherlands) for Fe2+/Fe3+, Al3+,
Ca2+, Mg2+, HCO3-, SO42-, Cl-, NO3-, NH4+, PO43-, Na+ en K+. For KCl extracts, only NH4+
and NO3- were measured. Digested plant and soil samples were analysed for total N and P.
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8

organic matter content (%)

organic matter content (%)

Statistics
All statistics were performed using SPSS 12.0 (SPSS Inc., Chicago Il., USA). Significant
differences between constructed and natural sites and between vegetation types were
tested with One-Way ANOVA. When data did not meet the ANOVA requirements, tests
for several independent samples were used (Kruskal-Wallis). To analyse the effects of
season, location history, vegetation presence, flooding status and their interactions, fourway ANOVA's were performed. To test for correlations between the parameters measured,
the bivariate correlations procedure (Pearson's Correlation Coefficient) was used. In the
Principal Component Analysis (PCA), data from spring and summer were taken together,
measurements done at the same time in the same plot remaining coupled. PCA with all
these variables together produced Factors with little ecological meaning. Therefore, PCA
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Figure 2. Mean (± SE) organic matter content (%), total N and total P (mg g-11) of the soil per location type (left)
and vegetation type (right). +V=vegetated, -V
V= unvegetated. Bars with different letters are significantly different
from each other (p<0.05). n.s.=not significant.
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was carried out separately for the three compartments soil, pore water and surface water.
The parameters in each of these compartments were reduced to three principal components
(Tables 3 a-c). Parameters with a communality lower than 0.300 were left out of the PCA.
The resulting Factors were tested for correlation with vegetation and flooding parameters
using Pearson's Correlation Coefficient.
Results
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Variation in natural and constructed littoral zones
The variables measured were tested on significant differences between the natural and
constructed sites and between different vegetation types. In Figure 2, organic matter

Figure 3. Mean (± SE) ammonium, nitrate and phosphate concentrations of the pore water (grey bars) and surface
water (black bars) (mg l-11) per location type (left) and vegetation type (right). Bars with different letters are
significantly different from each other. n.s.=not significant.
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Figure 4. Mean (± SE) aboveground vegetation biomass (kg m-22) and nutrient concentrations (mg g-11) per location
type (left) and vegetation type (right). Plots with bare soil are omitted. Bars with different letters are significantly
different from each other (p<0.05). n.s.=not significant.

content (OMC), total N and total P in the soil are shown per location history and per
vegetation status. There was a tendency for these parameters to be higher in constructed
sites than in natural sites, both for the vegetated and the bare plots, but the differences were
not significant. When comparing the vegetated plots with the unvegetated plots in the
natural sites, significantly more TN and TP was present in the vegetated soil, while there
was no significant difference in the constructed sites. The amounts of OM, TN and TP were
not dependent on the vegetation type. As expected, in bare soil OMC, TN and TP was lower
than in the vegetated sites.
The accumulation rate of N and P in the constructed littoral zones was higher in
the vegetated plots than in the bare plots. When vegetation was present the accumulation
rate was estimated at 40 g N m-2 y-1 (assuming that the amount currently stored has been
accumulated over 10 years). Without vegetation the rate was much lower (16 g N m-2 y-1).
For P the accumulation rates in the vegetated and unvegetated plots were 6 and 3.6 g P
m-2 y-1, respectively. In the natural plots the rate can not be calculated because the system
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is assumed to be in equilibrium. In the unvegetated plots 240 g N and 38 g P m-2 was present
(top 20 cm). In the vegetated plots this is 50 g N and 20 g P m-2.
In Figure 3 the results are shown for nutrients in pore water and in surface water.
Nutrient concentrations in pore water are distinctly higher in the constructed sites than in
the natural sites. This is significant for ammonium (p=0.048). The pore water
concentrations of ammonium and phosphate were significantly higher in the unvegetated
than in the vegetated sites; the difference in nitrate concentration was not significant. In
surface water, there was a non-significant trend of higher nutrient concentrations in the
natural sites compared to the constructed sites. Aboveground biomass and total N in the
vegetation did not significantly differ between the constructed and natural sites but P
content was higher in the constructed sites (Figure 4). Biomass of the vegetation was
highest in the sites dominated by helophytes. In mixed stands with helophytes as well as
other plant species biomass tended to be lower. N:P ratio in all vegetation types was rather
low (˜10). The amount of nitrogen stored in the aboveground vegetation was significantly
higher in monotypic helophyte stands (20 g N m-2) than in low herbaceous vegetation (11
g N m-2). A similar trend was observed for phosphorus (2.0 g P m-2 in monotypic helophyte
stands and 1.5 g P m-2 in low herbaceous vegetation).
Four-way ANOVA's were performed to analyze the main effects of the factors (1)
season, (2) natural/constructed, (3) vegetation presence and (4) flooded/dry. These factors
all had two possible conditions, resulting in 1 degree of freedom each. In Table 2 the
significant main effects and interactions effects are shown.
Phosphate in pore water showed significant differences for all four factors (Table 2a)
with significant interactions between the four factors. Phosphate concentration was highest
in summer, in the natural sites, when vegetation was absent and when the soil was drained.
In contrast, ammonium and nitrate concentrations were not significantly different for any
of the four factors, except for nitrate concentration being higher in spring (p=0.033) and
Table 2. Four-w
way ANOVA; main effects and interactions of four factors for nutrients (a)
in the pore water and (b) in the soil. Only significant variables (p<0.05) and trends (p<0.1)
are shown.
Source
a
Time

F

p

Veg. status * flood. cond.

NO3- (mg l )
PO43- (mg l-1)
PO43- (mg l-1)
NH4+ (mg l-1)
PO43- (mg l-1)
PO43- (mg l-1)
PO43- (mg l-1)
PO43- (mg l-1)
PO43- (mg l-1)
NH4+ (mg l-1)
PO43- (mg l-1)
PO43- (mg l-1)

4.821
16.835
2.904
5.600
29.938
3.637
3.002
5.329
24.766
6.639
28.323
30.300

0.033
0.000
0.095
0.022
0.000
0.063
0.090
0.026
0.000
0.013
0.000
0.000

b
Time
Location history
Vegetation status
Flooding condition
Time * loc. history
Time * flood. cond.
Loc. history * flood. cond.

Extractable NH4+ (mg g-1)
Extractable NH4+ (mg g-1)
Extractable NH4+ (mg g-1)
Extractable NH4+ (mg g-1)
Extractable NH4+ (mg g-1)
Extractable NH4+ (mg g-1)
Extractable NH4+ (mg g-1)

3.337
11.600
3.737
12.728
3.880
3.579
12.992

0.074
0.001
0.059
0.001
0.055
0.065
0.001

Location history
Vegetation status
Flooding condition
Time * loc. history
Time * veg. status
Loc. history * veg. status
Loc. history * flood. cond.

Independent variable
-1
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Table 3a. Rotated Component Matrix of soil parameters
with the factor loadings for each variable on the Factors
after rotation. The Eigenvalue gives the amount of
variance in the observed variables accounted for by each
Factor. Percentage of Variance gives the percent
accounted for by each specific Factor, relative to the total
variance in all the variables. Factor 1 indicates 'Total
nutrients', Factor 2 'Salinity' and Factor 3 'Available
nutrients'.
Factor
Factor
Factor
1
2
3
Eigenvalue
% of variance

9.248
48.67

2.319
12.21

1.920
10.11

Moisture content (%)
.856
Org. matter content (%) .828
K+ (mg g-1)
.811
Total N (mg g-1)
.808
Total P (mg g-1)
.794
Total K(mg g-1)
.759
Mg2+ (mg g-1)
.677
SO42- (mg g-1)
.596
pH
-.330
HCO3- (mg g-1)
Na+ (mg g-1)
.202
Cl- (mg g-1)
.186
EC (µS)
.392
Ca2+(mg g-1)
.596
Fe2+/Fe3+ (mg g-1)
.465
Al3+ (mg g-1)
.320
NH4+ (mg g-1)
PO43- (mg g-1)
.202
NH4+-KCl (mg g-1)
-.134

.354
.498
-.299
.518
.394

.102

Table 3b. Rotated Component Matrix of pore water
parameters with the factor loadings for each variable on
the Factors after rotation. Factor 1 indicates 'Salinity',
Factor 2 'Redox' and Factor 3 'Nutrients'.
Factor
1
Eigenvalue
% of variance
EC (µS)
Na+ (mg l-1)
Mg2+(mg l-1)
Cl- (mg l-1)
K+ (mg l-1)
Fe2+/Fe3+ (mg l-1)
Al3+ (mg l-1)
NO3- (mg l-1)
SO42- (mg l-1)
HCO3- (mg l-1)
pH
NH4+ (mg l-1)
PO43-(mg l-1)
Ca2+ (mg l-1)
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4.582
32.729
.946
.888
.767
.740
.600
.471
-.214
.815
.703
.458
.535
.184
.259
.237

Factor
2
2.309
16.493

1.825
13.035

.571

-.422
-.623
.796
-.138
-.557

-.148
.230

-.238

.144

-.212
.873
.766
.628

Table 3c. Rotated Component Matrix of surface water
parameters with the factor loadings for each variable on
the Factors after rotation. Factor 1 indicates 'Salinity',
Factor 2 'Nutrients' and Factor 3 'Redox'.

Factor
3

.168
.195
-.403
.838

.555
.379
-.195
.892
.874
.813
.731
.730
.693
.693

.236

.772

Factor
1
Eigenvalue
% of variance
Na+ (mg l-1)
Mg2+ (mg l-1)
EC (µS)
Ca2+ (mg l-1)
NO3- (mg l-1)
Cl- (mg l-1)
NH4+ (mg l-1)
pH
HCO3- (mg l-1)
PO43- (mg l-1)
K+ (mg l-1)
SO42- (mg l-1)
Fe2+/Fe3+ (mg l-1)

4.192
32.248
.960
.930
.908
-.660
-.618
.615
-.149
-.888
.394
.733
.157
.241
-.170

Factor
2

Factor
3

3.306
25.431

1.472
11.324

.170
.196
.213
-.385

.178
.408

.935
.754

-.259

-.507
-.318
-.633

.466
.760
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Table 4. Pearsons correlation coefficients between the Factors of soil, pore water and surface water (***: p<0.01,
**:p<0.05, *:p<0.1).

Factor 1
(tot.nutr)
Pore water

Surface water

Factor 1 (salinity)
Factor 2 (redox)
Factor 3 (nutr.)

-0.240*
0.350***
-0.223*

Factor 1 (salinity)
Factor 2 (nutr.)
Factor 3 (redox)

-0.369*

Soil
(n=30)
Factor 2
(salinity)

Factor 3
(av.nutr)

Pore water
(n=29)
Factor 1
Factor 2 Factor 3
(salinity)
(redox)
(nutr)

0.429***
-0.242*
0.806***

0.597***
0.729***
-0.486**

0.464**
-0.354*

ammonium concentration being higher in unvegetated sites (p=0.022).
Extractable ammonium concentrations in the soil were significantly higher in
flooded than in dry sites (p=0.001), in natural sites relative to constructed ones (p=0.001),
while they tended to be higher when no vegetation was present (p=0.059) and higher in
summer than in spring (p=0.074) (Table 2b). Also, most of the two-way interactions were
significant, indicating that the extractable ammonium showed complex patterns of
variance. When the soil was flooded no seasonal effect was seen, but in dry conditions
extractable ammonium was higher in summer than in spring. In natural sites extractable
ammonium did not vary in time, whereas in the constructed sites the amount was higher
in summer than in spring. Extractable ammonium was higher in constructed than in natural
sites under flooded conditions, in contrast to dry conditions where no difference was found.
Other nutrients in the soil as well as organic matter content were not significantly related
to season, location history, vegetation presence or flooding status.
Nutrient concentrations in the surface water did not show significant differences for
any of the factors (data not shown). Vegetation biomass and nutrient contents did not show
significant differences between flooded and drained sites and between natural and artificial
sites.

Principal Component Analysis
For the soil variables (Table 3a), the first Factor of the PCA explained 49% of the variance
while the second and third explained 12% and 10%, respectively. Factor 1 was positively
correlated with the total amounts of nutrients present in the soil (e.g. organic matter
content and total N, P and K), but also with soil moisture content. Factor 2 was associated
with parameters related to salinity, i.e. Na, Cl, EC and HCO3. The last Factor was related to
extractable ammonium and phosphate. The soil pore water variables (Table 3b) were
reduced into three Factors explaining 33%, 16% and 13% of the variance, respectively.
Parameters indicating salinity (e.g. Na, Cl and EC) were clustered in Factor 1. Factor 2 was
positively correlated with concentrations of oxidized N and S, which can be interpreted as
an indication of the redox potential in the soil pore water. Ammonium and phosphate
concentrations in pore water correlated with Factor 3. For the surface water compartment
(Table 3c), both the first and the second Factor explained more than 25% of the variance.
Again, salinity parameters were prominently related to the first Factor. Factor 2 correlated
to ammonium and phosphate, but also to bicarbonate and negatively to pH. Factor 3
correlated positively with sulphate and negatively with iron concentrations.
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Table 5. Pearson's correlation coefficients between vegetation / flooding parameters and the Factors (Fact) of
the compartments soil, pore water and surface water (**: p<0.05 and *: p<0.1).

Total biomass (g m-2)
Dead biomass (g m-2)
Living biomass (g m-2)
N in standing stock (g m-2)
P in standing stock (g m-2)
K in standing stock (g m-2)
N concentration (mg g-1)
P concentration (mg g-1)
K concentration (mg g-1)
Flooding duration (h day-1)
Flooding frequency (day-1)

Fact 1

Soil
n=30
Fact 2

0.330*
0.187
0.336*
0.348*
0.354*
0.362**
0.028
0.248
0.290
0.940
0.024

-0.199
-0.098
-0.208
-0.236
-0.139
-0.120
-0.296
0.115
0.268
-0.068
0.167

Fact 3

Pore water
n=29
Fact 1 Fact 2 Fact 3

Surface water
n=11
Fact 1
Fact 2 Fact 3

-0.369**
-0.356*
-0.313*
-0.352*
-0.298
-0.288
-0.202
0.107
0.233
0.176
0.004

-0.211
-0.062
-0.236
-0.241
-0.276
-0.244
-0.490**
-0.545**
-0.169
-0.333**
0.203

-0.268
-0.205
-0.277
-0.283
-0.237
-0.226
-0.402
-0.701
0.104
-0.317
-0.02

-0.387**
-0.099**
-0.438
-0.427**
-0.428**
-0.396**
-0.112
-0.080
0.001
-0.331**
0.168

-0.352*
-0.426**
-0.260
-0.325*
-0.309
-0.268
0.186
-0.020
0.119
0.221*
-0.081

-0.163
-0.359
-0.124
-0.125
-0.200
-0.280
0.107
0.036
-0.890
0.103
0.104

0.099
0.237
0.072
-0.022
0.224
0.187
-0.553
0.423
0.172
0.062
0.108

The Factors of the three compartments pore water, surface water and soil did show
significant correlations (Table 4). Factor 2 in the soil (indicating salinity) correlated highly
with the salinity Factors in both pore and surface water (p=0.001 and p<0.001,
respectively). These last two Factors also correlated significantly (p<0.001) among each
other. There was a positive correlation between extractable nutrients (Factor 3 of soil) and
nutrient concentrations in the pore water (p<0.001).
The correlation between vegetation, flooding duration and flooding frequency with
some of the PCA Factors is visualized in Figures 5 a-c, with p-values shown in Table 5.
Total aboveground plant biomass was negatively correlated (p=0.045) to Factor 3 in the soil
(adsorbed nutrients) and, accordingly, tended to be negatively correlated (p=0.061) to
nutrients in the pore water (Factor 3). Total nutrients in the soil (Factor 1) increased with
increasing aboveground biomass (p=0.074). Lastly, redox potential in the pore water
(Factor 2) showed a negative correlation with plant biomass (p=0.038). No significant
correlations were found between vegetation parameters and the PCA Factors for surface
water.
Plant nutrient concentrations were not correlated to total or adsorbed nutrients in
the soil, but positively to salinity (Factor 1) in the pore water (p=0.028 for N and p=0.013
for P). Total N, P and K in the standing stock (g m-2) tended to have a negative correlation
with Factor 1 in the soil (total nutrients) (p=0.060, p=0.055 and p=0.049, respectively) and
were negatively correlated to Factor 2 (redox) in the pore water (p=0.021, p=0.021 and
p=0.034, respectively).
Flooding duration and flooding frequency both did not have significant relations
with nutrient concentrations in the soil (Figure 5a). However, flooding duration was
negatively correlated with Factor 1 (salinity) (p=0.011) and Factor 2 (redox) (p=0.011)
(Figure 5b) and positively with Factor 3 (nutrients) (p=0.096) of the pore water (Figure 5c).
Discussion

Constructed versus natural littoral zones
The results enable some remarkable conclusions on the differences and similarities
between constructed and natural littoral zones along shallow lakes. It was hypothesized
that due to the deposition of inorganic sand the constructed sites would be less organic,
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Figure 5a-cc. Correlations between vegetation / flooding parameters and Factors defined in Table 3. Grey arrows
are non-ssignificant relations. Living, dead and total biomass in g m-22; flooding duration (flo dur) in h day-11;
flooding frequency (flo freq) in number day-11.

even after about 10 years, and the vegetation would be less developed in a quantative way.
Therefore, higher nutrient concentrations in the soil of the constructed site were expected
due to the lower uptake by the vegetation. The amount of organic matter, TN and TP in the
soil were, however, as high in the constructed sites as in the natural sites. The accumulation
rates of N and P, calculated under the assumption that only little N and P was present in
the sand deposited during construction and that N and P accumulated in approximately 10
years, possibly are an underestimation since these contents might have accumulated in less
than 10 years. The accumulation rates in this study (40 g N and 6 g P m-2 y-1 in the
vegetated plots and 16 g N and 3.6 g P m-2 y-1 in the unvegetated plots) were higher than
the rates measured by Meuleman et al. (2003). They found accumulation rates of organic
nutrients and sorption of inorganic nutrients of 21 g N m-2 y-1 and 4.6 g P m-2 y-1 in an
infiltration wetland for wastewater treatment. This indicates that nutrient accumulation
rates are high in the constructed littoral zones studied. One explanation could be that short
pioneer species were prominent in the constructed sites (Table 1). Such vegetation is
characterized by a relatively low production, high nutrient concentrations and high
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turnover rates (Aerts et al., 1999), resulting in a quick incorporation of organic matter in
the soil.
Lower pore water nutrient concentrations in the natural sites were expected, due to
higher vegetation biomass and plant uptake. Our data showed this only for pore water
ammonium. Nitrate and phosphate concentrations tended to be higher. Aboveground
vegetation biomass and nutrient contents did not differ between the natural and
constructed sites, hence there are no indications that lower nutrient concentrations in the
pore water are determined by a smaller plant uptake in the constructed sites. Alternatively,
the relatively high pore water nutrient contents in the constructed sites may be caused by
a more open vegetation structure that facilitates the use by roosting waterfowl. The
observation of many bird droppings at these sites indicates a higher input of nutrients.
Although vegetation biomass did not differ between the constructed and natural
sites, vegetation structure was not the same. In the natural sites helophytes were dominant,
whereas in the constructed sites helophytes were rarely occurring. The average
aboveground biomass of tall helophytes in the littoral zone locations of the IJsselmeer area
(2100 g m-2) falls within the typical range of helophyte biomasses between 180 and 5280 g
m-2 (Gopal, 1990). As a result of the largely different vegetation biomasses, a strong effect
of vegetation type on nutrient storage capacity in aboveground plant mass was found; the
annual N storage varied between 11 and 20 g m-2 and the P storage between 1.3 and 2.0 g
m-2. These amounts stored in the aboveground helophyte vegetation are high in
comparison with other studies (Meuleman et al., 2002; Van den Wyngaert et al., 2003).
N:P ratios of plant biomass in the IJsselmeer area were relatively low, ranging
between 6 and 10 for different vegetation types. Nutrient concentrations in the vegetation
and their stoichiometric relationships may indicate the degree to which nutrients were
limiting plant growth. In a review of 40 fertilisation studies in freshwater wetlands
Koerselman and Meuleman (1996) found that N:P ratios < 14 indicate N limitation. The N
concentrations in the vegetation in this study were lower than 13 mg g-1, whereas P
concentrations were higher than the 'critical' value of 0.7 mg g-1, which is also indicative
of N-limited plant growth (Wassen et al., 1995).

Factors influencing nutrient retention
Although artificial littoral zones along lakes are usually created for other purposes than
their ability to retain nutrients, they might be instrumental in reducing the nutrient
concentrations in the surface water (Coveney et al., 2002; Meuleman et al., 2002;
Verhoeven and Meuleman, 1999). Water regime and vegetation type are important
variables in determining the nutrient status in soil and pore water.
Water levels in the IJsselmeer area are maintained at a constant level within rather
narrow limits, with targeted water levels about 20 cm higher in summer than in winter.
Due to wind activity and sluice operations irregular, short-term flooding events occur in
the littoral zone. Such inundations, accompanied by reductions of the redox potential will
result in phosphate mobilisation and accumulation of ammonium, thus increasing nutrient
concentrations (Patrick and Mikkelsen, 1971). The negative correlation of flooding
duration with pore water oxidized anion concentrations, indeed, confirmed the effects of
flooding on redox potential. The very frequent, wind-driven wet-dry cycles in the shallow
areas along the IJsselmeer probably prevent the occurrence of strongly anaerobic conditions
in the inundated zone. Only few significant correlations between flooding frequency and
flooding duration were found, and available and total nutrient concentrations in littoral
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sediments. Ammonium availability was higher at sites with high flooding duration
compared to sites with low flooding duration (data not shown). The accumulation of
ammonium probably results from the absence of nitrification under anaerobic conditions
(Ann et al., 2000; Patrick and Reddy, 1976; Patrick and Mikkelsen, 1971).
It was expected that vegetation biomass was an important factor determining the
nutrient availability in soil and pore water. It is obvious that helophytes can store large
amounts of nutrients, but does their presence in a littoral zone reduce the nutrient
concentrations in the surface water? In our study sites no effect of vegetation type on
nutrient concentrations in the surface water was found. Also, no clear correlations were
found between vegetation biomass and nutrients in surface water. Indirect evidence
supporting our expectations is provided by the significantly higher nutrient concentrations
in the pore water in absence of vegetation. This was also reflected in the negative
correlations between vegetation biomass and pore water nutrient concentrations. When
nutrient concentrations in the soil decrease with vegetation biomass, it is assumed that
diffusion also eventually will cause a decrease in surface water nutrient concentrations.
Other research concerning water quality improvement by submerged water plants
(Krolikowska, 1997; Coveney et al., 2002; Kufel and Kufel, 2002) has shown that N and P
concentrations in the surface water were significantly lower at sites covered with
submerged plants than at sites devoid of plants. Emergent vegetation may reduce nutrient
concentrations in surface water even more strongly, as has been demonstrated particularly
in wetlands used for wastewater treatment (Tanner et al., 1999; Verhoeven and Meuleman,
1999; Meuleman et al., 2002). Several studies have demonstrated that the retention time of
water is very important for the amount of nutrients stored in the vegetation (Jing et al.,
2002; Busnardo et al., 1992).
Apart from the effect of vegetation on pore water, vegetation biomass was also
positively correlated with total nutrients in the soil in both constructed and natural areas.
Nutrient accumulation rates in the constructed wetlands apparently were high enough to
produce a soil nutrient status comparable to that of natural wetlands. The high organic
matter accumulation of wetland soils is due to a high rate of primary production and a
reduced rate of decomposition under anaerobic conditions (Reddy and D'Angelo, 1994).
The deposited material consists mainly of macrophytic plant material, containing large
quantities of carbon, nitrogen and phosphorus. In addition, plant structure can act as a
physical sediment trap (Cotton et al., 2006). These two factors may explain the increased
organic matter content and nutrient contents of the soil in vegetated areas.
Vegetation can thus act as a nutrient sink by both uptake of nutrients and storage of
nutrients in sequestering organic matter. Helophytes retain most of the nutrients for a long
time, although a significant part of the nutrients may return to lake water and sediments at
the end of the vegetation season (Krolikowska, 1997). Levine and Schindler (1992) showed
that NH4+ and PO43- were mainly released in the surface water after mineralisation of
organic matter. Only a small fraction was absorbed by sediments, immobilized by microbes
or incorporated into minerals. Even as nutrients may return to the surface water at the end
of the growing season, they are not available for phytoplankton growth.
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Chapter 3
Effects of water level regime on growth and
nutrient retention capacity of Phragmitees australis
stands
Susan Sollie, Peter Baas, Hugo Coops, Roland Bobbink and Jos T.A. Verhoeven

Abstract
Nutrient retention in littoral reed (Phragmites australis) stands may play a significant role
in the reduction of surface water nutrient concentrations, depending on water level
fluctuations. In a 2-year greenhouse mesocosm experiment reed growth, denitrification and
decomposition rates were measured in relation to nutrient concentrations in soil and
surface water at four different water level regimes. The present water level regime in the
regulated shallow lake IJsselmeer (low winter and high summer water levels) was compared
with a more natural regime (high winter and low summer levels), with a constant regime
and with a regime with low winter levels and a relatively short spring peak. Aboveground
peak biomass of reed was around 500 g m-2 for all water level regimes, but increased stem
length (max. 130 cm) and diameter (max. 38 mm) was found in the high spring/winter
water level treatments. More (adventitious) roots developed in the treatments with periodic
high water level (regardless of timing) than in the constant water level treatment. Total
belowground biomass ranged between 2 and 4.5 kg m-2. Pore water and surface water
nutrient concentrations were comparable between treatments. Furthermore,
denitrification rate was positively correlated to water level, and leaf decomposition rate was
lower in the treatments with a prolonged flooding period in spring. The lack of response in
surface and pore water concentrations to added nutrients demonstrated the high retention
capacity of soil and vegetation. It is concluded that a more natural water level regime
enhances nutrient uptake by vegetation, denitrification rate and organic matter
accumulation.
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Introduction
Littoral wetlands along the shores of lakes may provide ecosystem services such as
production, regulation and cultural services (Costanza et al., 1997; Findlay et al., 2002;
Schmieder, 2004; Hein et al., 2006). They create a habitat for birds, mammals, insects and
fish species (e.g. Javawardana et al., 2006) and can achieve high nature values with high
species diversity (Junk et al., 2006), reduce nutrient inflow from runoff (Jansson et al.,
1998), and prevent erosion by wave action (Ostendorp et al., 1995). In lakes with a high
nutrient loading helophyte zones may play a significant role in the reduction of nutrient
concentrations in the surface water, depending on the marsh fractions and the connectivity
between the lake and the marsh zone (Janse et al., 2001). Helophyte zones may retain
nutrients (Verhoeven and Meuleman, 1999; Coveney et al., 2002; Meuleman et al., 2002),
which may be permanently stored when organic matter is accumulated in the shallow shore
zone (Bai et al., 2005). Furthermore, the denitrification process may remove nitrogen from
the surface water (Patrick and Reddy, 1976).
The hydroperiod of a lake is a major characteristic of the water regime, described in
terms of flooding frequency, flooding duration and time of flooding (Mitch and Gosselink,
2000). It is highly significant for the functioning of littoral zones, by affecting helophyte
growth, decomposition of organic matter and denitrification. In temperate climatic
conditions the natural water levels will usually be lower in summer than in winter.
However, in the large shallow lakes of the IJsselmeer area (The Netherlands) the water
regime is strongly regulated, with high, stable levels in summer and low, stable levels in
winter, with a difference of 20 cm. This water level regime ensures the lowest flood risks
for adjacent areas, and creates suitable conditions for recreation and navigation (Gulati and
Van Donk, 2002). The high summer water levels, in combination with steep slopes restrict
the helophyte belt to a relatively narrow zone (Coops et al., 2004b).
A more natural water level regime (high in winter, lower in summer) is thought to
enhance the growth and expansion of helophytes and result in a much wider littoral zone
in shallow lakes. Because of the overriding importance as a water buffer when there is a
high inflow of water from rivers, it is practically impossible to increase winter water levels
in the IJsselmeer area. Alternatively, a regulated water regime has been proposed with low
winter levels, but raised levels in spring, followed by a gradual decrease afterwards.
Several studies have experimentally investigated the effect of both constant water
levels (Coops et al., 1996; Vretare et al., 2001) and various fluctuating water level regimes
(Ostendorp et al., 1991; Weisner and Ekstam, 1993; Coops et al., 2004b) on the growth of
common reed (Phragmites australis). However, no research was performed in which yearround fluctuating water level regimes were tested. In this study a 2-year mesocosm
experiment was carried out. Phragmites australis was subjected to four different water
regimes applicable for the IJsselmeer area, i.e., 'natural' (high in winter, low in summer);
'present' (low in winter, high in summer; presently used in the IJsselmeer area (Coops and
Hosper, 2002)); 'proposed' (low in winter, high early spring and subsequently dropping,
which is proposed by the IJsselmeer area managers (BOVAR-IIVR, 2001)) and a 'stable'
water level regime (at soil surface). Our research questions were:
1.
Do the 'proposed' or 'natural' water level regimes increase Phragmites australis
growth and increase nutrient retention compared to the 'present' or 'stable'
regimes?
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2.

Which water level regime maximizes denitrification and plant uptake and
minimizes decomposition rates for removing/retaining nutrients from the pore
water and surface water?

Methods

Setup
In February 2004 Phragmites australis sods were placed in thirty containers of 50 x 50 x 100
cm (l x w x h) in an unheated greenhouse. The sods were all collected from a lake with a
sandy soil and were placed on a layer of inorganic sand. The reed was grown for one year
with a water level at ground level to acclimate to the growth conditions in the mesocosms.
Sediment of Lake Veluwemeer was stirred through the top soil until soil pH was 7.5,
comparable to the field situation. Standing dead biomass at the end of 2004 was cut off 50
cm above ground level to reduce light limitation at soil surface and the litter was placed on
the soil.
With the containers, two experiments were carried out. In February 2005 twenty
containers were subjected to the four water level treatments in the first experiment (n=5)
(Figure 1):
1.
Present: water level in summer +10 cm and in winter -10 cm.
2.
Proposed: water level in early spring (March - April) +40 cm and gradually
decreasing to -10 cm in September; the winter water level was kept at -10 cm.
3.
Natural: water level high in early spring (+40 cm) and slowly decreasing to -10 cm
in September; afterwards the water level was kept at -10 cm until a steep increase
in November.
4.
Stable: water level kept at soil surface level during the whole year.
Water levels were adjusted at least once a week with tap water and more frequently when
evaporation was high. The tap water contained on average 1.48 mg NO3- l-1, 0.14 mg NH4+
l-1 and 0.07 mg PO43- l-1, comparable to surface water in the IJsselmeer area, where average
NO3-, NH4+ and PO43- concentrations are 1.64, 0.27 and 0.10 mg l-1, respectively
(Chapter 2).
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Figure 1. Water level above ground level (cm) for four different treatments. See text for explanation of the
treatments.
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The second experiment started in spring 2006 with the 10 remaining containers which had
the present water level regime during 2005. The containers were randomly divided into
two groups. One group received additional P and the other N + P every month from March
till September 2006. Nitrogen was added as NO3NH4 (5 g N m-2 month-1) and phosphorus
as (Na)2HPO4 * 2H2O (0.15 g P m-2 month-1).

Vegetation
Reed biomass was measured using a non-destructive method. In each container length and
diameter of all reed stems were measured monthly in 2005 and every two months in 2006,
starting in April. Fifty reed stems were collected from a local ditch site to establish the
relationship between stem length, diameter and biomass. The regression function
(Biomass=a*(stem length*stem diameter)c; R2=0.82) was used to calculate biomass of all
individual stems in the containers. Correspondence in growth characteristics of these stems
with the stems growing in the mesocosm was tested with ten stems harvested from the
containers in October 2005. The same ten stems were used to analyze N and P contents of
the living tissue. In September 2006 total aboveground biomass was sampled and separated
into dead and living tissue. Belowground biomass was sampled in September 2006 with a
soil core (ø 16 cm) and living roots and rhizomes were separated. Adventitious roots were
collected separately. All plant components were dried (48 hours, 70°C), weighed and the
living plant parts were ground for nutrient concentration measurements using a salicylic
acid thiosulphate modification of the Kjeldahl digestion (Bremner and Mulvaney, 1982) on
150 mg of dry plant material.
Pore water and surface water
Pore water samples were collected in 2005 (bi-weekly) and 2006 (monthly), starting in
March using rhizons (Rhizon SMS, Eijkelkamp Agrisearch Equipment) connected to
vacuum bottles. Surface water was collected only in 2006 in the flooded containers.
Immediately after collection pH and EC were measured and the samples were frozen at
-18°C until further analysis on a continuous flow autoanalyzer (Skalar SA-40, Breda, The
Netherlands) for Fe2+/Fe3+, Al3+, Ca2+, Mg2+, HCO3-, SO42-, Cl-, NO3-, NH4+, PO43- using
colorimetric analyses and for Na2+ and K+, using flame emission spectrophotometry.
Extractable and total soil nutrients
Soil samples of the top 10 cm were collected in March and June 2005 and in April, July and
September 2006. Soil samples were extracted within 24 hours after collection using
demineralized water and 0.2 M KCl extraction (NH4+ and NO3-) (Houba et al., 1998). For
both demi and KCl extractions, 100 ml extraction solution was added to 10 g fresh soil,
which then was shaken for 1 hour followed by 4 minutes of centrifuging at 4000 rpm. In
the demi extract pH and EC were measured. The samples were then filtered over a GF/C
Whatman-filter and stored in the freezer (-18°C) until further analysis on the autoanalyzer.
Soil samples were dried (105°C, 24 h) and digested with a salicylic acid thiosulphate
modification of the Kjeldahl digestion (Bremner and Mulvaney, 1982) using 750 mg dry
soil. Loss on ignition was determined by igniting 5 grams of dry soil for 5 hours at 550°C.
Denitrification rate
Denitrification rate was determined using the acetylene inhibition method (Ryden et al.,
1987). Acetylene was used to inhibit the reduction of N2O to N2, making N2O the sole
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product of denitrification. Samples were taken 4 times in the growing season of 2005:
beginning of March, end of April, mid-May and beginning of September. In 2006
denitrification rates were measured in May and July. Because of the destructive method,
only one soil core (diameter 3.5 cm and length 10 cm) per container was put in a 1.16 litre
bottle. Water level in the bottle was adjusted to match the water level in the containers.
Bottles were flushed with N2 to remove accumulated N2O and to lower the oxygen content
to a level comparable to the soil atmosphere. Bottles were closed and 100 ml of acetylene
(10% v/v) was added with a syringe. After 1 and 5 hours N2O (ppm) in the headspace was
measured on a gas chromatograph (GC Hewlett Packard 5890) equipped with an electron
capture detector (ECD 63Ni) and Hayesep Q columns. N2O dissolved in water was taken
into account using the Bunsen coefficient. In the bottles representing a flooded state hardly
a headspace was present. Therefore, water samples of 10 ml were taken and put in closed
30 ml bottles. After vigorously shaking the bottles to achieve Bunsen equilibrium, the
headspace in this bottle was used for N2O analysis.

Decomposition rate
Decomposition rate was measured using the litterbag method. 1.000 g of air-dried (during
a week) Phragmites leaf material (15 mg N g-1 and 0.75 mg P g-1), collected from a local
ditch in October, was enclosed in a 0.3 mm mesh size polyethylene litterbag. Six bags were
placed on the soil surface of each container in February 2005. One bag was collected per
container after 0, 3 and 6 weeks and 3, 6 and 12 months. After collection the remaining leaf
material was dried and weighed. To measure N and P concentrations, the material was
ground and digested with a salicylic acid thiosulphate modification of the Kjeldahl digestion
(Bremner and Mulvaney, 1982) using 150 mg dry plant material. Annual decay rate
constants were calculated assuming a negative exponential model (Olson, 1963).
Statistics
All statistical analyses were performed using SPSS 12.0 (SPSS Inc., Chicago Il., USA). To
compare between treatments or between sampling dates one-way ANOVA was used and
two-way ANOVA for interaction effects. Post-hoc tests (Tukey) were performed to identify
significant differences indicated by the ANOVA. Data which did not meet the requirements
for ANOVA (homogeneity of variance, normal distribution) were analyzed using a nonparametric test (Kruskal-Wallis H). To analyze time series Repeated Measures (RM) analysis
was used. When an interaction was shown between time and treatment the results of these
RM could not be used and ANOVA was used to compare treatments within sampling dates.
Pearson's Correlation Coefficient was used to test correlations among parameters, while in
case of an independent variable regression analysis was used.
Results

Vegetation
The number of stems increased during the growing season to a maximum of around 300
stems m-2, the maximum stem length was 150 cm and diameter fluctuated between 25 and
40 mm (Figure 2). Repeated Measures analysis of 2005 data showed that the number of
stems (p<0.001) and stem length (p<0.001) increased during the growing season. Stem
diameter remained constant from April until September. There was no significant effect of
treatments on the number of stems, but there were differences in stem length (p=0.041) and
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Figure 2. Mean (± SE) number of stems, average stem length (cm) and average stem diameter (mm) during the
growing season of 2005 and 2006 for four different water level regime treatments. Differences between treatments
are described in the text.
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stem diameter (p=0.032); post-hoc tests indicated that reed stems in the 'natural' water level
treatment were longer (p=0.036) and thicker (p=0.065) compared to the 'stable' water level.
In 2006, again no significant treatment effects were found for numbers of stems and stem
lengths (Figure 2). Stem diameters were significantly higher in the 'natural' and 'proposed'
treatments than in the 'present' (p=0.024 and 0.022, respectively) and the 'stable' (p=0.037
and p=0.034, respectively) water levels. Total aboveground biomass did not show any
significant differences between October 2005 and September 2006 and between the four
water level regimes (Figure 3).
10 00

2005
2006
n.s

biomass (g m-2)

n.s
n.s
50 0

n.s

0

stable
present
proposed
natural
Figure 3. Mean (± SE) total aboveground biomass (g m-22) in October 2005 and September 2006. Differences
between treatments and years were not significant (n.s).

Nutrient addition affected reed biomass in the nutrient addition experiment in the 'present'
water level treatment (Figure 4). The biomass was not affected by P addition, but after
combined addition of N and P the aboveground biomass almost doubled (p<0.001). The
belowground biomass was much higher (3000 - 4000 g m-2) than the aboveground mass,
but no significant differences among treatments were observed.
In the 'present' and 'natural' water level treatments, total belowground biomass
tended to be about twice as high as in the 'stable' treatment (p=0.052 and p=0.068,
respectively) (Figure 5). An adventitious root biomass of ca. 500 g m-2 in the 'stable'
treatment was significantly lower than in the 'present' treatment (p=0.034), but no
significant differences among treatments were found in belowground root biomass.
Rhizome biomass varied between 700 and 1500 g m-2. Rhizome biomass tended to be
higher in the 'present' treatment than in the 'proposed' treatment (p=0.080), but no
significant differences were found between the other treatments. When nutrients were
added, belowground biomass was not significantly different from the treatment without
nutrient addition (Figure 4).
Total biomass (belowground + aboveground) in the 'stable' treatment was
significantly lower than in the 'present' treatment (p=0.048) (data not shown).
Only small, non-significant differences in plant N and P concentrations were found
among treatments. Therefore, the average values of all treatments are shown (Table 1).
Plant N concentrations and N in standing stock of the living aboveground biomass were 3.5
mg g-1 and 1.8 g m-2, respectively, in both 2005 and 2006, whereas plant P concentration
and P in standing stock were twice as high in 2006 as in 2005 (p<0.001). Consequently, N:P
ratio was significantly higher in 2005 than in 2006.
Addition of P did not affect the N and P concentrations of the aboveground biomass.
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Table 1a. Mean (+ SE) nutrient concentrations (mg g-11) and nutrients in standing stock (g m-22) in the living aboveand belowground biomass for the average of four different water level regimes in 2005 and 2006. Significant
differences are shown between years. *** p<0.001; ** p<0.01; * p<0.1; n.s. not significant.

n
Aboveground
biomass

Oct 2005
mg g-11
g m-22

Sept 2006
mg g-11
g m-22

difference between years
mg g-11
g m-22

N

(20)

3.66
(0.16)

1.69
(0.21)

3.27
(0.15)

1.86
(0.23)

n.s.

n.s.

P

(20)

0.20
(0.02)

0.11
(0.02)

0.52
(0.03)

0.29
(0.03)

p<0.001

p<0.001

N

(20)

2.15
(0.13)

2.20
(0.35)

P

(20)

0.58
(0.03)

0.55
(0.07)

Aboveground
biomass

N:P

(20)

Rhizomes

N:P

(20)

Rhizomes

50 00

21.9
(2.79)

6.55
(0.48)

p<0.001

3.89
(0.31)
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Figure 4. Mean (± SE) total aboveground biomass (g
m-22) in September 2006 for the 'present' water level
treatment (Control, +P and +NP). Bars with the
same letters were not significantly different
(p<0.05).
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Table 1b. Mean (+ SE) nutrient concentrations (mg g-11) and nutrients in standing stock (g m-22) in the living
above- and belowground biomass for nutrient addition treatments at present water level regime (Control = no
addition). Significant differences are shown between treatments. *** p<0.001; ** p<0.01; * p<0.1; n.s. not
significant.

n
Aboveground
biomass

Rhizomes

Present
Control
mg g-11 g m-22

Present
+P
mg g-11 g m-22

Present
+NP
mg g-11 g m-22

difference between
treatments
mg g-11
g m-22

N

(5)

3.53 2.10
(0.27) (0.58)

3.73
1.69
(0.31) (0.18)

6.07 7.93
(0.24) (0.67)

+NP>C ***
+NP>+P ***

+NP>C ***
+NP>+P ***

P

(5)

0.52 0.30
(0.04) (0.06)

0.56
0.25
(0.04) (0.02)

0.57 0.74
(0.02) (0.02)

n.s.

+NP>C ***
+NP>+P ***

N

(5)

2.02 3.03
(0.14) (0.71)

1.91
2.62
(0.19) (1.10)

2.95 4.35
(0.47) (2.40)

+NP>C *
+NP>+P **

n.s.

P

(5)

0.54 0.79
(0.03) (0.18)

0.51
0.63
(0.04) (0.24)

0.45 0.68
(0.04) (0.40)

n.s.

n.s.

Aboveground
biomass

N:P (5)

7.00
(0.94)

6.70
(0.39)

10.74
(0.76)

+NP>C **
+NP>+P **

Rhizomes

N:P (5)

3.77
(0.38)

3.80
(0.42)

6.60
(0.81)

+NP>C **
+NP>+P **

With combined addition of N and P, plant N concentration and N in the standing stock
were significantly higher compared to the control and the P-addition treatments.
Rhizome nutrient concentrations were not significantly different between the
treatments in September 2006 and the average of all treatments is shown in Table 1.
Addition of P did not affect nutrient concentrations, but with addition of N and P, N
concentrations in the rhizomes tended to be higher than without addition or addition of P
only. P concentration was not affected by nutrient addition. Because of the increase of N in
the rhizomes after N addition, N:P ratio also increased significantly from 3.8 to 6.6.

Nutrient concentrations in surface water, pore water and soil
Nitrate, ammonium and phosphate concentrations in the surface water measured in 2006
were not significantly different between the different treatments (data not shown). The
NO3- concentration in some cases exceeded 4 mg l-1, but was on average below 0.5 mg l-1.
The average NH4+ and PO43- concentrations of all treatments were 0.2 mg l-1 and 0.1
mg l-1, respectively, and no significant effect of sampling date was found.
At the start of the growing season, in the N-added treatment NO3- and NH4+
concentrations in the surface water were higher than in the control treatment. The added
N was not reflected in the surface water any more after June. In contrast, effects of P
addition on surface water P concentrations were not observed during the whole season
(data not shown).
During the experiment pore water pH varied between 6.5 and 7 for all treatments
without significant differences. No significant differences were found with Repeated
Measures in pore water nitrogen and phosphorus between the four water level treatments
(Figure 6). An exception was that ammonium concentrations were significantly higher in
the 'natural' treatment than in the 'stable' and 'proposed' treatments (p=0.008 and p=0.015
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Figure 6. Mean (± SE) nutrients concentrations (mg l-11) in pore water and extractable nutrient contents (mg kg-11)
in the soil of 2005 and 2006. Differences between treatments are described in the text.
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respectively) (Figure 6). The ammonium and phosphorus concentrations showed a
significant time effect (p<0.001 and p=0.017, respectively) in 2005 fluctuating between 0.1
and 13 mg l-1 and between 0.1 and 1.8 mg l-1, respectively. In 2006 nitrate, ammonium and
phosphorus increased significantly from July onwards to ca. 0.2 mg l-1 (all p<0.001).
No significant differences among the treatments were found in extractable nutrient
concentrations in the soil (Figure 6). However, NO3- and NH4+ concentrations were
significantly higher in 2006 than in 2005 for all treatments (p<0.001). A negative
correlation was found between the pore water nitrate and extractable nitrate (Pearson=
-0.793; p=0.019). The same trend was measured for ammonium (Pearson=-0.630; p=0.094).
No effect of nutrient addition was found on the nutrient concentrations in the pore water
and soil (data not shown).

Denitrification rate
In Figure 7 the denitrification rates of March and June 2005 are shown. There was a
significant effect of sampling date (p<0.001) and treatment (p=0.002) on denitrification rate,
and a significant interaction between both variables (2-Way ANOVA, p=0.007). The
'natural', 'proposed' and 'stable' treatments had higher denitrification rates in March
(between ca. 4 and 7.5 mg N m-2 d-1) than in June (around 1.5 mg N m-2 d-1) (One-way
ANOVA, p=0.016 for 'proposed', p=0.014 for 'stable' and p=0.029 for 'natural'). However,
the 'present' treatment showed much lower denitrification in March than in June (p=0.014).
In March, denitrification rates were higher in the 'proposed' and 'natural' water level
treatments than in the 'present' treatment (p=0.063 and 0.040, respectively). Regression
analysis showed a positive relation between water level and denitrification rate (R2 = 0.496;
p<0.001).
Mean denitrification rates were very low in 2006 (maximum 0.40 mg N m-2 d-1) and
did not show any significant differences among treatments (data not shown).
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Figure 7. Mean (± SE) denitrification rates (mg N m-22 d-11) in the soil in four different water level treatments in
March and June 2005. Inside the bars water level above ground level (cm) at sampling time is shown. Bars with
the same letters do not differ significantly (p<0.05).
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Decomposition rate
The degradation of the leaf litter (Figure 8) significantly decreased during the first year after
litterbag placement (time effect: p<0.001). In the first 6 months 60-75% of the litter was
degraded, while no decomposition was seen between 6 and 12 months. The decomposition
constant k tended to vary between the treatments (p=0.069) with values of 0.0025 to 0.0036
d-1 (Table 2) indicating a trend of more rapid decomposition in the 'present' and 'stable'
treatments than in the 'natural' and 'proposed' treatments.
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Figure 8. Mean (± SE) remaining litter mass (g) during decomposition. Differences between treatments are
described in the text.

Table 2. Mean (± SE) decomposition rates
(day-11) (n=5).
Treatment

k

Standard error

Present
Proposed
Natural
Stable

0.0036
0.0025
0.0028
0.0035

0.00031
0.00038
0.00020
0.00042

Discussion
The goal of this study was to investigate the effects of potential water level regimes in the
IJsselmeer area in the Netherlands on nutrient retention through plant uptake,
denitrification and organic matter storage in Phragmites australis wetlands.
The present, unnatural, water regime with low water levels in winter and high
levels in summer was compared with a more natural regime of high winter and low
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summer levels, with a stagnant regime and with a regime mimicking the natural regime
(high at the onset of the growing season, falling in summer) but still with low winter levels.
This last regime has been proposed by the water authority as a compromise regime that
enhances littoral ecotopes and nutrient retention, and minimizes flood risks in the
surrounding area. Potentially, naturally fluctuating water levels promote nutrient removal
from water systems. High plant uptake, high denitrification rates and low decomposition
rates are favourable for the removal of nutrients from the surface water. In our study
different water level regimes did not lead to differences in aboveground biomass of P.
australis. Plants developed more (adventitious) roots after a period with high water level,
independent on its timing. Stem length and diameter increased in the high spring water
level treatments.
Denitrification rate was positively related to water depth, showing high rates in
spring in the treatments with a high spring water level. The rates decreased after water
levels dropped during the growing season. The decomposition rate of P. australis leaves was
influenced by water level regime, resulting in a slower decomposition rate in the treatments
with a prolonged flooding period in spring. These results indicate that nutrient retention is
increased at fluctuating water regime with high levels in spring.
Our mesocosm experiment was designed to simulate field conditions under relatively
controlled circumstances and to investigate ecological processes more closely. However,
this approach has its limitations (Carpenter, 1996). One of the possible side effects of the
use of deep containers was light limitation at the soil surface. This might have reduced
shoot growth at the time of emergence; indeed, the aboveground biomass in this study was
low compared to field studies (Gopal, 1990). Initial light limitation would, however, likely
have been equal in all containers. Another 'mesocosm effect' might have been the
obstruction of rhizome growth at the edges of the containers. It is assumed that this effect
was negligible, since rhizome biomass in our experiment was ca. 1 kg m-2 which is similar
to earlier field studies (0.7-1 kg m-2, Vretare et al., 2001; 1.5-2.5 kg m-2, Van den Wyngaert
et al., 2003). Finally, the addition of tap water to compensate water losses by
evapotranspiration might have influenced nutrient status in the surface water and pore
water, although nutrient concentrations in the added tap water were very low.
Our mesocosm experiment showed that water level (regime) has a significant
influence on the stem height and thickness of P. australis. A high water level peak in spring
resulted in longer and thicker stems as was also found by Mauchamp et al. (2001), Vretare
et al. (2001), and White and Ganf (2002). Thickness of stems has been generally found to
be strongly determined by the width of the buds before emergence (Haslam, 1969; Asaeda
and Karunaratne, 2000) and width increase during the growing season is uncommon (Hara
et al., 1993). This would imply that water level in the period preceding emergence was a
more important determinant of stem diameter than water level at time of emergence. The
reed vegetation in our experiment was rapidly responding to the high winter and spring
water level by producing significantly thicker stems already in the first year after the start
of the experiment. The longer stems and larger stem diameters resulting from high spring
water levels did not lead to higher aboveground biomass, because stem density decreased.
Although the decrease in stem density at high water levels was not significant in our study,
many other studies have shown this to be the case (Hara et al., 1993; Vretare et al., 2001).
Water level regime may also have affected root biomass as suggested by the trend of
lower biomass of rhizomes and adventitious roots at stable, low water levels compared to
fluctuating water levels with high levels well above the soil surface for at least some months
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per year, independent of the season of flooding. The growth of adventitious roots of reed is
stimulated by the presence of surface water (Coops et al., 1996), because of the
accumulation of ethylene in flooded plant parts (Steffens et al., 2006). Under the potentially
unfavourable conditions for root growth in inundated soils (low redox potential, toxic state
of several ions), adventitious root formation in the water might be advantageous to the
plant by facilitating nutrient uptake from the water column rather than from the
rhizosphere (Coops et al., 1996). The effect of water level regime on rhizome biomass is less
clear. Vretare et al. (2001) found more superficial rhizomes at deeper sites and measured a
higher aboveground:belowground biomass ratio at shallow sites. In contrast, our study did
not show an effect of water level on the total rhizome biomass.
For nutrient retention, not only biomass is important but also the uptake capacity. It
was expected that more nutrients would have been taken up at the 'natural' and 'proposed'
water level treatments in our study, because of the higher adventitious root biomass.
However, nutrient concentrations as well as amounts of nutrients in the standing stock in
the above and belowground reed biomass were not different between the water level
treatments. The nutrient concentrations in the aboveground reed biomass were very low
compared to other studies (Güsewell and Koerselman, 2002; Van den Wyngaert et al.,
2003). This might be caused by an early retranslocation of nutrients to the belowground
organs. Gessner (2000) showed the different nutrient concentrations in reed from relatively
high in leaves to low in sheaths and culms. During reed mortality the leaves die off first and
the remaining living reed biomass consists mainly of culms with a relatively low nutrient
concentration. Another factor which may have caused the low reed nutrient concentrations
is the low nutrient status of the sediment and the added tap water.
Despite the low nutrient concentrations in the aboveground biomass, the uptake
capacity for phosphorus may have been at a maximum, since addition of P did not increase
nutrient concentrations or biomass of the reed. This was not expected since the high plant
N:P ratios in all treatments indicated a P-limited plant growth (Güsewell and Koerselman,
2002). However, in the combined N and P addition treatment, part of the added amount of
nitrogen was taken up and stored in both stems and rhizomes. Rickey and Anderson (2004)
also found a significant increase in reed biomass when nitrogen was added. In 2006 the
plant N:P ratios in all treatments were much lower than in 2005 and far below the 'critical
N:P ratio' (Koerselman and Meuleman, 1996), indicating N-limited rather than P-limited
growth. This is consistent with the nutrient addition experiment results. Low plant N:P
ratios, indicating N limitation, are not uncommon for reed vegetation (Van den Wyngaert
et al., 2003). The difference in N:P ratio between two years is mainly caused by a higher P
concentration in 2006. An explanation is that the vegetation might have been unable to use
phosphorus, although it was available in 2005 in both surface water and pore water of the
top 10 cm of the soil. In the first year of the experiment this layer mainly consisted of the
added Veluwemeer sand and the roots did not yet colonize this top soil. In 2006 many roots
grew in the top 10 cm of the soil and were able to use the nutrients from that soil layer.
Furthermore, the water added was partly infiltrated in the soil and partly evaporated. Plant
evapotranspiration could have cause a downward water flow including nutrients from the
top 10 cm into deeper, rooted soil layers (Koerselman and Beltman, 1988). This would also
explain the high pore water nutrient concentration at the start of the experiment and the
strong decrease at the end of 2005 to a low value persisting in 2006.
The nutrient addition experiment also showed that the uptake capacity of nutrients
from the surface water is high. After adding significant amounts of extra N and P, nutrient
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concentrations in soil, pore water, and surface water did not increase. This implies an
efficient and rapid storage of these added nutrients in soil and vegetation.
Besides plant uptake and soil adsorption, denitrification and organic matter
accumulation are also potential nutrient sinks which might reduce surface water nutrient
concentrations. The denitrification process can remove nitrogen from the system
irreversibly by transforming nitrate into nitrogen gas. Denitrification rate was higher at
higher water levels as also found in a field mesocosm study (Chapter 4). Nitrate and organic
matter availability as well as temperature, which often affect denitrification rate (Davidsson
and Leonardson, 1998; Saunders and Kalff, 2001b; Hasegawa and Okino, 2004; Pribyl et al.,
2005) were not different among treatments. Our denitrification rates ranged between 0 and
7.5 mg N m-2 d-1. These values are rather low compared to other studies in lakes (Chapter
4; Olde Venterink et al., 2003; Hasegawa and Okino, 2004). The denitrification rates are in
the same order of magnitude as our plant N uptake rates (19 mg N m-2 d-1 increase in
aboveground biomass during the 182-day growing season, of which part is taken up from
the environment and part is translocated from the rhizomes (Soetaert et al., 2004)). Thus,
when water level is high, denitrification can play a role as important for the removal of
nitrogen from the system as nutrient uptake by the vegetation.
Decomposition is the process in which organic material is broken down to CO2 and
inorganic elements like nitrogen and phosphorus (Mitsch and Gosselink, 2000b). Factors
influencing decomposition rate include temperature (Kirschbaum, 2006), oxygen
availability (Asaeda et al., 2002), nitrate availability, and organic matter content
(Santruckova et al., 2001). In littoral zones organic matter input from dying helophytes is
high (Gessner et al., 1996; Bai et al., 2005) and decomposition rate is low because of the
anaerobic conditions (Asaeda et al., 2002). This leads to a relatively high accumulation of
nutrients (Asaeda et al., 2002; Larmola et al., 2006). In this study the effect of water regime
on decomposition rate was measured. Lower decomposition rates were found in the
treatments with high winter and/or spring water levels. The values in this study are
comparable to leaf decomposition rates measured in other studies (Gessner, 2000; Van
Ryckegem et al., 2006). The results indicate that nutrients are retained for a longer time
when water levels are high during the initial period of decomposition.
To summarize, there were clear effects of water level regime on biogeochemical
processes and, to a lesser extent, on the growth of reed vegetation, even after the relatively
short experimental period of two years. Periodic high winter and/or spring water levels
stimulated denitrification rate and retention of nutrients in dead organic material. It did not
make a difference whether the higher water peak lasted all winter or did only occur in
spring. The timing of the high water periods was less important than expected. Thus,
concerning denitrification rate and litter accumulation a more natural water level regime is
better for reducing nutrient concentrations and with that improving water quality.
However, concerning nutrient retention in the vegetation, not only the more natural water
level regimes but also the present water level regime resulted in a higher vegetation biomass
and nutrient retention than a constant water level near soil surface. When combining both
vegetation uptake and the processes denitrification and decomposition, it is concluded that
a regime with a large amplitude (50 cm, natural and proposed regime) is better for
improving water quality than regimes with a small (20 cm, present regime) or no amplitude.
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Chapter 4
Nutrient cycling and retention along a littoral
gradient in a Dutch shallow lake in relation to
water level regime
Susan Sollie and Jos T.A. Verhoeven

Abstract
Littoral zones bordering shallow lakes are characterized by gradients in depth and
vegetation biomass, influencing the functioning for nutrient retention. A field experiment
was conducted in a Phragmites australis dominated littoral zone of a highly eutrophicated
freshwater lake to investigate nutrient cycling and retention and their effects on surface
water quality. Measurements were done in mesocosms (cylinders with area of 0.45 m2) in
a basin where water levels could be manipulated. Nutrient concentrations in sediment,
surface water and vegetation as well as denitrification rates were investigated along a
gradient perpendicular to the shore and during two growing seasons, one with a stable
water level and one with a gradually decreasing water level. Nutrient concentrations in
sediment, soil pore water and surface water were significantly lower in the vegetated than
in the unvegetated zone. The negative correlations of nutrients in sediment and water, with
nutrient contents of the vegetation indicate a direct effect of the vegetation. Nutrient
uptake and biomass of the vegetation was higher in continuously flooded soils than in
seasonally emerging sediments higher along the littoral gradient, probably due to the
increased salinity in the drained zones. Denitrification rate was highest in the unvegetated
zone and was positively correlated to water level. Flooded littoral zones did result in a
higher nutrient retention than drained zones. On small scale, for an optimal nutrient
retention a fluctuating regime is not necessarily better suited than a stable water level, but
on a larger scale it can substantially increase the width of the vegetated zone. It is important
to optimize conditions for helophyte growth since the positive effect of vegetation on
nutrient retention, at least at local scale, has been demonstrated in this study.
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Introduction
Shallow lakes with low nutrient concentrations usually are dominated by aquatic
macrophytes. The aquatic vegetation provides an important refuge for many animals.
Zooplankton is protected against fish predation and contributes significantly to the control
of phytoplankton biomass (Scheffer, 1998). When nutrient loading increases, biomass of the
macrophytes will increase initially, but further eutrophication often leads to excessive
phytoplankton blooms (Dobson and Frid, 1998). This results in increased turbidity, loss of
submerged macrophytes due to light limitation, low dissolved oxygen, excessive production
of organic matter and toxic gases (hydrogen sulphide, ammonia) and growth of toxic bluegreen algae (Scheffer, 1998). These impacts are hampering the use of the affected lakes as a
source of food, clean water or for recreation. Shallow lakes and adjacent marshy land are
also notoriously rich in wildlife. It is therefore of major importance to lower nutrient
concentrations and restore turbid lakes to a clear water state.
Measures to lower nutrient concentrations in the surface water should primarily be
directed to the reduction of inflow of excess nutrients from point and non-point sources
(Köhler et al., 2005). Reduction of excess inflows can, however, often be achieved only
partially within acceptable cost limits. Another method to improve water quality in shallow
lakes is the restoration or expansion of helophyte zones that are known to be capable of
retaining nutrients from the surface water. Many studies (e.g. Coveney et al., 2002;
Meuleman et al., 2002; Verhoeven and Meuleman, 1999) have shown that helophytes can
retain nutrients effectively during the growing season. Helophytes take up nutrients from
the sediment or directly from the surface water using adventitious roots (Coops et al., 1996).
Evapotranspiration causes a depletion of water near the roots, resulting in a net flow of
surface water (including nutrients) into the sediment (Koerselman and Beltman, 1988).
Most of the studies mentioned have, however, been done in constructed wetlands. The
design and management of such wetlands are optimized for nutrient retention in terms of
water flow, vegetation biomass, species composition and in some cases mowing regime.
Helophyte stands naturally present as littoral zones along the shores of shallow lakes
are also often mentioned as diminishing nutrient concentrations in the lake water (Bratli et
al., 1999), but studies of their functioning have been relatively scarce. The degree of
nutrient retention and reduction of nutrient concentrations in the surface water is
influenced by the relative lake area covered by emergent vegetation and thus by the
morphometry of the lake shore, which is often characterized by a depth gradient
perpendicular to the shoreline. Dobson and Frid (1998) describe the littoral zone according
to different hydrological characteristics. Surface water has the least influence on the part of
the littoral zone closest to the land. Only occasionally this zone is flooded with lake water.
In the zone within the amplitude of the seasonal water fluctuations, the sediment is
alternately flooded and drained depending on seasonal water level and wind and wave
action. At the lower end of the gradient, the sediment is flooded year-round. Going from
high to low on the lakeshore, vegetation is dominated by emergent helophytes and
submerged aquatic plants, respectively, until vegetation is not able to grow due to light
limitation.
Littoral vegetation biomass is dependent on water level and its dynamics (Coops et
al., 1996). In most of the Dutch shallow lakes water level is kept constant with a nonnatural water regime of higher levels in summer than in winter for economic and safety
reasons. This limits the presence of littoral vegetation to relatively narrow zones. A more
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natural water level regime would imply a gradual decrease in water level during summer
due to an increasing evapotranspiration and decreased rainfall. Such a water regime would
not only create opportunities for much wider zones with littoral vegetation, it would also
create different conditions in the sediment with consequences for nutrient retention.
Denitrification, for example, is strongly influenced by water level, organic matter content
and presence of vegetation (Saunders and Kalff, 2001b). A full evaluation of the
consequences of the restoration of a natural water level regime with wide littoral zones
requires quantitative knowledge on the effects of water level fluctuations on nutrient
cycling and retention in such zones.
Because little is known about the role of littoral wetlands in shallow lakes (and their
different zones) in nutrient removal, a field experiment involving water level fluctuations
was conducted in a field scale littoral zone section in Lake Volkerak-Zoom where the water
levels could be manipulated. In this experiment the effects of vegetation, water level
fluctuations and biogeochemical processes on water quality were investigated, using the
following research questions:
1.
How do the nutrient retention processes plant uptake, denitrification and
sediment sorption differ along the gradient from the land boundary to the open
water?
2.
Will a natural seasonal water level regime result in a larger nutrient
retention/removal in the littoral zone and in lower nutrient concentrations in the
surface water compared to a stable water level regime?
Methods

Site description
Lake Volkerak (51°38'N 4°17'E) is a freshwater lake in the south-western part of the
Netherlands. In 1987 the lake was closed off from the North Sea, turning it from a brackish
estuary into a freshwater lake. The Lake Volkerak area is 6450 ha with 25% marshes and
mudflats. The average water depth is 5.2 m with a maximum of 24 m. The water surface is
kept at a constant level and is regulated by several sluices. Since 1994 a serious
cyanobacteria problem has existed, because of the excess of nutrients entering the lake via
the rivers Mark, Dintel, Meuse and Rhine through the Hollands Diep.
The banks of Lake Volkerak have become much steeper after the closure, because
mudflats and shallow shore zones have been eroded as a result of the regulated, constant
water level. Together with grazing (both birds and cattle) this has largely prevented the
growth of helophytes along the shores of the lake. In a large-scale experiment, part of Lake
Volkerak shore (4 ha) was isolated from the lake by dam-walls in 1995 to be able to manage
water levels independently of the rest of the lake. Water from the lake can be pumped into
or out of the basin, according to the preferred water level regime. From 1995 until 1999,
this separated basin has been subjected to a water regime with low water level in spring and
summer and high water level in winter (Tosserams et al., 1999). At the same time, grazing
was prevented. In the course of 5 years, a rapid increase of helophyte vegetation took place
over a width of maximally 65 m of the shore zone. The vegetation in this zone now mainly
consists of Phragmites australis, Typha angustifolia, Typha latifolia and Scirpus maritimus.
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Setup
Inside the existing basin an experiment was carried out during the growing seasons (AprilSeptember) of 2004 and 2005. Cylinders (0.45 m2) were used to keep the local surface water
in the same littoral zone during the whole season. Without cylinders, intensively mixing
between the different zones could obscure spatial differences in nutrient concentrations.
The cylinders were placed in three different littoral zones perpendicular to the shoreline:
1. vegetated, high on the lake shore (vegetated, high (VH)), 2. vegetated, in the center of
the helophyte vegetation (vegetated, center (VC)) and 3. unvegetated, at the lower end of
the lake shore, nearest to the open water (unvegetated, low (UL)) (Figure 1). In each zone
five replicate cylinders were placed, approximately 10 m apart, resulting in a total of 15
cylinders. The cylinders were pressed into the sediment, so that surface water was kept
inside. Water levels were regulated by using the pumping facilities for the entire shore
basin.

VH
Zone

UL

VC

Figure 1. Schematic representation of the zones with experimental cylinders in lake Volkerak. VH: vegetated,
high on the lake shore. VC: vegetated, center. UL: unvegetated, low on the lake shore.

In Figure 2 the water levels in the cylinders in each zone are shown. Water level was kept
at a constant level during the whole growing season in 2004. However, in August 2004
heavy rainfall caused a period of higher water levels than planned. In 2005 it was allowed
to decrease steadily from March to September, to mimic a natural water level regime. At
the beginning of 2005, the cyclinders were repositioned to different heights along the
gradient to ensure that the cylinders in zone VH fell dry around mid May and those in zone
VC at the end of June. A bird protection rim was placed on top of the cylinders to prevent
birds to sit on them. Measurements of surface water, soil pore water and sediment nutrient
concentrations were done inside as well as outside the cylinders to determine the cylinder
effect.

Field and laboratory techniques
Water level was measured every half hour, using a diver (Van Essen Instruments). To
correct for air pressure, the values measured with a "baro diver" were subtracted. The water
level regime in the experimental basin was continuously adjusted by pumps to meet the
preferred regime.
56

Relative water level (cm)

Retention along a littoral gradient

2004

2005

VH

VH
8 cm

VC

13 cm

VC
5 cm

30 cm

UL
UL

Jun

Jul

Aug

Month

Sep

Oct

Apr

May

Jun

Jul

Aug

Sep

Oct

Month

Figure 2. Water levels and the relative position of the sediment surface in the different zones, in 2004 (left) and
2005 (right). VH: vegetated, high on the lake shore. VC: vegetated, center. UL: unvegetated, low on the lake shore.

Pore water and surface water (if present) was collected every two weeks. Pore water was
sampled in vacuum bottles using rhizons (Rhizon SMS, Eijkelkamp Agrisearch Equipment)
permanently placed inside the cylinders. Surface water was collected in plastic flasks. Both
were stored in a cooling box, transported to the lab and placed at 4°C. Within 24 hours, pH
and EC were measured (after filtering surface water) and samples were stored at -18°C until
ion measurements at the Skalar Autoanalyser.
Sediment samples (10 cm depth) were taken outside the cylinders because of the
destructive nature of the sampling procedure. In 2004 samples were taken monthly, in
2005 only during denitrification sampling. The samples were extracted within 24 hours
after collection using extraction with demineralized water, 0.2 M KCl extraction (NH4+ and
NO3-) (Houba et al., 1989) and Olsen extraction (PO43-) (Bray and Kurtz, 1945). For demi
and KCl extractions, 100 ml extraction solution was added to 10 g fresh sediment and
shaken for 1 hour followed by 4 minutes of centrifuging at 4000 rpm. In the demi extract
pH and EC were measured. The samples were then filtered over a GF/C Whatman-filter
(1.2 µm) and stored in the freezer (-18°C) until further analysis. For Olsen extraction 50 ml
of 0.5 M NaHCO3 was added to 5 grams of fresh sediment and shaken for 30 minutes. After
centrifugation and filtration, a mixed reagent was added to the extract after which the
samples were measured colorimetrically at 880 nm for PO43-. Sediment samples were dried
(105°C, 24 h) and digested with a modified Kjeldahl procedure to measure total N and P
(Bremner and Mulvany, 1982). Five millilitre of a mixture of sulphuric acid and salicylic
acid was added to 750 mg of sediment. A catalyst was added and the solution was heated
for 1 hour at 200°C followed by 90 minutes at 340°C. When the samples were clear and
green, they were cooled and demineralized water was added up to 75 ml. After
homogenizing the samples, the supernatant was decanted and stored until further analysis
on the autoanalyser. Loss on ignition was calculated by igniting 5 grams of dry sediment
for 5 hours at 550°C.
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In 2004 plant biomass inside the cylinders was estimated every two weeks. Ten reed stems
were randomly cut at soil surface outside the cylinder and measured for weight (separation
of dead and living tissue). The vegetation samples were dried at 70°C for 48 hours to
measure dry weight. These data, together with the number of stems inside the cylinder
were used to calculate living and dead aboveground biomass inside the cylinder. For total
N and P, 150 mg of ground biomass was digested with a Kjeldahl procedure. In 2005
aboveground plant biomass was calculated every month. Stem length and stem diameters of
twenty randomly chosen stems inside the cylinders were measured monthly. Biomass of 50
stems of different length and diameter was determined and used to make a regression of
biomass versus shoot length and diameter. This relation was used to calculate aboveground
living biomass in the cylinders. At the end of the growing season ten stems were randomly
cut inside the cylinder to measure biomass and compare it with the values calculated on the
basis of length and diameter. Because these two methods were comparable in the results, it
can be assumed that the two methods are comparable and only the biomass values based on
calculations using the shoot density and dimension values are shown. TN and TP in the
aboveground vegetation were measured as in 2004.
In April, May and July 2005, denitrification rates were measured just outside the
cylinders using the acetylene inhibition method (Ryden et al., 1987). Acetylene was used to
inhibit the reduction of N2O to N2, so N2O was the sole product of denitrification. Fifteen
10-cm-deep cores (diameter 3.5 cm) per zone were sampled, wrapped undisturbed in
aluminum foil (open at the top) and placed per three in a 1.16 liter jar (n=5). Jars were
flushed with N2 to remove accumulated N2O and to lower the oxygen content to an
anaerobic condition. Jars were closed and 100 ml of acetylene (10% v/v) was added with a
syringe. After 1 and 5 hours N2O in the headspace was measured on a gas chromatograph
(GC Hewlett Packard 5890) equipped with an electron capture detector (ECD 63Ni) and
Hayesep Q columns. N2O dissolved in water was taken into account using the Bunsen
coefficient. Denitrification rate was calculated per m2 after correction for bulk density,
moisture content, core weight and core surface area. Extractable NH4+ and NO3- were
measured with 0.2 M KCl extraction in the sediment cores after incubation.

Statistics
All statistical analyses were performed using SPSS 12.0 (SPSS Inc., Chicago Il., USA). To
compare between zones or between sampling dates one-way ANOVA was used. When
ANOVA indicated significant differences, a post-hoc test (Tukey) was performed to identify
these differences. Data which did not meet the requirements for ANOVA (Levene test for
homogeneity of variance and normal distribution) were analysed with a non-parametric
test (Kruskal-Wallis H). To analyze time series Repeated Measures (RM) was used. When
interaction was shown between time and treatment the results of these RM could not be
used and ANOVA was used to compare treatments at a certain sampling date. Pearson's
Correlation Coefficient was used to test correlations between parameters, while in case of
an independent variable regression analysis was used.
Results

Surface water
In 2004 zones VC and UL were constantly flooded, whereas zone VH only contained
surface water in August. In 2005 water level decreased during the season causing
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emergence of the sediment in zone VH from May on and in zone VC from June on. Zone
UL remained always flooded and zone VH was only flooded in the beginning of the
growing season, resulting in only one sampling point. Therefore, only the results of the
zones VC and UL are shown. Surface water nutrient concentrations were different inside
the cylinders compared to outside.
In 2004, surface water ammonium and phosphate showed occasional high peaks in
the unvegetated zone, while these concentrations remained continuously low in the
vegetated zone (Figure 3a) (significant difference for ammonium between vegetated and
unvegetated zones, p=0.001). These peaks were only found inside the mesocosms and did
not occur outside (Figure 3b). In 2005, only phosphate showed an increasing trend during
the growing season inside the unvegetated cylinder, similar to that in 2004, while
ammonium did not show any peaks (Figure 4a). Just like in 2004, the increase was absent
outside the mesocosms (Figure 4b). The nitrate concentrations showed a significant
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Figure 3a-cc. Mean (± SE) nutrient concentrations (mg l-11) in the surface water (a) inside and (b) outside the
cylinders and (c) in the pore water in the different littoral zones during the growing season of 2004. VH:
vegetated, high on the lake shore. VC: vegetated, center. UL: unvegetated, low on the lake shore. n=5. Bars
indicate flooded (black) or water at surface level (grey) periods.
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Figure 4a-cc. Mean (± SE) nutrient concentrations (mg l-11) in the surface water (a) inside and (b) outside the
cylinders and (c) in the pore water in the different littoral zones during the growing season of 2005. VH:
vegetated, high on the lake shore. VC: vegetated, center. UL: unvegetated, low on the lake shore. n=5. Bars
indicate flooded (black) and drained (white) periods.

decrease over time in 2005, inside as well as outside the mesocosms.
The surface water in both the vegetated (VC) and the unvegetated (UL) zone had a
high EC, ranging from 2 to 5 mS cm-1 and from 1.4 to 2.4 mS cm-1 in 2004 and 2005,
respectively (no significant differences between zones). PH was significantly lower in the
vegetated site (around 7.5) than in the unvegetated zone (around 8.5) in 2004 as well as
2005 (p=0.001 and p<0.001, respectively).

Pore water
Pore water nutrient concentrations were not influenced by the use of the cylinders and
therefore only results from inside the cylinders are mentioned. EC in pore water was
higher than in the surface water. In 2004 EC of the pore water was highest in the
unvegetated zone (UL, around 10 mS cm-1, decreasing to 6 in summer) and lowest (around
4 mS cm-1) in zone VH. Zone VC was in between with values around 6 mS cm-1. The zones
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all significantly differed from each other. In 2005 the values were lower (around 4
mS cm-1 for zones UL and VC). Zone VH increased from August on from 4 to 25 mS cm-1.
Zone VH had a higher EC than zone VC (p=0.01) and zone UL (p=0.006). Like for surface
water, pore water pH was also higher in the unvegetated zone, compared to the vegetated
zones (p<0.001 for comparisons of UL-VC and UL-VH in both years).
Nutrient concentrations in the pore water differed significantly between zones. The
2004 data (Figure 3c) show that NH4+ and PO43- concentrations were lower in the center
zone with vegetation (VC) than in the unvegetated zone (both p=0.013). In 2005 no
significant differences were found between the zones (Figure 4c). In 2004 nitrate
concentration peaked in July/August (significant time effect: p<0.001) and phosphate
concentration increased during the season (significant time effect: p=0.008). Ammonium
concentration remained stable throughout the growing season of 2004. In 2005 no seasonal
effects were shown for the mean concentrations of NO3-, NH4+ and PO43- in the pore
water.
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Extractable and total nutrients
NO3-, NH4+ and PO43- concentrations, measured by sediment extraction, all were higher in
the unvegetated zone compared to the highest vegetated zone (VH) (p=0.034, p=0.018 and
p=0.027, respectively) in 2004 (Figure 5). Between zones UL and zone VC no significant
differences were measured. The average extractable nitrate and ammonium contents
changed over time during the measured months. Nitrate had a significant peak in
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Figure 5. Mean (± SE) extractable (mg kg-11) and total (mg g-11) nutrient contents in the sediment in the different
zones in 2004. VH: vegetated, high on the lake shore. VC: vegetated, center. UL: unvegetated, low on the lake
shore. n=5. Bars indicate flooding (black) or water at surface level (grey).

61

Chapter 4

September (significant time effect; p<0.001) and phosphorus also increased at the end of the
growing season (significant time effect; p=0.024).
The total P content of the sediment was higher in zone UL compared to zone VC
(p=0.072). TN concentration was higher in zone UL than in zone VH (p=0.015). The other
differences in TN and TP contents were not significant. Both TN and TP increased
significantly from August on (significant time effect; p<0.001). These changes are not
related to organic matter content (low values between 1 and 3%), which was not
significantly different between zones and within time.

Comparison 2004 and 2005
The comparison of the results of 2004 with 2005 (the constant water level with the
decreasing water level) is shown in Table 1. Means of nutrient concentrations over the
whole measuring period were compared between the two years. Although the two years did
not totally cover the same period, no significant season effect was expected on basis of
Figure 4 and 5. Nitrate concentration in the pore water was significantly higher in 2005
than in 2004 (p=0.022), but only in the vegetated zone high on the lake shore. That zone
was flooded part of 2004 and drained most of 2005. Ammonium and phosphate
concentrations in the pore water of the high zone were comparable between the two water
level regimes.
The middle zone was continuously flooded in 2004 with about 13 cm of water, while
in 2005 it was drained from June on. This did not result in significant differences in nutrient
concentrations in the pore water. Means of surface water were only calculated from data
before June, when surface water was present. In zone VC, nitrate concentration in the
surface water was significantly higher in 2005 than in 2004 (p=0.019). Ammonium and
phosphate in both surface and pore water did not differ between the years.
In zone UL more significant differences were measured, although this zone was
continuously flooded in both years. Nitrate and ammonium in surface water were higher in
Table 1. Mean nutrient concentrations (mg l-11) during the growing season of surface water and pore
water and their significant differences (p<0.05) between 2004 and 2005. n=5.
Variable

Year

VH
Mean
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VC
p

UL

Mean

p

Mean

p

NO3- in surface water

2004
2005

0.092
0.430

0.019

0.066
0.630

0.012

NH4+ in surface water

2004
2005

0.358
0.270

0.322

3.374
0.560

0.003

PO43- in surface water

2004
2005

0.176
0.054

0.297

1.856
1.144

0.465

NO3- in pore water

2004
2005

0.142
0.238

0.022

0.166
0.226

0.292

0.178
0.446

0.121

NH4+ in pore water

2004
2005

0.798
0.696

0.774

3.014
4.272

0.488

9.174
4.772

0.042

PO43- in pore water

2004
2005

0.610
0.288

0.398

1.800
1.784

0.978

3.820
1.796

0.022
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Table 2. Regression analysis between nutrient variables and water level in 2004 and 2005. (+)
indicates a positive relation.
Variable

2004
R2

NO3- in surface water (mg l-1)
NH4+ in surface water (mg l-1)
PO43- in surface water (mg l-1)
NO3- in pore water (mg l-1)
NH4+ in pore water (mg l-1)
PO43- in pore water (mg l-1)
Extractable NO3- (mg kg-1)
Extractable NH4+ (mg kg-1)
Extractable PO43- (mg kg-1)
Total N in sediment (mg g-1)
Total P in sediment (mg g-1)

0.015
0.040
0.042
0.019
0.424
0.261
0.011
0.201
0.099
0.119
0.039

2005
p
0.411
0.177
0.168
0.257
0.000 (+)
0.000 (+)
0.333
0.000 (+)
0.003 (+)
0.000 (+)
0.031 (+)

R2
0.057
0.001
0.008
0.072
0.051
0.028
0.022
0.370
0.004
0.013
0.073

p
0.027 (+)
0.812
0.563
0.027 (+)
0.041 (+)
0.128
0.434
0.000 (+)
0.728
0.555
0.148

2005 and 2004, respectively, while phosphate did not differ. Ammonium and phosphate in
pore water were higher in 2004, while nitrate concentrations were comparable between
the years.

Correlation between nutrient concentrations and water level
Regression analysis showed a significant positive correlation between water level (above
sediment surface) and surface water nitrate in 2005, pore water nitrate (only 2005),
ammonium (both years), and phosphate (only 2004) (Table 2). Extractable ammonium and
phosphate, as well as total sediment N and P were also positively related to water level.
Vegetation
Maximum reed biomass was measured on September 30, 2004 and October 11, 2005 (Figure
6). It did not differ between zones VH and VC in 2004, while in 2005 biomass in VH was
significantly lower than in the central zone VC (p=0.010). The higher biomass in VC was
associated with greater stem length (p<0.001) and diameter (p=0.009) rather than a larger
number of stems per square meter. The maximum reed biomass in zone VH was
significantly lower in 2005 than 2004 (p=0.002). Nutrients in the maximum biomass (g
m-2) at the end of the growing season were significantly higher in zone VC compared to
zone VH in 2004 (p<0.001 for N, p=0.003 for P) as well as in 2005 (p=0.003 for N and
p=0.002 for P). The differences in nutrient contents between 2004 and 2005 were
significant for both zone VH (p<0.001 for both N and P) and zone VC (N: p=0.024; P:
p=0.005). These differences were not only caused by the differences in biomass but also by
differences in nutrient concentrations (mg g-1). The N and P concentrations were higher
in 2004 in zone VH (N: p=0.002; P: p<0.001) as well as in zone VC (p<0.001 for both N and
P).
Denitrification
Denitrification rate in 2005 varied between the zones as well as within the season (Figure
7). In the unvegetated zone, in general, the rate was higher than in the other zones. There
was a significant peak in May in zone UL and zone VC. In zone VH denitrification rate was
low, especially when the zone was drained from May onwards. At that time denitrification
rate was almost zero. Regression analysis between water level and denitrification rate
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Figure 6. Mean (± SE) aboveground biomass (g
in 2004 (upper left) and 2005 (upper right), and TN (lower
left) and TP (lower right) in standing stock (g m-22) of the two vegetated zones. Inside the bars nutrient
-1
1
concentrations (mg g ) are shown. Significant differences (p<0.05) of contents are shown between zones and
within years (small letters within 2004 and capitals within 2005). n=5. VH: vegetated, high on the lake shore. VC:
vegetated, center. UL: unvegetated, low on the lake shore.

showed a significant positive relation (R2=0.302; p<0.001). When the values are averaged
within each zone, the average denitrification rate was 5, 29 and 80 kg N ha-1 y-1 for the
zones VH, VC and UL, respectively.

Nutrient contents of system compartments
Nutrients in the different system compartments sediment, plant, surface water and pore
water were calculated for September 2004 and June 2005. For the calculation the results of
the sediment extraction, sediment digestion, plant digestion, pore water nutrient
concentrations and surface water nutrient concentrations were used. These values were all
converted into mg m-2 using bulk density of the sediment (kg m-3), sediment depth (0.1 m),
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Figure 7. Mean (± SE) denitrification rates (mg N m-22 d-11) in the different littoral zones. n=5. VH: vegetated, high
on the lake shore. VC: vegetated, center. UL: unvegetated, low on the lake shore. Significant differences (p<0.05)
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Table 3. Pearsons correlation coefficients and p-v
values between nutrients in the aboveground
biomass and nutrients in surface water (SW), pore water (PW) and sediment. n.s.= not significant
N in aboveground biomass
(g m-22)
Sept 2004
June 2005

P in aboveground biomass
(g m-22)
Sept 2004
June 2005

N in SW
(mg m-2)

Pearsons Corr.
Sign
n

n.s.

-0.651
0.009
15

N in PW
(mg m-2)

Pearsons Corr.
Sign
n

-0.662
0.014
13

-0.661
0.038
10

Extractable N in
sediment
(mg m-2)

Pearsons Corr.
Sign
n

-0.837
0.000
14

-0.587
0.021
15

P in SW
(mg m-2)

Pearsons Corr.
Sign
n

-0.519
0.057
14

-0.639
0.010
15

P in PW
(mg m-2)

Pearsons Corr.
Sign
n

-0.644
0.018
13

n.s.

Extractable P in
sediment
(mg m-2)

Pearsons Corr.
Sign
n

-0.491
0.063
15

n.s.

65

Chapter 4

water height (m), surface area cylinder (0.45 m2), moisture content (%), volume pore water
(l m-2) and weight dry sediment of 10 cm depth (kg m-2). The values of the mobile nutrients
can in this way be compared to the nutrient contents in the aboveground vegetation. In
Table 3 correlation coefficients and p-values are shown for inorganic nutrients and
vegetation. These correlations show that in general a negative correlation was found
between N and P in the aboveground biomass and the nutrient contents in surface water
and sediment. These results are clearer for N than for P.
Discussion
The goal of this research was to investigate the functioning of the lake littoral zone with
respect to nutrient cycling and nutrient retention in sediment and vegetation at two
different water level regimes. The most important results from this study are that nutrient
concentrations in the sediment were affected by both vegetation biomass and water level
regime and that surface water had lower nutrient concentrations when emergent
vegetation was present. Furthermore, the natural water level regime involving a slow drop
during the growing season did not result in a higher helophyte biomass compared to the
regime with stable water levels. Finally, in contrast to our expectations, denitrification rate
was higher in the unvegetated zone than in the vegetated areas. The effects of the presence
of emergent vegetation and of water level fluctuations on nutrient retention are complex
and will be discussed below.
The height gradient on the lake shore under study was reflected in nutrient cycling
and nutrient retention. Two factors varied along the gradient: vegetation biomass and water
level. Maximum aboveground reed biomass in the littoral zone of Lake Volkerak varied
from 200 to 1000 g m-2. These values are in the low range of the study of Gopal (1990) in
which in 16 marsh studies above ground biomasses ranged between 180 and 5280 g m-2.
When comparing the high and the center zone, in 2004 biomass was comparable. However,
in 2005 biomass in the high zone was three times lower than in the center zone. This might
be due to the lower water level which fell below sediment surface in May in the high zone
and in July in the center zone. Coops (1996) also found higher reed biomass in flooded
conditions than in sites with water levels below sediment surface. The lower vegetation
biomass in the high zone might also be related to a high salinity after drawdown. Lake
Volkerak is a former estuarine system and consequently sodium chloride concentrations in
the sediment are still high. Due to the drawdown in May and the continuing
evapotranspiration by the vegetation, EC in the highest zone increased to 25 mS m-2
(equivalent to salinity of 10 g l-1). Howard and Rafferty (2006) and Mauchamp and
Mésleard (2001) showed a negative effect of salinity on the growth of Phragmites australis.
The effects of helophyte vegetation on pore water nutrients and extractable
nutrients were obvious. The overall trend showed occasional, high ammonium and
phosphate peaks in the unvegetated zone that were absent in the vegetated zones. Nitrogen
and phosphorus contents in surface water and pore water were negatively correlated to
nutrient contents in the aboveground vegetation. Several mechanisms could be involved.
Nutrient concentrations may have been reduced by direct uptake by helophytes (Huet et
al., 2005). Another possibility is the oxidation of the sediment by root gas exchange (Matsui
and Tsuchiya, 2006; Gries et al., 1990). A higher frequency of oxic microsites would
increase nitrification rates (Tanner et al., 1999; Patrick and Reddy, 1976) and result in
adsorption of phosphate to oxidized iron. Nitrate could then be transported to anoxic
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microsites and denitrified there. In the study of Patrick and Reddy (1976) the source of half
of the denitrified N was ammonium originally present in the surface aerobic layer. In this
study denitrification rate varied between 0 and 139 kg ha-1 y-1. These values are in the mid
range compared to other studies. Olde Venterink (2003) found a rate of 55 mg N m-2 d-1 in
a flooded reed bed of a Dutch floodplain. Hasegawa and Okino (2004) measured an average
of 93 kg ha-1 y-1 at 4 meter depth in a lake in Japan. Hefting (2003) measured values up to
183 kg N ha-1 y-1 in a grassland riparian buffer zone with a water table just below sediment
surface. The results of the denitrification measurements do not support the assumption that
vegetation stimulates denitrification. In our experiments vegetation presence had a negative
influence on the denitrification rate. An explanation could be competition for nitrate by
plant roots (Korsaeth et al., 2001). The fact that in the unvegetated zone nitrate
concentration in the surface water was higher than in the vegetated zone also supports that
explanation. However, nitrate was still present in the pore water in the vegetated zones and
thus, had not been depleted. Total denitrification rate is probably underestimated in the
vegetated zone. Toet et al. (2003) and Sirivedhin and Gray (2006) showed the importance
of measuring denitrification rates in periphyton with higher values than measured in
sediment.
Water level regime is another steering factor in nutrient cycling. In this study it is
difficult to distinguish the separate effects of vegetation and water level. A positive
correlation between denitrification rate and water level was found. The highest water
depth was present in the unvegetated zone and it was flooded year-round. Although no
studies were found concerning the relation between surface water level and denitrification
rate, a clear drop in denitrification rates when water level dropped below ground level was
seen. Factors found to be correlated with denitrification rate in other studies, such as nitrate
concentration (Davidsson and Leonardson, 1998; Hasegawa and Okino, 2004), temperature
(Pribyl et al., 2005) and organic matter content (Saunders and Kalff, 2001b) did not show
significant correlations in our study. Like denitrification rate also pore water nutrients were
dependent on water level, although again the effects of vegetation and water level are
interacting. At higher water levels higher pore water phosphate and ammonium
concentrations were found, as also found by Newman and Pietro (2001).
It was expected to find effects of water level and vegetation also on surface water
quality, because there is an exchange of nutrients between surface water and sediment pore
water through diffusion and vertical water movement. Downward water flow is expected
to be enhanced by evapotranspiration in summer (Koerselman and Beltman, 1988). Our
results show that surface water ammonium and phosphate concentrations were lower in
the vegetated zone, as also found by Coveney et al. (2002), Kufel and Kufel (2002) and
Krolikowska (1997). Furthermore, the negative correlation between nutrients in the
vegetation and in the surface water indicates a direct effect of the vegetation. The results of
nutrient concentrations outside the cylinders show the mixing of surface water and thereby
obscuring the differences between the zones.
From our results it is obvious that the functioning of littoral zones is different along
a gradient from high to low soil elevation and from vegetated to unvegetated in the growing
season. Plant uptake and denitrification is dependent on the location along a lake shore.
During spring and summer the removal of nitrogen from the system by denitrification was
highest in the flooded zones, especially in the zone without vegetation. Nutrient contents
in the peak standing crop of Phragmites australis were also dependent on location along the
lake shore. High on the littoral gradient, in seasonally dry zones, significantly less nutrients
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were stored in P. australis than when the sediment remained flooded. Furthermore, a
significant decrease in nutrient concentrations in sediment and surface water was seen in
the vegetated zone compared to the unvegetated zone. It has to be kept in mind that
presented results are only covering the spring and summer season. Most of the nutrients are
retained for a long time in the vegetation, although a significant part of the nutrients may
return to the lake water and sediments at the end of the vegetation season (Krolikowska,
1997). Winter results should be included to draw conclusion on annual mean retention
capacity. In contrast to vegetation storage, denitrification is a permanent retention process
(Patrick and Reddy, 1976), which is also strongly dependent on season (Davidsson and
Leonardson, 1998; Hasegawa and Okino, 2004).
On basis of our experiment, it can be concluded that for an optimal nutrient
retention during the growing season, a natural water level management with a drop during
spring and summer is not necessarily better suited than a stable water level. However, on
the longer term and on a larger scale, the width of the vegetated zone has been shown to
increase substantially if a regime of stable water levels is modified to a regime with
seasonally falling water levels in the summer (Coops et al., 2004b). On the other hand, at
fluctuating water levels problems might arise when rewetting after a period of drainage.
Phosphate might be released (Watts, 2000; Baldwin et al., 2004) to undesirable levels. It is
important to optimise conditions for helophyte growth since the positive effect of
vegetation on water quality, at least at local scale, has been demonstrated in this study and,
in lakes where water level regime can be influenced, a fluctuating water level regime might
still be optimal for water quality.
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Chapter 5
The contribution of marsh zones to water quality
in shallow lakes - a modelling study

Susan Sollie, Jan H. Janse, Wolf M. Mooij, Hugo Coops and Jos T.A. Verhoeven

Abstract
Many lakes have experienced a transition from a clear into a turbid state without
macrophyte growth due to eutrophication. There are several measures by which nutrient
concentrations in the surface water can be reduced. We used the shallow lake model
PCLake to evaluate the effects of three measures (reducing external nutrient loading,
increasing relative marsh area and increasing exchange rate between open water and
marsh) on water quality improvement. Furthermore, the contribution of different retention
processes was calculated. Settling and burial contributed more to nutrient retention than
denitrification. The model runs for a typical shallow lake in The Netherlands showed that
after increasing relative marsh area to 50%, TP concentration in the surface water was
lower than the Maximum Admissible Risk (MAR, a Dutch government water quality
standard) level, in contrast to TN concentration. The MAR levels could also be achieved at
a loading reduction of 65% for N and 25% for P. However, reduction of nutrient
concentrations to MAR levels did not result in a clear lake state with submerged vegetation.
Only a combination of a more drastic reduction of the present nutrient loading, in
combination with a relative large marsh cover (ca. 50%) would lead to such a clear state.
Since these measures are hardly feasible and a reduction of nutrient loading is absolutely
necessary, it can be concluded that littoral marsh areas are not effective in improving water
quality at whole lake scale.
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Introduction
Eutrophication in shallow lakes is a worldwide problem. Many lakes have experienced a
transition from a clear state with abundant macrophyte growth to a turbid state
characterized by the excess growth of microscopic algae. Submerged macrophytes can
hardly survive under these conditions and the overall ecological quality of the lake
ecosystem is poor (e.g. Korner, 2001; Irfanullah and Moss, 2004). A moderate reduction of
nutrient loading often does not lead to a clear state due to internal loading (Sondergaard et
al., 2003) and resilience of the turbid state (Scheffer 2001). Water quality in the shallow
lakes of the Netherlands is still far from meeting ecological standards (Gulati and Van Donk,
2002). The objective of Dutch lake managers generally is the restoration of the macrophyte
dominated clear-water state.
There are several measures by which nutrient concentrations in the surface water
can be reduced. The further reduction of nutrient inputs from sewage treatment plants and
from diffuse agricultural sources is the most effective, source oriented measure. Although
this has led to a significant reduction in nutrient loading in the past decades (Gulati and Van
Donk, 2002), even further reduction is possible using 4-step purification and new methods
to reduce agricultural run-off (Muscutt et al., 1993). Scheffer (2001) already stated that a
prerequisite to achieve this is a reduction of the nutrient loading to below a critical value.
Another approach is the restoration of littoral marsh zones because of their significant
potential for nutrient retention by the marsh vegetation (Coveney et al., 2002). This could
result in reduced nutrient concentrations in the lake, low enough for a return to a clear
water state. Also increased sedimentation and other physical or chemical processes in the
marsh zone may contribute (Ishida et al., 2006; Olde Venterink et al., 2006). Artificial
marsh zones can be constructed at the lake shore or in shallow open water zones of the lake
(Kovacic et al., 2006). Sollie et al. (Chapter 2) found that within 10-15 years these artificial
zones have become comparable to natural zones in their nutrient cycling and retention.
The effect of marsh zones will depend on their surface area and the intensity of the
exchange of water between the lake and the marsh zone. Another critical parameter for the
effectiveness and total area of marsh zones is the water level regime in combination with
shore morphometry. When the difference in water level between summer and winter is
minimal, only a narrow band of lake shore is alternately flooded and drained, leading to
only a narrow zone of shore vegetation. However, when the difference in water level is
increased, the total vegetated marsh area may be enlarged several times (Coops et al.,
2004b). The steepness of the shore zone is also of importance (Rea et al., 1998). The
exchange rate is dependent on the situation of the marsh zone in relation to wind direction,
wave action, flow through rate of water in the lake, width and shape of the marsh zone,
water level fluctuations and the presence of dams or other structures blocking free water
flow. To our knowledge, no studies exist in which the water exchange between open water
and natural littoral zones was measured directly, but many experiments showed the
importance of hydraulic retention time for the removal efficiency of (constructed) wetlands
(Ishida et al., 2006; Jing et al., 2002).
Research on the nutrient retention function of littoral zones has often focused on
processes within the vegetated zone itself. For a proper evaluation of the functioning of
these zones in the context of the nutrient dynamics of the lake as a whole, the nutrient
dynamics of the littoral zone have to be considered at a larger scale and linked with the
functioning of the open water section of the lake. Dynamic modelling is a suitable approach
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to achieve insights in the consequences of vegetation for overall lake water quality (e.g.
Janse et al., 1998). In this study the ecosystem model PCLake developed for shallow lakes
(Janse, 1997; Janse et al., 2001; Janse, 2005) was used. The model simulates the food web and
nutrient dynamics in the open water and in a littoral marsh zone, as well as the hydrological
exchange between these two lake compartments. We evaluated different management
options with the model: increasing the marsh area, increasing the water exchange rate and
reducing N and P loadings.
We focussed on the following research questions:
1.
What is the effect of changing the lake/marsh ratio, water exchange rate and
nutrient loading on the modelled nutrient concentrations in the open water and
the marsh zone?
2.
Which combination of these measures is most effective in reducing modelled
nutrient concentrations in the lake surface water?
3.
What is the contribution of burial, denitrification and settling to modelled
nutrient removal, both in summer and winter?
Methods

Model description
For this research the existing model PCLake version 5.08 was used. We applied the
implementation of this model in Osiris (Mooij and Boersma, 1996), with a user interface
through Excel. This interface facilitates simulations with the model through easy data
communication and setting conditions for individual simulations. A full description of
PCLake including all processes and equations is given by Janse (2005).
PCLake is developed for predicting the critical nutrient loading at which switches
between the clear and turbid state occur (Janse and Van Liere, 1995). In a later stage a marsh
module was added to model the effect of adjacent zones with emerged vegetation. The
resulting model describes a shallow lake as consisting of two compartments, i.e. the open
water (also referred to as the lake) and the marsh zone (Figure 1a-c) (Janse et al., 2001). The
modelled abiotic state variables in the water column are inorganic material, detritus,
dissolved phosphorus, ammonium, nitrate and silicate. The state variables in the sediment
are organic and inorganic material, and pore water with dissolved phosphorus, ammonium
and nitrate. The sediments of the open water and marsh zones are always flooded and the
depth of the aerobic layer is dependent on the oxygen concentration in the water, the
sediment oxygen demand in the soil and the oxygen diffusion coefficient. The aerobic layer
is influencing the rate of denitrification, mineralization and P adsorption. The sorption of
P is reversible, but when P concentration in the pore water exceeds a maximum, the excess
of P is irreversibly immobilized. The exchange of nutrients between surface water and pore
water is modelled by a diffusion equation.
Algae take up phosphate, ammonium and nitrate from the surface water to maintain
optimal N:biomass and P:biomass ratios, respectively. Ammonium uptake is preferred, but
when the ammonium concentration is low, the algae switch to nitrate. Submerged plants
(simulating Elodea) take up nutrients from both surface water and soil pore water. Like
algae, they prefer ammonium. Water plants die off from half September onwards. The
biomass left in winter is the starting value for next growing season.
The sediment of the marsh zone is modelled analogous to the sediment of the lake
zone. The exchange of water with the nutrients contained therein between the two
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Figure 1a. General overview of the PCLake model consisting of an open water section and a marsh zone. See text
for model explanation. After Janse (2005).
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Figure 1c. Schematic representation of the PCLake marsh module. See text for model explanation. After Janse
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compartments is based on an exchange coefficient (related to water level fluctuations and
dispersive transport) multiplied by the difference in concentration. It is assumed that
resuspension in the marsh zone is zero. Phytoplankton growth in the marsh zone is zero
because of shadowing by reed, but it can be imported by exchange with the lake water.
Reed biomass and nutrient contents are dependent on allocation, production, mortality,
respiration and reallocation. Reed is growing in two stages; the initial stage and the
productive stage. At the initial stage part of the carbon is allocated from the rhizomes to the
shoot, together with a proportional amount of N and P. When the stem length is equal to
the water level the production of new biomass starts. During this stage C is incorporated via
photosynthesis. The growth rate is determined by temperature, day length and nutrient
contents of the vegetation (lower growth rate when nutrient contents are low). The
absolute amount produced is the product of the growth rate, the biomass per stem and the
stem density. The amounts of nutrients taken up from the pore water is the product of
rhizome biomass and the uptake rate, which is determined by the actual rhizome nutrient
content, pore water nutrient concentration, nutrient affinity and temperature. In autumn
the mortality rate of reed increases. A proportion of the nutrients are retranslocated to the
rhizomes. The aboveground biomass which is left after retranslocation is the starting value
for the next year. The presence of a marsh zone enhances the surviving conditions for
piscivorous fish in the open water, thereby also indirectly affecting the functioning of the
lake ecosystem.

Input variables
The following initial values have been chosen for a hypothetical lake that is representative
for a small eutrophicated shallow lake. The lake surface area is 100 ha and when a marsh
zone is introduced the area of the total system increases. Water depth of the open water is
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3 m and of the marsh zone 0.3 m. Water enters the system in the lake through an input of
20 mm water day-1. The lake is in a turbid state and initial biomass of submerged vegetation
is 1 g m-2. Aboveground and belowground reed biomass in the marsh zone is initially 1500
g m-2 and 7500 g m-2, respectively. Initial dry weight fraction of the soil is 0.3 g g-1, organic
fraction is 0.1 g g-1, lutum content is 0.1 g g-1, and organic N and P fraction in the sediment
are 0.025 and 0.0025 g g-1, respectively. For the other parameters the default values (Janse,
2005) were used.

Scenarios
To address the research questions three parameters were varied, i.e., (1) marsh surface area,
(2) degree of water exchange between the open water and the marsh and (3) nutrient
loading (Table 1). The size of the marsh area relative to that of the open water was varied
between 0 (no marsh) and 50% marsh. The exchange coefficient ranged between 0 and 1
m3 m-3 day-1. For nutrient loading three scenarios were used: present loading, past loading
(1975) and 1/10 * present loading. The present loading represents nutrient loading in lake
IJsselmeer and Veluwemeer in 2002 (2 g P m-2 y-1 and 60 g N m-2 y-1) (Figure 2). For the
past loading values of 1975 were used, resembling the highest loading in lake IJsselmeer of
the last decades (6 g P m-2 y-1 and 100 g N m-2 y-1). Because empirical data for nutrient
loading were used, the N:P ratio differed between the scenarios. Every combination of
parameters values was calculated, resulting in a total of 252 model runs (Table 1).
Table 1. Scenarios varying in marsh surface area, exchange rate and N/P loading. Total number of model runs:
21*4*3=252.
Parameter

Number of
scenarios

Marsh surface area (%)

21

0

2.5

5

Exchange rate (m m day )

4

0

0.25

0.5

Loading (g m-2 day-1)

3

N 0.164
P 0.0005

N 0.274
P 0.0164

3

-3

-1

N 0.0164
P 0.0005

….

45

47.5

50

1

Output
We focussed on two output variables: total nitrogen (TN) and total phosphorous (TP) (mg
l-1) in the water phase. These were calculated as follows:
TN = Ndiatoms + Ngreen algae + Ncyanobacteria + Ndetritus + NH4+ + NO3+
TP = Pdiatoms + Pgreen algae + Pcyanobacteria + Pdetritus + Pinorganic material + PO43The results of the calculations are presented as average values of the TN and TP
concentrations in the summer (April 1th till September 30th) of the 15th year after the start
of the simulation. Furthermore, when winter averages are shown, these are calculated as
the average value of October 1th of the 15th till March 31th of the 16th year. The 15th year
was chosen because reed biomass increased per square meter until year 15, after which an
equilibrium was established. Also, TN and TP concentrations in lake and marsh surface
water were at equilibrium after 15 years. In Figure 3 an example is shown for a scenario
run in time.
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Figure 2. P and N load in Lake IJsselmeer and in Lake Veluwemeer from 1972-2
2002 (Personal communication E.
Lammens, D. van der Molen and R. Rijsdijk (Institute for Inland Water Management and Waste Water
Treatment)).
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Figure 3. Simulation of 4 scenarios (differing in relative marsh area) for TN and TP in the surface water of the
open water (left) and in the marsh zone (right) (mg l-11). Summer averages are calculated with data between April
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To investigate the importance of different nutrient retention processes average summer and
winter fluxes were calculated. See Figure 7 for a visualization of the different processes.

Flux A
Loading N (g m-2 d-1) = loading N
Loading P (g m-2 d-1) = loading P

Flux B
Exchange N (g m-3 d-1) = Exchange N in phytoplankton + Exchange N in NH4+ +
Exchange N in NO3- + Exchange N in detritus + Exchange N in zooplankton.
Exchange P (g m-3 d-1) = Exchange P adsorbed onto inorganic matter + Exchange P
in Phytoplankton + Exchange P in PO43- + Exchange P in detritus + Exchange P in
zooplankton.

Flux C
Denitrification N (g m-2 d-1) = denitrification N

Flux D
Net settling N (g m-2 d-1) = settling N in phytoplankton + settling N in detritus diffusion N in NH4+ from sediment to water - diffusion N in NO3- from sediment to
water - N in evaporation flux from water to soil.
Net settling P (g m-2 d-1) = setting P adsorbed onto inorganic matter + settling P in
phytoplankton + settling P in detritus - diffusion P in PO43- from sediment to water
- P in evaporation flux from water to soil.

Flux E
Burial N (g m-2 d-1) = burial N in detritus + burial N in humus + burial N in NH4+ +
burial N in NO3-.
Burial P (g m-2 d-1) = burial P adsorbed onto inorganic matter + burial P in detritus
+ burial P in humus + burial P in PO43-.

Flux F
Outflow N (g m-2 d-1) = water outflow * N in surface water
Outflow P (g m-2 d-1) = water outflow * P in surface water
Results

Water quality
Total N and Total P in surface water in simulations with different marsh surface area and
degree of water exchange are shown for 'present'(Figure 4a), 'past' (Figure 4b) and reduced
('10% of present') nutrient loading (Figure 4c). After 15 years of present nutrient loading
rate TN and TP concentrations in the open water were 6.4 mg l-1 and 0.2 mg l-1,
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Figure 4a. Summer averages of TN (upper graphs) en TP (lower graphs) concentrations (mg l-11) in the open water
(left) and the marsh zone (right) at present (2002) nutrient loading of 0.164 g N m-22 d-11 and 0.005 g P m-22 d-11 and
different marsh surface areas and different degrees of water exchange.

respectively in the absence of a marsh zone (Figure 4a). These concentrations steadily
decreased with increasing relative marsh area. to 80% and 60% of the original (without
marsh) TN and TP concentrations, respectively, at a relative marsh area of 50% and a water
exchange rate of 1 m3 m-3 d-1. At this high water exchange rate, nutrient concentrations in
the marsh zone were comparable to concentrations in the lake. At lower exchange rate less
N and P are transported between the open water and the marsh zone and concentrations in
the open water decrease less. Increases of the water exchange rate become less effective the
higher this rate already is. The effect of marsh surface area is, as expected, strongest at high
rates of water exchange.
The large impact of the much higher nutrient loading in the 'past' scenarios is clearly
visible in the also much higher TN and TP concentrations (Figure 4b). Even when at that
time the marsh surface area would have been increased largely, TN and TP concentrations
still would have been higher than present values. The model resulted in similar qualitative
responses to changes in marsh area and exchange rate at the 'present' and 'past' loading
scenarios.
In the scenarios with 90% reduced nutrient loading, TN and TP concentrations in
the open water responded immediately in the scenarios without a marsh zone. At present
nutrient loading, TN and TP concentrations in the lake after 15 years were 6 mg l-1 and 0.2
mg l-1, respectively (Figure 4a), while at a ten times lower loading rate these concentrations
were approximately also ten times lower (Figure 4c). In contrast to the past loading rate
scenarios, at reduced loading rates (10% of the present rate) TN and TP concentrations
respond differently to an increase in relative marsh area than at the present loading rates.
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The most striking difference is abruptly decreasing concentrations with increasing marsh
area at low nutrient loading. As long as marsh area is small, nutrient concentrations in the
surface water decrease proportionally with increasing marsh area. However, at an exchange
rate of 0.5 m3 m-3 and marsh area covering 30% of the lake, nutrient concentrations in both
the lake and the marsh zone sharply dropped to low values. Further increase of the marsh
area had no effect on TN and TP concentrations anymore. At an exchange rate of 1 m3
m-3 d-1 this phenomenon already occurs from marsh areas higher than about 18%. This
threshold relationship relates to with the appearance of submerged vegetation in the open
water (Figure 5). Because plant uptake in the marsh zone decreased nutrient concentrations
in the lake, chlorophyll-a levels dropped and light availability at soil surface increased (data
not shown). Low nutrient concentrations caused a shift from a turbid to a clear lake system
and promoted the establishment of submerged vegetation. As a result, the submerged
vegetation takes up significant amounts of nutrients. From that moment on the efficiency
of further marsh zone enlargement is negligible. At higher loading rates the submerged
vegetation was unable to grow and no such shifts are seen for TN and TP in those cases.

Vegetation
The growth of submerged vegetation in the lake and emergent vegetation in the marsh was
strongly dependent on nutrient loading (Figure 5). At present and past loading rates no
submerged vegetation established due to high phytoplankton densities in the open water,
limiting light availability (data not shown). At lower nutrient concentrations, algal
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Figure 5. Summer average of biomass (g m-22) of submerged lake vegetation (left) and emerged marsh vegetation
(right) at different loading levels, water exchange rates and relative marsh areas.
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densities dropped and the submerged vegetation started to grow to a maximum biomass of
85 g m-2. The growth of the plants was also dependent on the relative marsh to open water
area, because high relative marsh areas are able to reduce nutrient concentration in the
open water to a level at which submerged vegetation can establish. In the simulations,
proportional marsh areas of 0.15 and 0.3 were sufficient to reduce nutrient concentrations
to a level enabling submerged vegetation at water exchange rates between open water and
marsh of 1 and 0.5 m3 m-3 d-1, respectively. And the same effect will occur at smaller marsh
fractions when water exchange is high.
Nutrient loading strongly affected reed biomass. At high nutrient loading (loading of
1975) biomass of reed was at its maximum of 3800 g m-2 compared to 2800 g m-2 at 10% of
the present loading. With increasing marsh fraction, total reed biomass in the marsh zone
increased, but per square meter biomass decreased due to the dilution and intraspecific
competition for nutrients. The water exchange rate did not influence marsh reed biomass
to a large degree.
In Figure 6 the nutrients in reed the standing stock are shown for the different
nutrient loading rates present. Nitrogen and phosphorus contents in the reed standing stock
were influenced by relative marsh area, water exchange rate and nutrient loading. An
increase of nutrient transportation from the open water to the marsh zone was reflected in
higher reed nutrient contents. Therefore, the contents were positively related to nutrient
loading and exchange rate. The contents decreased with relative marsh area due to dilution
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Figure 6. Summer averages of N and P contents (g m-22) in Phragmites australlis at different loading levels, water
exchange rates and relative marsh area.
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of available nutrients in the marsh zone. The maximum amounts of nutrients in the
standing stock of the reed vegetation were 11.5 g P m-2 and 110 g N m-2.

Denitrification

Nutrient retention processes
Important for water quality in the lake are the processes which permanently deliver and
retain nutrients (Figure 7): (A) the loading of N and P from external sources, (B) the
exchange of nutrients from the lake to the marsh and (F) the outflow of nutrients. Inside
the marsh zone nutrients are permanently removed from the surface water by (C)
denitrification, (D) net settling (=settling minus release) and (E) burial (permanent storage
of organic matter in deeper soil layers). The nutrients taken up by the vegetation will be
returned to the water phase after vegetation die-off, so that these fluxes do not permanently
remove nutrients. All fluxes are expressed as percentages of external loading.

A
OPEN WATER

Loading

B

C
MARSH

Exchange

water
sediment

D

Net settling

Plant uptake

Net settling

Burial

F

Burial

N, P

N, P
Outflow

water

E

sediment
Plant uptake

Figure 7. Scheme of important nutrient retention fluxes of N and P in the lake and the marsh zone. See text for
exact calculation of fluxes A - F.

The contribution of the different fluxes is strongly dependent on relative marsh area and on
water exchange rate (Figure 8). Obviously, when the exchange rate is 0, no nutrients are
transported from the marsh to the open water and vice versa. In the summer season the
amount of nutrients transported to the marsh (flux B) varies from 0-19% for N and 0-17%
for P at an exchange rate of 1 m3 m-3 d-1 and dependent on the relative marsh area. The
outflow (flux F) of the lake ranges from 40 to 73% of the input (A). Of the removal processes
in the marsh zone, net settling is the most important. Up to 15% of N and 29% of P loading
is removed from the water by irreversible settling in the soil (flux D). Relative burial (flux
E) and denitrification (flux C) rates hardly accelerate as a result of an increased nutrient
loading. For these processes an increase in relative marsh area and exchange rate is not
efficient.
In the winter season a similar amount of nutrients is transported from the lake to the
marsh zone. However, the irreversible removal fluxes in the marsh zone are different from
those in the summer season. Denitrification rate in the marsh zone (flux C) is relatively low,
whereas settling (flux D) fluxes still have an important influence on nutrient removal.
However, compared to the summer season, burial of nitrogen and phosphorus (flux E) is as
important as settling. At most favourable conditions (high exchange rate and high marsh
83

Chapter 5

fraction) the burial process in the marsh zone removes 11% of N loading and 37% of P
loading in the winter season. Because the burial and settling fluxes are higher than the
exchange flux, part of the buried and settled N and P originates from the marsh area itself.
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Discussion
The goal of this modeling study was to analyse the effects of three different management
options (enlargement of the littoral zone, increasing water exchange rate between lake and
marsh zone and the reduction of external nutrient loading) for water quality improvement
in a shallow lake. We showed that according to the model all three have a positive influence
on water quality. Of these measures, reduction in loading rate is the most effective, because
this factor has an approximately linear relation with nutrient concentrations in the lake.
This result is comparable to the findings of empirical lake TP models (Reckhow and Chapra,
1983). The efficacy of water exchange measures is dependent on the present exchange rate.
An increase of water exchange rate between lake and marsh zone from 0 to 0.5 m3 m-3 d-1
is more effective than from 0.5 to 1 m3 m-3 d-1. An increase in marsh zone will decrease
nutrient concentrations in the lake due to higher total plant uptake and stimulates the
switch to a clear state when nutrient concentrations are low enough so as to allow the
development of submerged vegetation in the lake. The simulations show that the optimal
measure to achieve a clear state is a combination of reduced loading and an increased
relative marsh zone.

Model restrictions
In this study PCLake was used because it allows an analysis of the interaction between open
water and marsh and because of its ability to investigate scenarios with different
management options. However, there are some restrictions because the model omits some
processes that play a role the natural situation. First, it is known that the growth of reed can
be influenced by the seasonal water level regime (Bodensteiner and Gabriel, 2003; Coops et
al., 2004b). Water level regimes and hence depth variations could be modelled in PCLake,
but the relation between water level, slope and area of the marsh zone is not part of the
model. We have to keep in mind that in reality large marsh zones only will develop when
water levels fluctuate (Coops et al., 2004b) in contrast to what is modelled in PCLake.
Second, natural lakes have a certain littoral slope, which influences the marsh surface area
and reed growth (Coops et al., 2004b; Rea et al., 1998). In PCLake the marsh zone has a
horizontal soil surface and no spatial heterogeneity in vegetation, water and soil is
modelled. Third, depending on their slope in combination with water level regime and/or
waves, the upper part of the littoral zones often show wet-dry cycles with various
periodicities. PCLake does not model 'dry' periods in the littoral zone but rather assumes
that this zone is permanently flooded across its full width. Finally, ecosystem models often
contain a great deal of uncertainty caused by the model structure itself or the parameter
values. To visualize this problem Janse (2005) carried out a sensitivity and uncertainty
analysis for PCLake. The most important conclusion was that the model is very sensitive to
lake features, such as water depth, water inflow and fetch. These restrictions are important
when drawing conclusions on model results. As the model was calibrated with values
which are representative for the lakes in the Ijsselmeer area, the model is expected to
generate outcomes which can be used for scenario evaluation with respect to water quality
issues in that area.
Nutrient retention processes
In our simulation around 70% of the nutrients flowing into the lake are flowing out with
discharging surface water for all calculated scenarios. When no marsh zone is present the
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other 30% of the nutrients will remain in the open water section of the lake system in
vegetation, algae or sediment. At a small marsh surface area (5%) only a small fraction of
the nutrient input is transported to the marsh zone, ranging from 0-5%. This fraction
increases rapidly to 16-19% at a marsh surface area of 50% and an exchange rate of 1 m3
m-3 d-1. Obviously, in total more nutrients are retained in large marsh zones compared to
smaller marsh zones. However, the amount of nutrients stored per square meter becomes
less at increased marsh sizes. The maximum retention efficiency per unit of marsh area was
found at a marsh cover of 5% of the total lake area.
There are several processes responsible for permanent or temporary removal, which
are modelled in PCLake. In the marsh zone nutrients are temporary incorporated in the
reed vegetation during the growing season. A small part of these nutrients will be
incorporated in biomass but a major proportion will return to the system after reed die-off
(Asaeda et al., 2002). Other temporary retention processes are diffusion and adsorption.
Permanent reduction of nutrients in the lake system is caused by denitrification, net
settling and burial of organic matter. The denitrification process can remove nitrogen from
the system irreversibly by transforming nitrate into nitrogen gas (Patrick and Reddy, 1976).
Olde Venterink et al. (2003) found a rate of 55 mg N m-2 d-1 in a flooded reed bed of a Dutch
floodplain, while Toet et al. (2003) only measured 0.5-26 mg N m-2 d-1 removed from
sediment in a system of flow trough ditches polishing the effluent of a sewage treatment
plant. In our model values up to 8 mg N m-2 d-1 were generated. Net settling is the net
sedimentation of phytoplankton, adsorbed P and detritus plus the flow of nutrients from
the water to the soil caused by plant evaporation minus the diffusion of NO3-, NH4+ and
PO43- from the sediment to the surface water. Plunkte and Kozerski (2003) measured
sedimentation rates in vegetated stands of 64-99 g DW m-2 d-1. In our study maximum
settling rates calculated in the model were 0.03 g N m-2 d-1 and 0.002 g P m-2 d-1. With N
and P contents in the soil of 5 mg N g-1 and 0.5 mg P g-1, this corresponds to settling rates
of ca. 6 g DW m-2 d-1. This difference can be explained by the fact that in contrast to our
study, Plunkte and Kozerski (2003) did not measure net settling rate. Finally, in PCLake
burial is the loss of a small layer of sediment as a compensation for sediment thickening, as
the model assumes that only the sediment top (10 cm) layer actively takes part in the
nutrient cycling. The excess amount (below 10 cm of sediment) is considered as buried in
the deeper sediment and lost from the system. Brenner et al. (2006) found that aquatic
plants promoted burial, since they remove nutrients effectively from lake waters and
transport them to the sediment pool.
The fate of the nutrients transported to the marsh zone depends on nutrient type (N
or P) and season. In summer settling rate is very important and for N at small marsh surface
areas even higher than the exchange rate, while for P settling this is the case for every
marsh surface area. Both denitrification and burial rate are rather low in summer. In winter,
however, burial rate increases to become as important as settling. A lower burial rate in
summer than in winter is caused by the fact that mineralization rate is positively related to
temperature (Aerts et al., 2006) and therefore fewer nutrients are left to be buried as organic
matter.

Water quality related to management
TN and TP concentrations in the surface water of aquatic ecosystems are often used as an
indication of water quality (Tsegaye et al., 2006). Sources of surface water nitrogen and
phosphorus are inflow from rivers, agricultural runoff (Muscutt and al., 1993), internal
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eutrophication (Smolders et al., 2006), and atmospheric deposition (Jassby et al., 1994). The
Dutch Maximum Admissible Risk levels (MAR) for shallow lakes are 2.2 mg N l-1 and 150
µg P l-1 and target levels are even lower with 1.0 mg N l-1 and 50 µg P l-1 (RIVM, 2000).
Nutrient concentrations in the lake under study are far above these levels. It is generally
known that at high nutrient concentrations lakes may switch to a turbid state and
submerged macrophytes disappear (Hilt et al., 2006; Jackson, 2003). A clear water state may
return by measures like nutrient reduction (Anderson et al., 2005; Köhler et al., 2005) and
biomanipulation (Kasprzak et al., 2002; Tatrai et al., 2005). In accordance to many lake
studies (e.g. Jackson, 2003; Scheffer, 2001), in our model the negative correlation between
nutrient concentrations and submerged vegetation biomass was also shown. This
correlation can be explained by the increase of chlorophyll-a concentrations (indicating
phytoplankton growth and therefore a reduction of light availability) at high loading rates
(Jackson, 2003).
Three different management options were chosen to evaluate their effect on water
quality. First, the exchange rate of surface water between the marsh zone and the lake was
modeled between 0 and 1 m3 m-3 d-1. These values were chosen on the basis of expert
judgment, since no references were found on this subject. The results show that above 0.5
m3 m-3 d-1 a further increase of the exchange rate has only minor effect. The exchange rate
implicitly contains the hydraulic detention time, which is often mentioned as an important
factor in nutrient retention efficiency (Ishida et al., 2006; Jing et al., 2002).
As a second management option, the range of relative marsh surface area was varied
between 0 and 50%. The potential surface area for emergent plant growth in a shallow lake
is controlled by factors such as lake morphometry and water level (Coops et al., 2004b). The
actual percentage of that potential area which will be covered, is dependent on (local)
environmental conditions, e.g. nutrient availability (Clevering, 1998), grazing (Van den
Wyngaert et al., 2003) and wave action (Coops and Van der Velde, 1996). Little research
has been done on quantifying the surface areas of emergent helophyte fractions in these
lakes. More is known about submerged macrophytes. The vegetated fraction of the open
water part differs strongly per lake and also between years. Scheffer et al. (1992) showed
the variability of Potamogeton pectinatus abundance, ranging from 10 to 50% in some lakes
of the IJsselmeer area between 1969 and 1989. For nutrient retention not only the
percentage of vegetated marsh area is important, but biomass of the vegetation will mainly
determine nutrient contents in the standing stock (Chapter 2, 3 and 4). Biomass of the reed
vegetation in our simulations was rather high and in the typical range of reed biomass in
lake littoral zones (Gopal, 1990). The reed vegetation was able to grow to the maximum
biomass of 3500 g m-2 at present loading rate. The fact that this high biomass was reached
indicates that there probably was no nutrient limitation. The plant nutrient concentrations
of 28.5 mg N and 2.3 mg P per gram dry weight were also high, but still in the range of field
measurements for Phragmites australis (Gusewell and Koerselman, 2002).
The third set of management options were related to nutrient loading, for which
empirical data for past, present and future situations in the IJsselmeer area were chosen.
As expected, all evaluated measures influenced the TN and TP concentrations, but to
a quite different extent. By increasing the relative marsh surface area from 0 to 50% and
optimizing water exchange to 1 m3 m-3 d-1, TN concentration decreased by 20% from 6.4
to 5 mg N l-1 and TP concentration decreased by 45% from 0.20 to 0.11 mg P l-1. After this
measure TN concentration still did not meet the MAR level, while TP concentration did.
The reduction of external nutrient loading has a stronger effect on water quality than the
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other measures. The scenarios showed that at a 90% reduction of the present loading, TN
and TP concentrations also decreased by 90%, implying a linear relationship. Interpolating,
the MAR level can be achieved at a loading reduction of 65% for N and 25% for P, even
without extra measures (i.e. without marsh zone). Although TN and TP concentrations
were reduced below the MAR level, at either 50% relative marsh area or a nutrient loading
reduction of 90%, the lake was still in a turbid state without submerged vegetation.
When nutrient concentrations in the open water reached levels below ca. 0.4 mg
N l-1 and 15 µg P l-1, light availability was high enough for submerged vegetation to grow
exponentially (feedback mechanism). At the present loading rate, biomass of the submerged
vegetation (modelled according to Elodea characteristics) was negligible, but the model
calculated a maximum biomass of 90 g m-2 at reduced loading levels in combination with a
marsh surface area of 15% or higher. This maximum biomass is comparable to empirical
results measured by Nagasaka (2004). Immediately after significant growth of the
submerged vegetation, chlorophyll-a levels dropped from 57 µg l-1 to 2 µg l-1. The level of
57 µg l-1 is high compared to chlorophyll-a levels of 3-25 µg l-1 found for turbid lakes
(Jackson, 2003), but is in the range of levels found in many shallow lakes in Europe
(Jeppesen et al., 2005; Noges et al., 2003). The low value of 2 µg l-1 is, like in our simulations,
often corresponding with a clear state (Jackson, 2003). Since N and P loading were coupled,
in this study effects of a reduction of N or P separately were not measured. Jeppesen et al.
(2005) found that especially phosphorus has a strong influence on phytoplankton growth.

Management implications
Three different management options have been discussed in the previous paragraphs. This
evaluation can be useful for lake managers to get insight into the processes playing a role in
water quality improvement. Scaling up is necessary to use these calculations for
management in Dutch Lakes. We used a hypothetical lake of 100 ha, while for example,
Lake IJsselmeer is 115000 ha and Lake Veluwemeer 3000 ha (www.rdij.nl;
www.volkerakzoommeer.nl). Calculations with PCLake on larger lakes show the same
response of management on surface water nutrient concentrations as shown in this study.
However, it takes more time before the switch from a turbid lake to a clear lake takes place.
In large lakes wind fetch is generally larger, resulting in more waves and consequently a
lower settling rate. Submerged vegetation will not establish within decades. Since wind
fetch has a strong influence on settling rates and individual lakes differ in shape, depth,
presence of islands etc., the effects of management should be evaluated for every single lake,
with model settings adjusted to specific features of the lake.
We showed that to meet MAR levels, present nutrient loading rates should be
reduced to 35% of the present loading for N and to 75% for P when no other measures are
taken. But this reduction in nutrient concentrations is not sufficient to bring the turbid lake
into a clear state. Also, the increase of the marsh area to 50% of the total lake area did not
lead to submerged macrophyte growth. PCLake modelling showed that the switch to a clear
lake only occurs when N and P concentrations decrease to below the critical values (0.4 mg
N l-1 and 15 µg P l-1. Different combinations of nutrient load reduction and littoral marsh
construction may reduce nutrient concentrations to the critical value (Figure 9). For
example, the desired effect will be accomplished at a reduction to 10% of the present
nutrient loading in combination with a relative marsh area of 15%, or at a loading reduction
to 15% and relative marsh area of 50%. It is obvious that there is hardly any difference in
reducing present nutrient loading to 15% (with 50% marsh) and to 10 or 8% (without
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Figure 9. Effect of nutrient loading reduction (x-aaxis) and relative marsh area (different lines) on TN (left) and TP
(right) concentrations in the surface water of the open water section. The lower dotted line represents the critical
concentrations for the switch from turbid to a clear lake. Magnified is the most left part of the dotted line. The
arrows indicate at which percentage of the present loading four different marsh areas cross the critical value.
Exchange rate between open water and marsh zone was 1 m3 m-33 d-11.

marsh) to reach the critical nutrient concentration levels. A reduction of the external
loading is absolutely necessary to create and/or maintain a clear lake state. In addition, a
littoral zone only plays a significant role, when the relative surface area is very large. In
most lakes this is not feasible due to other lake functions concerning navigation, recreation
and water storage. In addition, in many cases lakes morphometry limits helophyte growth
to a narrow band along the lake shore (Duarte and Kalff, 1986). From the modeling study
it becomes clear that littoral zones are not efficient for water quality improvement at a
whole lake scale. Littoral zones in the IJsselmeer area seem to mainly have an ecological and
nature (biodiversity) function.
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Water quality improved by littoral zones and
water level regime? A synthesis

Water quality improvement in shallow lakes during the past decades
The great majority of shallow lakes in the temperate zone have a history of severe
eutrophication (Scheffer, 1998; Gulati and Van Donk, 2002; Smith, 2003). When nutrient
loading increases, the biomass of submerged macrophytes will increase initially (clear
state), but further eutrophication often leads to excessive phytoplankton blooms (turbid
state) (Dobson and Frid, 1998; Scheffer, 2001; Smith, 2003). Phytoplankton dominance
results in increased turbidity, loss of submerged macrophytes due to light limitation, low
dissolved oxygen, increased accumulation of organic matter and toxic gases (H2S, ammonia)
and growth of toxic cyanobacteria (Scheffer, 1998). The turbid situation of a lake is
undesirable and improvement is necessary to return to a better ecological situation.
The Water Framework Directive requires a good ecological and chemical status of all
surface waters (European Union, 2000). To achieve this goal, reduction of external nutrient
loading is a necessary first step (Jeppesen et al., 2005). To provide standards for the water
quality, a National Environmental Assessment in The Netherlands (RIVM, 2000) has set
Maximum Admissible Risk levels (MAR, 2.2 mg N l-1 and 150 µg P l-1) and target levels (1.0
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mg N l-1 and 50 µg P l-1) for N and P concentrations in shallow lakes. In very few lakes in
The Netherlands nutrient concentrations are currently below the target level (Janse, 2005),
with associated low chlorophyll-a levels and a submerged vegetation covering in some cases
90% of the total lake area, indicating a clear state of the lake. However, in most lakes even
MAR levels are still exceeded, resulting in high phytoplankton concentrations and high
light attenuation. The high nutrient concentrations in the lake surface water have persisted
despite a (often strong) reduction in nutrient loading rates. In the Dutch IJsselmeer area
nutrient concentrations have decreased significantly over the past decades as a result of the
rigorous reduction in N and P loading of 40% and 70%, respectively (Figure 2, Chapter 5).
Although water quality has improved considerably, it is still far from target levels for a good
water quality. Total N concentration is at MAR level (2.3 mg N l-1), while P is in between
MAR and target levels. Average values for Lake Volkerak are much higher than MAR levels
for total N (4.5 mg N l-1) and at MAR level for total P (150 µg P l-1) (Janse, 2005).
The nutrient concentrations in the littoral surface water of the lakes in the
IJsselmeer area measured in the field study (Chapter 2) were in the range of 0.16 - 0.96 mg
N l-1 and between 6.5 - 65 µg P l-1. In Lake Volkerak average nutrient concentrations
measured in the littoral zone were 0.5 mg N l-1 and 40 µg P l-1 (Chapter 4). These values
are all much lower than the MAR levels, and mostly even below the target levels. The lower
nutrient concentrations in the littoral zones than in the open water section are an
indication of a positive effect of these zones on water quality. Apparently, the degree of
mixing of the surface water in the littoral zone and in the open-water zone is sufficiently
limited to detect these concentration differences.
It has taken several decades before the reduction of nutrient loading in Dutch
shallow lakes started to result in the desired water quality. Resilience of the turbid state
(Scheffer, 2001) by, for example, internal loading (Sondergaard et al., 2003) has played an
important role in the slow rate of water quality improvement. Therefore, there is
considerable interest in the efficacy of internal measures in the lake, in combination with
a further reduction of the external loading. The enlargement of the presently very limited
area of littoral zones in the Dutch shallow lakes has been proposed because nutrients may
be stored there. In many studies it has been shown that shallow lake littoral zones are able
to act as a nutrient sink (Pieczinsky, 1993; Bratli et al., 1999; Havens et al., 2004). The extent
of these zones is manageable by changing water level regime (Coops et al., 2004b; ChowFraser, 2005) to a more natural regime with a large variation in water levels throughout the
year. Furthermore, changing shore morphometry by removing steeps slopes increases the
area of helophyte growth. Finally, the construction of wetlands is another possibility to
enlarge helophyte zones (Verhoeven and Meuleman, 1999; Coveney et al., 2002; Vymazal,
2005).
The objectives of the presented study are to evaluate whether the littoral zone could
significantly contribute to lake water quality improvement under different water level
regimes and management options with respect to littoral zone area and loading rates. First,
a field study, in which several biogeochemical parameters were measured in natural and
constructed sites, was conducted in the largest shallow lake area in the Netherlands (the
IJsselmeer area) to investigate the most important processes in littoral zones with respect to
nutrient cycling and water quality (Chapter 2). Two experiments were designed to further
unravel the interactions between water level regime, plant uptake, organic matter
accumulation and denitrification (Chapter 3 and 4). Finally, a model was used to evaluate
the effect of different management options on water quality at a large scale (Chapter 5).
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Littoral zones and water level regime enhance nutrient retention: research approach
The lakes investigated in this study have almost no littoral zone, while this is characteristic
for shallow lakes (Scheffer, 1998; Mitsch and Gosselink, 2000a). This is a result of a
combination between managed water levels, with only small differences between summer
and winter level and the construction of steep concrete shore lines. Both the lack of littoral
zones and the unnatural water level regime are unfavourable for water quality. There are
several management options to be applied as internal measures for nutrient reduction:
(re)construction of littoral zones and modification of water regime towards a more natural
regime with high winter levels. These two measures often can not be separated. The extent
of littoral zones is strongly dependent on the hydrology of a lake. Littoral zones are more
extensive and biomass production is higher at a more natural regime implying annual water
level changes with a maximum in winter and a minimum in summer, with an amplitude of
about 0.5 m (Coops et al., 2004b). In addition, flooding can drastically alter nutrient cycling
and nutrient concentrations in littoral sediment (Box 1). In this study it was attempted to
evaluate effects of both measures, a difficult task since they are not unrelated. The approach
chosen was a combination of a field study, a mesocosm experiment in the greenhouse, a
field experiment, and a computer simulation study. This approach made it possible to
separately study some effects of different water regimes and of the presence of littoral
helophyte vegetation.
The field study was conducted in the largest shallow lake system of the Netherlands:
the IJsselmeer area. In this area an unnatural water level regime is maintained, with high
target water levels in summer and 20 cm lower levels in winter. In both the 'natural' and
'constructed' littoral zones a vegetation gradient was observed, with helophyte monostands
at the lake side and mixed stands with low herbaceous species at the land side of the littoral
zone. This vegetation gradient is associated with an elevation gradient perpendicular to the
shore, reflected in differences in flooding and soil conditions (Coops et al., 1996; Dobson
and Frid, 1998). In deeper water common reed (Phragmites australis) mainly grows in
monotypic stands (Mitsch and Gosselink, 2000a), but when water level is very low or below
sediment surface, other species often coexist with reed (Schmieder, 2004). The transect
approach resulted in a large database on nutrient-related characteristics in the vegetation,
water and sediment in the littoral zone.
In a mesocosm study the effects of different water levels were experimentally tested.
The mesocosms described in Chapter 3 were subjected to four different water regimes
representing some real management options in the IJsselmeer area. The reed plants in the
mesocosms required some initial growth and were probably still not fully developed after
the three growing seasons studied. However, the reed biomass was comparable to the lower
end of the range for field values found in the IJsselmeer area and also to the range described
by Gopal (1990) for a wider range of wetlands. Reed growth and development and litter
breakdown did show some significant responses to the treatments and gave insight in the
effects of water level on reed growth and biogeochemical processes. The formation of
adventitious roots found in year-round flooded treatments might be advantageous to reed
under the unfavourable conditions in inundated soils (low redox potential, toxic state of
several ions) by facilitating nutrient uptake from the water column rather than from the
rhizosphere (Coops et al., 1996).
The field experiment in Lake Volkerak was aimed at testing the effects of water level
fluctuations across the gradient often observed in littoral zones. Unique in this experiment
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Box 1. Effect of flooding and drainage on pore water nutrient concentrations
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In August 2004, ten sandy soil cores (diameter 16 cm; length 20 cm) were collected in
Lake Ketelmeer, The Netherlands. Rhizon samplers were placed horizontally in the core
at a depth of 8 cm. Before the start of the experiment (day 0) pore water samples were
analysed for iron, ammonium, phosphate and nitrate. After this measurement 5 cores
were flooded (+ 10 cm) with Ketelmeer water and 5 cores were drained to 18 cm below
soil surface. After 32 days pore water was sampled and analysed again.
Mineral concentrations did not differ significantly before the start of the experiment.
After 32 days, iron, ammonium and phosphate concentrations were significantly higher
in the flooded than in the drained cores. For nitrate the opposite result was found.
Flooding decreased redox potential, which apparently led to inhibition of nitrification
and release of phosphate from the iron-phosphate complex. Under drained conditions
ammonium was nitrified and phosphate precipitated with iron.
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was the possibility to experimentally vary water levels in a large and wide zone at field
scale. The problem in measuring the effects of plant and soil nutrient retention processes on
surface water quality is the continuous horizontal mixing of surface water between
different parts of the littoral zone and between the littoral zone and the open water.
Cylinders were used to exclude mixing and to keep the surface water in contact with the
sediment at one particular spot during the whole growing season.
To scale up the results of the field measurements and experiments, the model
PCLake was used. This model has been developed for shallow lakes and was calibrated for
shallow lakes in the IJsselmeer area (Janse and Van Liere, 1995). This model also included
a module to simulate the effects of littoral zones on lake restoration (Janse et al., 2001). It
had, however, not previously been used for extensive scenario testing with a combination
of different loading rates, marsh surface areas and water exchange rates. The model did not
have the opportunity to explicitly investigate different water level regimes. However,
increasing the relative area of littoral zones implies adaptations of water level regime, so
that there is an implicit link with water regime involved.
The above mentioned combination of field studies, experiments and modeling will
be integrated in this synthesis to give the best possible evaluation of the efficacy of the
measures discussed.
Indications for water quality improvement by littoral zones
In the results of the various investigations carried out for this thesis there are several
indications that littoral zones indeed can improve water quality. As described earlier in this
synthesis, lower nutrient concentrations were measured in the littoral zone of lakes when
compared to the pelagic zone. When water exchange between the open water and the
littoral zone is low, pelagic surface water is hardly mixed with littoral surface water. The
gradient in nutrient concentrations between the pelagic and the littoral zones indicates a
significant nutrient retention by the littoral zones.
Furthermore, the lower pore water nutrient concentrations in vegetated sites than in
unvegetated sites (Chapter 2; Chapter 4) indicate a significant contribution of vegetation to
nutrient retention. The low pore water concentrations will lead to diffusion of nutrients
downward from the surface water, depending on the concentration difference. Besides
diffusion, evapotranspiration causes a downward flow of surface water (including nutrients)
into the sediment due to depletion of water near the roots (Koerselman and Beltman, 1988).
In contrast to what was expected, most measurements did not show differences in surface
water nutrient concentrations between vegetated and unvegetated sites within the littoral
zone (Chapter 2; Chapter 4). This may be caused by the intensive mixing of surface water
within the whole littoral zone (Herb and Stefan, 2005). In addition, nutrients may be
continuously imported from outside into the littoral zone (Muscutt et al., 1993), obscuring
nutrient reduction in the surface water. These explanations are supported by the fact that
no difference in surface water nutrient concentrations were measured between the
vegetated and unvegetated zone outside the cylinders in Lake Volkerak, while inside the
cylinders nutrient concentrations were lower in the vegetated zone, probably due to plant
uptake.
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Water level regime as a management tool
The present water level regime in the large shallow lakes of the IJsselmeer area is strongly
regulated according to more or less strict target levels. In practice the levels in summer are
high and usually stable, whereas in winter they are lower on average but with considerable
short-term peaks. This water level regime ensures the lowest flood risks for adjacent areas,
and creates suitable conditions for recreation and navigation (Gulati and Van Donk, 2002).
The high summer water levels, in combination with steep slopes restrict the helophyte belt
to a relatively narrow zone (Coops et al., 2004b). A more natural water level regime (high
in winter, decreasing in summer) is thought to enhance the growth and expansion of
helophytes, resulting in a much wider littoral zone in shallow lakes. Because of the
overriding importance as a water buffer when there is a high inflow of water from rivers,
it is practically impossible to increase winter water levels in the IJsselmeer area.
Alternatively, a regulated water regime has been proposed with low winter levels, but
raised levels in spring, followed by a gradual decrease afterwards (BOVAR-IIVR, 2001). In
Chapter 3, a stable water level at soil surface was compared to the present IJsselmeer area
regime (low in winter and 20 cm higher in summer) and to more natural regimes with a
gradually decreasing water level after a high spring peak.
When comparing the different water level regimes, high spring water levels caused
an increase in stem length and diameter (also Chapter 4; Mauchamp et al., 2001; Vretare et
al., 2001; White and Ganf, 2002), a decrease in stem density (also Hara et al., 1993; Vretare
et al., 2001), and a stimulated growth of (up to 30 cm long) adventitious roots in the
mesocosm experiment (also Coops et al., 1996). High water levels up to 40 cm above soil
surface, as integrated into the more natural water level regimes, seem favourable for reed
growth, while reed growth is limited at stable water levels at soil surface. In addition, at low
water levels a problem might arise in formerly saline lakes. The estuarine history of Lake
Volkerak and the IJsselmeer area becomes apparent at drawdown, when water has
evaporated and ions remain in the soil (Shannon et al., 1994). In both Lake Volkerak and in
the IJsselmeer area, high levels of salinity were measured in drained soils. The negative
relation between salinity and reed biomass was often mentioned in other studies
(Mauchamp and Mésleard, 2001; Howard and Rafferty, 2006). In Lake Volkerak reed
biomass decreased by a factor 3 at a salinity level of 10 g l-1 compared to 1.6 g l-1. In the
IJsselmeer area salinity was also identified as an important factor determining reed biomass
(Chapter 2). Beside stimulating stem growth, there are several other advantages of
fluctuating water levels. Under flooded conditions germination of reed is minimal and
vegetative expansion is the main reproduction method. As a consequence genetic quality of
a littoral zone decreases. For germination of reed a period of drainage in the beginning of
the growing season is favourable (Weisner and Ekstam, 1993). Furthermore, the effect of
wave action is stronger when water level is constant as compared to a fluctuation in water
level, resulting in more erosion and breaking of reed stems (Coops and Van der Velde,
1996). Also, the width of the littoral zone increases with increasing water level amplitude,
the extent being dependent on shore morphometry. Finally, when water levels are
fluctuating, grazing is spread throughout different littoral zones along a gradient. This
prevents a high grazing pressure within a small reed belt.
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Contribution of denitrification, organic matter accumulation and plant uptake to nutrient
retention
Three different nutrient retention processes in the littoral zone can be recognized: plant
uptake, denitrification and sediment nutrient accumulation (Saunders and Kalff, 2001a).
The various hydrological conditions in wetlands strongly influence these processes. The
permanent or intermittent flooding of the littoral zone causes anaerobic conditions to
prevail in wetlands during part or all of the year, depending on water level regime (Mitsch
and Gosselink, 2000a). The average values for rates of denitrification, soil
burial/accumulation, and plant nutrient uptake, as measured in the various experiments
carried out for this thesis and simulated in PCLake are shown in Table 1. The values are, if
significantly different, given separately for vegetated and unvegetated sites and for flooded
and drained sites. Denitrification rate, nutrient storage in vegetation and organic matter
accumulation are in the same order of magnitude. This implies that these processes may
equally contribute to nutrient retention and water quality improvement. Due to the
variation in factors like water level, wave exposure and sediment type, a littoral gradient
could be observed in denitrification rate and plant biomass (Chapters 2 and 4). These
differences, inherent to biological processes in dynamic ecosystems (Scheffer, 1998; Mitsch
and Gosselink, 2000b), make it impossible to determine one single value, which is
representative for the whole littoral zone. Denitrification rate was higher in flooded and
vegetated sites than in drained and unvegetated sites (Table 1). Also plant uptake and
accumulation rate was increased under flooded conditions, through a higher biomass
production. Since these processes are important for nutrient cycling in the littoral zone (and
therefore for water quality improvement) it is important to distinguish between different
parts of the littoral zone with respect to water level and vegetation biomass.
Table 1. Rates of nutrient retention processes measured or simulated in the various experiments in
this thesis.
N
Denitrification rate
(g m-2 y-1)#

Ch 3
Ch 3
Ch 4
Ch 4
Ch 4
Ch 4
Ch 5

Plant nutrient uptake rate
(g m-2 y-1)*

Ch 2
Ch 3
Ch 3
Ch 4
Ch 4
Ch 5

flooded
drained
flooded
drained

20
4
1.2
4-7
1-5
110

2
0.2
0.03
0.2-0.8
0.05-0.5
11

Accumulation rate
(g m-2 y-1)

Ch 2
Ch 2
Ch 5
Ch 5

vegetated
unvegetated
net settling
burial

40
16
11
15

6
3.6
0.7
1.6

#

flooded
drained
vegetated
unvegetated
flooded
drained

P

max. 2.7
max. 0.4
max. 5.5
max. 14.6
max. 14.6
max. 2.9
max. 2.9

values measured in growing season, extrapolated to full year.

* nutrient contents in maximum standing biomass.
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Denitrification
The denitrification process is a mechanism permanently removing nitrogen from the
system by transforming nitrate into nitrogen gas (Patrick and Reddy, 1976). Denitrification
has been demonstrated to contribute significantly to nutrient retention in constructed
wetlands (Bachand and Horne, 2000; Toet et al., 2003). In this thesis no calculations were
made on the contribution of denitrification at the whole-lake scale, but Olsen and
Anderson (1994) found that denitrification accounted for removal of 77% of the lake annual
N input in a shallow, oligotrophic lake. Saunders and Kalff (2001b) calculated from data
collected in 23 different lakes that denitrification accounted for 63% of the TN retention,
while sedimentation was responsible for 37%.
Sediment denitrification rates in Lake Volkerak ranged from 0 to 40 mg m-2 d-1 and
in the mesocosm containers from 0 to 7.5 mg m-2 d-1. A rate of 8 mg m-2 d-1, calculated in
PCLake, is within or near these ranges. In a rough calculation based on simple interpolation
of data collected in this research, values for removal from the sediment in the littoral zone
by denitrification ranged between 0.4 and 14.6 g N m-2 y-1 (Table 1), being highest in
flooded sites and in sites without vegetation. Due to the influence of vegetation and water
level, a gradient in denitrification rate was found along the littoral slope (Chapter 4). Large
differences in denitrification were also mentioned in other studies. Olde Venterink et al.
(2003) found a rate of 55 mg N m-2 d-1 in a flooded reed bed of a Dutch floodplain, while
Toet et al. (2003) only measured 0.5-26 mg N m-2 d-1 removed from sediment in a system
of flow trough ditches polishing the effluent of a sewage treatment plant. No correlations
of denitrification rates with nitrate availability and organic matter content were measured
in Lake Volkerak (Chapter 4) or in the mesocosm experiment (Chapter 3), but in both
experiments denitrification rate was strongly related to actual water level (Figure 1), as was
also found in many other studies (Khera et al., 1999). Since ammonium is generally not
nitrified under anaerobic conditions (Patrick and Reddy, 1976), nitrate limitation might
200
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Figure 1. Denitrification rate (mg m-22 d-11) in relation to water level for both the mesocosm experiment and the
lake Volkerak experiment.
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occur in flooded soils. However, nitrate can be replenished continuously by inflowing
nitrate-rich surface water (Smith et al., 2006) or by nitrification in aerobic micro-sites
(Patrick and Reddy, 1976; Tanner et al., 1999). It was therefore hypothesized that reed
vegetation would stimulate denitrification by aerating the soil via root gas exchange (Gries
et al., 1990; Matsui and Tsuchiya, 2006). Yet, in Lake Volkerak denitrification rates were
higher in the zone without reed vegetation than in the vegetated zones. Assuming no
nitrate limitation in the flooded unvegetated zones, the low denitrification rate in the
vegetated zone could be caused by competition for nitrate between denitrifiers and plant
roots (Korsaeth et al., 2001). Denitrification rate in the vegetated sites might have been
underestimated. Toet et al. (2003) and Sirivedhin and Gray (2006) showed the importance
of denitrification in periphyton with higher values than measured in sediment in
constructed wetlands. In Lake Volkerak no measurements were done on periphyton
biomass, but in natural reed beds periphyton growth is common (Albay and Akcalaan, 2004;
Kurashov et al., 2004).

Plant nutrient retention
For nutrient retention in freshwaters, studies often have overlooked the uptake by
macrophytes (Saunders and Kalff, 2001a). The reason is the assumption that vegetation only
represents a temporary nutrient sink. Some nutrients are retained for a long time, but a
significant part of the nutrients may return to the lake water and sediments at the end of
the vegetation season (Krolikowska, 1997). Levine and Schindler (1992) showed that after
mineralisation of organic matter, NH4+ and PO43- were mainly released to the surface
water, rather than adsorbed in sediments, immobilized by microbes or incorporated in
minerals. Van Oostrom (1995) found plant uptake (0.2-0.3 g m-2 d-1) to be much lower than
denitrification rate (3 g m-2 d-1). Despite the relatively low contribution of plant uptake,
authors often state that vegetation can play a significant role during the growing season for
water quality. The uptake of nutrients by the marsh and lake vegetation during the active
period of algae results in higher light availability, thereby enhancing the possibility for the
growth of submerged macrophytes. After establishment of macrophytes water quality is
further improved, indicated by increased clarity (Nelson et al., 2006; Burks et al., 2006;
Jackson, 2003) and reduced nutrient concentrations in lake surface water (Van Donk et al.,
1993; Verhoeven and Meuleman, 1999; Kufel and Kufel, 2002; Meuleman et al., 2002;
Coveney et al, 2003; Hilt et al., 2006). Possible processes to explain the negative relation
between phytoplankton and macrophytes are the competition for nutrients (Lürling et al.,
2005) and allelopathic growth inhibition (Mulderij et al., 2005). Much research referred to
dealt with submerged macrophytes, which often have a higher coverage percentage than
emergent helophytes (Scheffer, 1998). We have to keep in mind that in this thesis only the
contribution of emergent helophytes is evaluated.
Reed biomass reflects the nutrient uptake capacity of the vegetation, which is of
major importance for the reduction of nutrients in the soil and surface water of a lake
system. A higher N storage in monotypic helophyte stands (20 g N m-2) was found than in
low herbaceous vegetation (11 g N m-2). A similar trend was observed for phosphorus (2.0
g P m-2 in monotypic helophyte stands and 1.5 g P m-2 in low herbaceous vegetation). Also
in Lake Volkerak and in the mesocosm experiment plant nutrient uptake was mainly
related to the vegetation biomass. In the IJsselmeer area, biomass values of up to 2000 g
m-2 reed were measured (Chapter 2), compared to 250-750 g m-2 in Lake Volkerak (Chapter
4) and 600 g m-2 in the mesocosm experiment (Chapter 3). This wide variety in biomass is
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comparable to the range Gopal (1990) measured in 16 marshes worldwide. The difference
in reed biomass could be explained by variation in water level and salinity (Chapters 2, 3
and 4). Several studies have experimentally investigated the effect of both constant water
levels (Coops et al., 1996; Vretare et al., 2001) and various fluctuating water level regimes
(Weisner and Ekstam, 1993; Coops et al., 2004b) on the growth of common reed. An
explanation with respect to the experimental setup, is the fact that in the mesocosm
experiment, and maybe also in Lake Volkerak, the reed vegetation was not able to develop
to the maximum biomass within only 2 years of the specific water level regime.

Organic matter accumulation
Soil organic matter accumulation is the difference between litter production and litter
decomposition. Decomposition is the process in which organic material is broken down to
CO2 and inorganic nutrients like nitrogen and phosphorus (Mitsch and Gosselink, 2000b),
depending on temperature (Kirschbaum, 2006), oxygen availability (Asaeda et al., 2002),
nutrient availability, and organic matter content (Santruckova et al., 2001). In littoral zones
organic matter input from dying helophytes is high compared to other vegetation types
(Gessner et al., 1996; Bai et al., 2005). Also, vegetated zones act as a nutrient sink through
sediment deposition (Johnston et al., 1984) and reduced sediment resuspension (Horppila
and Nurminen, 2001; James et al., 2004). Furthermore, plants promote burial by taking up
significant amount of nutrients (Coveney et al., 2002) and transport them to the sediment
pool (Brenner et al., 2006). In addition, decomposition rate is often low because of the (at
least partly) anaerobic conditions under flooded conditions (Asaeda et al., 2002). This leads
to a relatively high accumulation of nutrients in vegetated zones (Asaeda et al., 2002;
Larmola et al., 2006). This was also found in the IJsselmeer area (Table 1). In vegetated
zones 40 g N m-2 y-1 and 6 g P m-2 y-1 had accumulated in the soil over 10 years, compared
to 16 g N m-2 y-1 and 3.6 g P m-2 y-1 in bare zones. These rates are comparable to soil
accumulation rates in a constructed wetland (Meuleman et al., 2003).
Nutrient accumulation was also influenced by water level regime (Chapter 3). High
water levels create anaerobic soil surface conditions (Mitsch and Gosselink, 2000b),
hampering breakdown of plant litter (Chapter 3; Asaeda et al., 2002). In combination with
the relatively high organic matter production (Gessner et al., 1996; Bai et al., 2005) this
leads to a significant accumulation of nutrients (Asaeda et al., 2002; Larmola et al., 2006).
At water level regimes with tables below soil surface during spring, 80% of the original leaf
material was decomposed after one year, while in the regimes with high winter and/or
spring water levels only 60% was broken down. These measured decomposition rates were
comparable to rates measured by Gessner (2000), where 50% of reed leaves were
decomposed after 6 months under flooded conditions. Van Ryckegem et al. (2006)
measured also 50% leaf breakdown but this was in sites flooded only incidentally. In these
studies no comparison between flooded and drained sites was performed, but Asaeda et al.
(2002) states that decomposition rate in general is higher in aerobic conditions.
Scaling up results measured at the site scale to a whole lake scale
Research on the nutrient retention function of littoral zones has often focused on processes
within the vegetated zone itself (Chapter 2-4; Gessner, 2000; Havens et al., 2004; Larmola
et al., 2006). The data collected in this study, indicating a significant contribution of littoral
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zones to water quality, are difficult to evaluate with regard to their impact at the scale of a
whole lake. Dynamical modelling is a suitable approach to achieve insights in the
consequences of littoral vegetation for overall lake water quality (e.g. Janse et al., 1998). In
this study the ecosystem model PCLake developed for shallow lakes in the IJsselmeer area,
was used (Chapter 5). As discussed earlier, this model considers the shallow lake system as
consisting of two compartments linked through water flow. Although water level
fluctuations are not directly modelled, scenarios with different relative surface areas of
littoral wetlands and different exchange rates between open water and littoral zone could
be evaluated.
The PCLake model was originally developed to investigate the resistance of a lake to
recover from eutrophication. Shallow lakes can be in different states, i.e. a clear and a turbid
state (Scheffer, 2001). Catastrophic switches occur between the two states as they form
alternative stable states. A prerequisite to achieve a clear water state in turbid shallow lakes
is the reduction of the nutrient concentrations to below a critical value (Scheffer, 2001). In
the hypothetical lake used in PCLake, the critical values were 0.4 mg N l-1 and 15 µg P l-1
(Chapter 5). For both N and P these values are much lower than the MAR levels and even
lower than the target levels set by the government. To bring nutrient concentrations down
to levels below these critical values, nutrient loading should be reduced to 8% of the present
loading for N and to 10% for P. This very strong reduction of the load is hardly feasible from
the perspective that expensive measures were already taken to lower nutrient loading to the
present rate.
With PCLake, the feasibility of the construction of littoral zones for water quality
enhancement was tested. The processes involved in lowering surface water nutrient
concentrations were plant uptake, settling, burial and denitrification. The modeled
fluctuations in N and P concentrations in the open water (Chapter 5, Figure 3) are the
combined effect of littoral plant uptake and phytoplankton uptake in summer. Besides this
seasonal effect of plant uptake, organic matter accumulation was also calculated to largely
contribute to nutrient reduction at whole lake scale. In contrast, the contribution of
denitrification in the littoral zone to N removal in the open water was very low, as a result
of the depletion of nitrate by plant uptake (Janse, 2005). PCLake calculated values for
retention processes which turned out to be comparable to the Dutch field situation. This
was expected, since PCLake was calibrated for several Dutch lakes (Janse, 2005).
Without decreasing nutrient loading, an increase of the relative marsh area to 50%
of the total lake area at present nutrient loading rates did decrease nutrient concentrations,
but did not result in submerged macrophyte growth. The switch to a clear lake can only
occur when TN and TP levels decrease to below a critical value. To reach the critical N and
P concentrations, the construction of littoral marshes needs to be combined with some level
of reduction of the external loading. Different combinations of these measures would result
in the desired switch (Chapter 5, Figure 9). For example, a combination of 15% of relative
littoral marsh area and reduction to 10% of the present nutrient loading results in the same
water quality improvement as a combination of 50% of relative marsh area and a reduction
to 15%. It is obvious that there is hardly any difference in reducing present nutrient loading
to 15% (with 50% marsh) and to 10 or 8% (without marsh) to reach the critical nutrient
concentration levels. From the modeling study it has become clear that littoral zones are
not that effective for water quality improvement at a whole lake scale for this specific lake.
A reduction of the external loading is absolutely necessary to create and/or maintain a clear
lake state. However, a combination with the enlargement of littoral zones would bring
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about the switch to a clear state at an earlier point in time and would, at the same time, be
in line with the requirements of the EU Water Framework Directive to restore water bodies
to a more natural state. In lake restoration projects combinations of nutrient input
reduction and littoral zone restoration should be evaluated in terms of efficacy and costbenefit balance. Depending on the existing conditions of marsh surface area, external
nutrient loading, and specific lake features, the best set of measures to reach the critical
nutrient concentrations should be determined. With a cost-benefit analysis the choice can
be made which combination of littoral zone enlargement and nutrient loading reduction is
optimal for water quality improvement. In the cost-benefit analysis extra advantages of
possible measures, i.e. enhance the ecological status of the lake in terms of plant, macroinvertebrate and fish biodiversity, can be taken into account. The contribution of littoral
zones to water quality at the whole lake-scale is dependent on nutrient concentrations in
the surface water. When the latter are high, the contribution of littoral zones to water
quality improvement is negligible compared to the contribution of nutrient loading
reduction (Chapter 5). In large shallow lakes with high nutrient loading rates, such as the
IJsselmeer, littoral zones will not be very effective in improving water quality at a whole
lake scale, although they will still enhance the ecological and nature (biodiversity) value.
In the large parts of the total lake area that could be further isolated from the main river
water flow (e.g. the current Markermeer), nutrient inputs could become sufficiently low for
littoral zones to really become effective in further reducing the total internal nutrient
loading in the lake. In several Dutch shallow lakes (e.g. Naarden Grote Meer, Botshol Grote
Wije and Het Hol) nutrient loading is sufficiently low to result in the nutrient
concentrations near the critical levels (Janse, 2005). At that point, littoral zones are
important in forcing concentrations below these levels and establishing a resilient, clear
state.
Conclusions
Littoral zones with emergent vegetation are very narrow or even lacking in Dutch shallow
lakes due to a combination of changed water level regime and unfavourable shore
morphometry. These zones are important as a habitat for plants and animals, increasing
species diversity. It has also been demonstrated that littoral zones can act as a nutrient sink
to improve water quality. Therefore, it is important to understand how these zones can be
restored or created and if they can be effective in this sense. The results presented in this
thesis give more insight in the functioning of littoral zones at different water level regimes
and in the quantitive aspects of several nutrient retention processes. Furthermore, the
research revealed that it is possible for artificial littoral zones to become comparable to
more mature zones in nutrient cycling and nutrient retention within 10-15 years.
Two important factors were identified as crucial in determining nutrient cycling in
the littoral zone. Reed vegetation strongly affects nutrient storage during the growing
season and was shown to decrease nutrient concentrations in the soil. Furthermore, in
vegetated sites nutrient accumulation in the soil was higher compared to sites devoid of
reed. The second steering factor in a littoral zone is water level (regime). Processes like reed
growth, organic matter accumulation and denitrification were influenced by water level.
Reed biomass was stimulated at high spring water levels, more organic matter was
accumulated under flooded conditions and denitrification rate was positively correlated to
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water level. In formerly saline lakes, like lakes in the IJsselmeer area and Lake Volkerak,
reduced plant growth is likely to occur when salinity reaches high levels after drawdown.
In that situation reed biomass will mainly grow in the deeper parts of the littoral zone.
From these results I can conclude that relatively high water levels will increase nutrient
retention processes in the littoral zone. At a more natural water level regime with a large
amplitude, (temporarily) flooded conditions will prevail in a more extensive area.
At local scale the results imply a significant nutrient retention in the vegetated part
of the littoral zone. However, a modelling study pointed out that in a lake with high
nutrient loading, relatively large marsh surface areas are necessary to reduce nutrient
concentrations effectively at the whole-lake scale. In lakes where nutrient concentrations
are reduced to around critical values or in lakes were concentrations are already low,
littoral zones are able to make the difference between a turbid and a clear lake.
From this study I can conclude that a more natural water level regime is favourable
for the expansion of helophyte zones and that these zones play a role in improving water
quality in lakes were nutrient concentrations are not excessively high. At the same time,
expanding these zones will contribute to the ecological status of the lake and will help to
comply to the requirements of the EU Water Framework Directive.
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Summary

Introduction
Shallow lakes are often subject to strong eutrophication as a result of high nutrient loading
from rivers or agricultural areas. In The Netherlands, many lakes have switched from a
clear state with submerged plants into a turbid state with phytoplankton domination as a
result of prolonged nutrient loading. The EU Water Framework Directive was launched in
2000 and requires all EU inland and coastal water bodies to reach a good ecological status
(GES) in 2015. Management in shallow lakes mostly aims at reducing lake nutrient
concentrations below the Maximum Admissible Risk (MAR) levels or below the even lower
'target levels', at which the lake is clear, with a dominance of submerged plants and low
phytoplankton density. In the past decades, several approaches have been undertaken to
bring about such a reduction in N and P concentrations in the lake water. Although
nutrient concentrations in the surface water have decreased drastically as a result of
reductions of external nutrient loading, water quality is still far from standards of a good
quality. Internal eutrophication is one of the main problems. Therefore, in addition to the
reduction of external nutrient loading, internal measures are necessary.
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It is generally known that littoral zones are capable to retain significant amounts of
nutrients through plant nutrient uptake, the accumulation of organic matter and processes
like denitrification. Hence, littoral zones in shallow lakes might be restored or created for
water quality improvement. In The Netherlands, wide helophyte zones have disappeared as
a result of the current water level regimes and the construction of steep, concrete shore
lines. The present water level regime in the IJsselmeer area (20 cm higher in summer than
in winter) is maintained for navigation, economic and safety reasons. The surface of littoral
zones is very small, often less than 1% of the total lake surface. If littoral zones were to play
a substantial role for water quality improvement, their surface area would have to be
increased strongly.
This study is aimed at investigating if helophyte-dominated littoral zone can
contribute significantly to the improvement of water quality in the Dutch shallow lakes. A
field study was conducted in the IJsselmeer area to quantitatively investigate the most
important processes in the N and P cycle in a set-up comparing natural and constructed
littoral zones (Chapter 2). Two experiments were conducted to study the interactions
between water level regime, growth of Phragmites australis, nutrient uptake, organic
matter accumulation and denitrification (Chapters 3 and 4). Finally, in a modelling study,
the effects of different management options on lake water quality were evaluated (Chapter
5).
Nutrient retention in littoral zones
There are several indications that littoral zones can remove nutrients significantly from the
open water compartment of the lake system. Surface water nutrient concentrations in the
littoral zone were lower than the average values in the open water. In combination with
the lower soil nutrient concentrations in the vegetated parts of the littoral zones compared
to the unvegetated parts, this implies a significant contribution of littoral zones to lake
water quality. However, at small scale (maximum of 10 meter) no vegetation was found on
water quality. Probably, the continuous mixing of surface water between the open water
and the littoral zone and between different parts of the littoral zones, obscure differences
in surface water nutrient concentrations.
Several processes contribute to nutrient retention in littoral zones: plant uptake,
organic matter accumulation and denitrification. Helophytes take up and retain nutrients
from the soil and the surface water during the growing season. Part of the nutrients is
returned to the system after helophyte die-off, but it is important that during the growing
season nutrients are temporarily not available for algae. The amount of nutrients stored in
the vegetation is mainly determined by the aboveground biomass and varied in field and
greenhouse experiments from 1 to 20 g N m-2 and 0.05 to 2 g P m-2. A clear effect of
vegetation was seen on nitrate, ammonium and phosphate concentrations in the soil pore
water. These concentrations were much lower in the vegetated parts of the littoral zone
compared to the parts without vegetation.
In the littoral zone, the organic layer is often relatively thick due to the high
biomass of helophytes and the dominating anaerobic conditions, resulting in slow
decomposition. At high-water sites in the littoral zone, organic matter accumulation was
higher than at sites where water level was below soil surface part of the year (Chapter 3).
In the IJsselmeer area organic matter accumulation was higher at vegetated sites (40 g N and
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6 g P m-2 y-1) compared to unvegetated sites (16 g N and 3.6 g P m-2 y-1) (Chapter 2). The
contribution of organic matter accumulation to nutrient retention is highest in flooded,
vegetated sites of the littoral zone.
Denitrification is a microbial process by which nitrate is converted into nitrogen
gas. In littoral zones denitrification rates can play a significant role, since anaerobic and
aerobic conditions exist close to each other. Denitrification rate is positively related to
water level (Chapter 3 and 4), caused by prevailing anaerobic conditions in combination
with the continuous inflow of nitrate. It was expected that denitrification was stimulated
by helophytes, when oxygen is released at root surface and nitrate is formed as a result of
nitrification. However, more nitrogen was removed via the denitrification process in the
unvegetated part of the littoral zone (Chapter 4). Probably, nitrate was not limiting in the
unvegetated part. In addition, nitrate can also be limiting in vegetated parts when nutrient
uptake is high. Total denitrification rates are likely to be underestimated in the vegetated
littoral zone when only measuring soil denitrification. Other studies have shown that
nitrogen removal via denitrification in the periphyton is often higher than that via
denitrification in the soil or surface water.
The three nutrient removal processes mentioned above were in the same order of
magnitude and therefore are equally important for water quality improvement. However,
these processes are not influenced in the same way by water level and vegetation presence.
In a field experiment in Lake Volkerak three different subzones were distinguished with
respect to water level and vegetation biomass. From the landward side to the lake side these
were vegetated with low water level, vegetated with high water level and unvegetated with
high water level. Nutrient retention via plant uptake was highest in the center zone, while
nitrogen removal via denitrification was highest in the unvegetated zone. Nutrient
retention in the land side zone was low due to low plant biomass and low denitrification
rates.
Water level regime as a management tool to increase nutrient retention in littoral zones
The present water level regime in the IJsselmeer area is strongly regulated and unnatural.
The use of target levels causes relatively stable water levels in summer, but in winter large
fluctuations may occur periodically. It is not possible to restore the water level regime to a
natural situation, since the present regime was set up for several safety and economic
reasons. An alternative regime was proposed by BOVAR-IIVR with low winter water level
in combination with a high spring peak. After this peak, water levels slowly decrease during
the growing season to the winter level.
The effects of different water level regimes on nutrient retention in reed
dominated monoliths was investigated in a mesocosm experiment (Chapter 3). There were
four water regime treatments: present regime (low in winter, higher in summer) was
compared to a natural regime (low in winter, winter/spring peak, slow decrease to winter
level during summer), the proposed (more natural) regime and a stable water level at soil
surface. The two treatments with a spring peak of 40 cm above soil surface, stimulated reed
growth through increased stem length and stem diameter. In addition, biomass of
adventitious roots in the water column was higher than in treatments in which water level
remained low. Although the differences in biomass were not significant within two years
after starting the experiment, it is expected that on the longer term the more natural
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regimes will significantly stimulate reed biomass. Besides the effect of different regimes on
biomass growth, denitrification and decomposition rates were measured also.
Denitrification rate was, as expected, positively related to water level resulting in the
highest rates at the (more) natural regimes. Decomposition of reed leaf material was
hampered by high water levels during the initial phase of decomposition (spring). After one
year, 40% of the leaf material remained in treatments with water levels above soil surface
in spring, while in treatments with water levels below soil surface, only 20% remained.
From the mesocosm experiment it can be concluded that at a more natural water level
regime more nutrients will be retained in the littoral zone via increased reed growth, higher
denitrification rates and lower decomposition rates.
The influence of water level and water level regime was also measured in the field.
Littoral zones showed gradients with low biomass and a relatively species-rich, short
vegetation in shallow water and tall monospecific helophyte stands in the deeper parts
(Chapter 2). In Lake Volkerak, reed biomass also increased going from shallower to deeper
parts of the littoral zone (Chapter 4). In both areas, the low plant biomass near the shoreline
is probably also related to the brackish history of the two lakes. The IJsselmeer was closed
off from the sea in 1932 and Lake Volkerak in 1987. Although both lakes have been flushed
with fresh water since, salinity in the sediments is still relatively high, particularly near the
shoreline.
The results in this thesis indicate that changing the present water level regime to
a more natural (fluctuating) regime, would result in a higher retention of nutrients in the
littoral zone.
Scaling up results measured at the site scale to a whole lake scale
The fact that littoral zones are able to decrease nutrient concentration in soil and water at
local scale, does not necessarily imply the same effect on the scale of a whole lake. Dynamic
modelling has been used to evaluate the effects of different scenarios on lake nutrient
concentrations. In this study the existing model PCLake was used. In this model a lake is
modelled as consisting of two compartments, i.e., the open-water zone and the littoral
marsh zone. Flows of nutrients through surface water between the two compartments can
be calculated. The initial situation modelled corresponded with a turbid, eutrophicated lake
with a high external nutrient loading rate, with parameter estimates based on
measurements in the Dutch IJsselmeer area. Different scenarios were identified and
implemented by varying marsh surface area, external nutrient loading and the exchange of
water between open water and marsh (Chapter 5). To return to a clear lake state, nutrient
concentrations should drop to a level at which algae are not dominating and light
availability is high enough for submerged plants to grow. Littoral zones are able to stimulate
this by retaining nutrients via plant uptake, sedimentation and denitrification. The model
study shows that sufficient water exchange between the open water and the marsh zone is
essential. At low exchanges rates surface water nutrient concentrations in the two
compartments are independent of one another. When the exchange rate is sufficiently high,
nutrient concentrations are equal and the littoral zone has a maximal influence on the open
water. However, the modelling exercise showed that littoral zones can only influence lake
nutrient concentrations to a small extent. Relatively large marsh areas (up to 50% of the
total lake area) are necessary to considerably influence lake nutrient concentrations. When
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lake nutrient concentrations are far from the critical values at which the lake turns into a
clear lake, littoral zones do not have sufficient effect and other measures are required. The
further reduction of external nutrient loading is the most effective measure. However, in
lakes where nutrient concentrations are relatively close to the critical values, the presence
of a littoral zone can make the difference between a turbid and a clear lake. Furthermore,
within the Water Framework Directive littoral zones have other functions (e.g. biodiversity
and habitat creation), increasing the advantages of creating littoral zones.
Conclusions and recommendations
This thesis gives insight into the functioning of littoral zones with respect to nutrient
retention. Different processes play a role and the contribution of each of these processes
vary along a littoral gradient. In the flooded, vegetated parts of the littoral zone nutrient
retention is highest.
The extent to which littoral zones are able to enhance water quality in a whole lake
system is strongly dependent on the size of the lake and the external nutrient loading. In
large shallow lakes, like the IJsselmeer, the littoral surface area is relatively small in relation
to the whole lake surface area. In small shallow lakes, like the Veluwemeer, this ratio is
more favorable. In strongly eutrophicated lakes littoral zones are not able to reduce
nutrient concentrations to the preferred water quality. In those cases extra measures (e.g.
reduction of external nutrient loading) are required. When nutrient concentrations are
near the critical values, the presence of a littoral zone can make the difference between a
turbid and a clear lake. Littoral zones have also many other values, such as habitat for birds
and invertebrate species. Enlarging littoral zones is often recommended from a perspective
of water resources management and nature restoration. This can be accomplished by
changing the present water level regime to a more natural regime. Another possibility to
enlarge littoral zones is to create new areas suitable for helophyte growth. Research in the
IJsselmeer area has revealed that it is possible for artificial littoral zones to become
comparable to more mature zones in nutrient cycling and nutrient retention within 10-15
years.
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Inleiding
Ondiepe meren zijn vaak sterk geëutrofieerd als gevolg van een hoge nutriënteninput via
rivieren of via run-off van omliggende landbouwgronden. Ook in Nederland zijn veel
meren omgeslagen van een heldere toestand met ondergedoken waterplanten naar een
troebele toestand waarbij algen domineren. In 2000 is de KaderRichtlijn Water (KRW) in
het leven geroepen om in alle waterlichamen in de EU een Goede Ecologische Staat te
bereiken. De meeste meren in Nederland zijn geclassificeerd als 'sterk veranderd' of
'kunstmatig'. Beheer van ondiepe meren is er vaak op gericht om de
nutriëntenconcentraties in het oppervlaktewater te verlagen tot een Maximaal Toelaatbaar
Risico-niveau (MTR) of zelfs tot nog lagere streefwaarden. Bij die waarden verkeert het
meer in een heldere toestand waar ondergedoken waterplanten domineren en algenbloei is
geminimaliseerd. Er zijn meerdere manieren om N en P concentraties in het
oppervlaktewater te verlagen. In de afgelopen decennia zijn veel maatregelen genomen om
de externe nutriëntenbelasting te verlagen. Hoewel N en P concentraties in het
oppervlaktewater sindsdien sterk gereduceerd zijn, heeft de reductie van de
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nutriëntenbelasting veelal niet tot het gewenste resultaat geleid. Eén van de grootste
problemen hierbij is interne eutrofiëring, waarbij fosfaat, dat gedurende de periode van
sterke eutrofiëring is opgeslagen in het sediment, vrijkomt in het oppervlaktewater.
Daarom zijn, in aanvulling op de reductie van externe nutriëntenbelasting, maatregelen in
het meer zelf nodig.
Het is algemeen bekend dat littorale zones (oeverzones) en de daarin groeiende
helofyten grote hoeveelheden nutriënten vast kunnen houden door opslag van nutriënten
in de vegetatie, het fysiek vasthouden van organisch materiaal tussen de stengels en door
nutriëntenverwijderende processen als denitrificatie. Daarmee is er een mogelijkheid om
littorale zones te gebruiken om de waterkwaliteit van ondiepe meren te verbeteren. Echter,
in Nederland is door een aangepast waterpeil in combinatie met verharde oevers het
oeverareaal aan uitgebreide helofytenzones grotendeels verdwenen. Het huidige
waterpeilregime in het IJsselmeergebied, met een 20 cm hoger peil in de zomer dan in de
winter, is ingesteld vanwege scheepvaart, economie en veiligheid. Om littorale zones te
gebruiken voor significante nutriëntenretentie en het verbeteren van de waterkwaliteit, is
het van belang het areaal te vergroten.
In deze studie is onderzocht of riet-gedomineerde littorale zones bij kunnen dragen
aan het verbeteren van de waterkwaliteit in ondiepe meren. Daarnaast is bekeken of een
meer natuurlijk waterpeilregime en de aanleg van nieuwe helofytenzones de bijdrage van
littorale zones kunnen vergroten. Eerst is een veldstudie in het IJsselmeergebied uitgevoerd
om de meest belangrijke processen in de N en P cyclus te identificeren. Tevens is
onderzocht of aangelegde moeraszones op dezelfde manier functioneren als natuurlijke
moeraszones (Hoofdstuk 2). Twee experimenten zijn opgezet om de interactie tussen
waterpeilregime, rietgroei en -opname, organische stof accumulatie en denitrificatie verder
te onderzoeken (Hoofdstukken 3 en 4). Tenslotte is een model gebruikt om de effecten van
diverse beheersmaatregelen op de waterkwaliteit op grotere schaal te berekenen
(Hoofdstuk 5).
Nutriëntenretentie in littorale zones
Er zijn diverse aanwijzingen dat littorale zones nutriënten kunnen verwijderen uit het
meersysteem. Nutriëntenconcentraties in het oppervlaktewater van de littorale zone waren
lager dan de gemiddelde waarden van het gehele meer. In combinatie met de lagere
nutriëntenconcentraties in de bodem in begroeide delen van de littorale zone in
vergelijking met onbegroeide delen, wijst dit op een significante bijdrage van oeverzones
aan een verbetering van de waterkwaliteit. Echter, in het oppervlaktewater waren op kleine
schaal (vergeleken zijn begroeide zones met onbegroeide zones maximaal 10 meter van
elkaar verwijderd) geen effecten van vegetatie te vinden. Het is waarschijnlijk dat de
continue uitwisseling van nutriënten tussen het open water en de littorale zone door
menging van oppervlaktewater deze verschillen maskeren.
Er zijn diverse processen in een oeverzone te onderscheiden die bijdragen aan de
retentie van nutriënten: opname door planten, opslag in organisch materiaal en
denitrificatie. Nutriënten worden uit de bodem en het oppervlaktewater opgenomen door
helofyten gedurende het groeiseizoen. Een deel van die nutriënten keert ook weer terug in
het systeem na sterfte van de vegetatie, maar voor het behouden van een helder meer is het
vooral van belang dat de nutriënten niet beschikbaar zijn voor algen tijdens het
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groeiseizoen. De hoeveelheid nutriënten opgeslagen in de vegetatie is voornamelijk
afhankelijk van de bovengrondse biomassa en varieerde in het veld en in de experimenten
van 1 tot 20 g N m-2 en van 0.05 tot 2 g P m-2. Er was een duidelijk effect van vegetatie te
zien op de nitraat-, ammonium- en fosfaat-concentraties in het poriewater: in begroeide
delen van de littorale zone waren deze concentraties significant lager dan in de onbegroeide
delen.
In littorale zones is de organische toplaag vaak relatief dik. Helofyten hebben een
hoge biomassa en door de dominerende anaerobe condities door frequente overstroming, is
de afbraak van organische stof laag. Op plekken met een hoge waterstand is de accumulatie
van organische stof, en daarmee de nutriëntenretentie, hoger dan op plekken met een
lagere waterstand die ook af en toe droogvallen (Hoofdstuk 3). In het IJsselmeergebied was
de nutriëntenretentie via organische stof accumulatie hoger op begroeide plekken (40 g N
en 6 g P m-2 j-1) dan op onbegroeide plekken (16 g N en 3.6 g P m-2 j-1) (Hoofdstuk 2). De
bijdrage van organische stof accumulatie aan nutriëntenretentie is dus het grootst in
overstroomde, begroeide delen van de littorale zone.
Denitrificatie is een microbieel proces waarbij stikstof onomkeerbaar wordt
verwijderd uit de bodem of het water door de omzetting van nitraat naar stikstofgas. In
littorale zones kan denitrificatie een grote rol spelen omdat anaerobe en aerobe condities
dicht bij elkaar voorkomen. De denitrificatiesnelheid was positief gerelateerd aan de
waterstand (Hoofdstuk 3 en 4), door heersende anaerobe condities en een continue aanvoer
van nitraat via het oppervlaktewater. Verwacht werd dat denitrificatie gestimuleerd zou
worden door de aanwezigheid van helofyten, omdat deze via de wortels zuurstof kunnen
brengen in de bodem en daarmee eventuele nitraatlimitatie tegengaan. Echter, meer
stikstof werd verwijderd door denitrificatie in dat deel van de littorale zone dat onbegroeid
was (Hoofdstuk 4). Waarschijnlijk was er in de onbegroeide delen geen tekort aan nitraat
en in de begroeide delen een limitatie van nitraat door plantopname. Mogelijk is de totale
denitrificatiesnelheid in de begroeide delen van de littorale zone onderschat. Het proces is
alleen gemeten in de bodem, terwijl uit andere onderzoeken is gebleken dat denitrificatie
in perifyton vaak een significante bijdrage kan leveren aan de totale stikstofverwijdering.
Bovengenoemde drie nutriëntenverwijderende processen waren in dezelfde orde
van grootte en kunnen dus even belangrijk zijn voor het verbeteren van de waterkwaliteit.
Echter, ieder proces is op een andere manier afhankelijk van de waterstand of de
aanwezigheid van vegetatie. Deze factoren variëren over een littorale gradiënt van de
landzijde naar het open water. In een veldexperiment in het Volkerakmeer waren drie
verschillende zones in de littorale gradiënt te onderscheiden: begroeid met riet en een lage
waterstand, begroeid met riet en een hoge waterstand en aan de kant van het meer een zone
zonder vegetatie, waar de waterstand het hoogst was (Hoofdstuk 4). De retentie van
nutriënten via plantopname was het hoogst in de middelste zone, terwijl de
denitrificatiesnelheid de meeste stikstof verwijderde in de onbegroeide zone. In de zone
het dichtst bij het land was de retentie het laagst, vanwege de lage rietbiomassa en de lage
denitrificatiesnelheden.
Waterpeilregime als beheersmaatregel om nutriëntenretentie in littorale zones te vergroten
Het huidige waterpeilregime in het IJsselmeergebied is sterk gereguleerd en
tegennatuurlijk. Het gebruik van streefpeilen leidt in de zomer tot stagnante waterpeilen,
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maar in de winter kunnen periodiek grote fluctuaties voorkomen. Aangezien het huidig
peil is ingesteld om verscheidene redenen met betrekking tot economie en veiligheid, is het
niet mogelijk een volledig natuurlijk peil te herstellen. Een alternatief is voorgesteld door
BOVAR-IIVR (Integrale Inrichting VeluweRandmeren), waarbij het winterpeil laag blijft
in combinatie met een hoge piek in het voorjaar. Daarna daalt de waterstand langzaam
gedurende het groeiseizoen tot het niveau van de winter.
Het effect van verschillende waterpeilregimes op nutriëntenretentie in een rietgedomineerde bodem is nader onderzocht in een mesocosm-experiment (Hoofdstuk 3). Het
huidige IJsselmeerpeil is vergeleken met een natuurlijk peil, het voorgestelde (meer
natuurlijke) peil en een stabiele waterstand op maaiveld. De twee meest natuurlijke peilen,
met voorjaarswaterstanden van 40 cm boven maaiveld, stimuleerden de lengte- en
diktegroei van riet. Tevens was de biomassa van adventiefwortels hoger dan in de andere
twee peilen met lagere waterstanden. Hoewel er geen significante verschillen in biomassa
gemeten werden door de relatief korte duur (2 jaar) van het experiment, wordt verwacht
dat op langere termijn de meer natuurlijk regimes een positief effect hebben op
rietbiomassa. In het mesocosm-experiment zijn naast effecten van waterpeilen op rietgroei,
ook de denitrificatie- en decompositiesnelheid gemeten. De denitrificatiesnelheid was,
zoals verwacht, positief gerelateerd aan de waterstand en dus gemiddeld het hoogst bij de
twee meest natuurlijke waterpeilregimes. De afbraak van rietbladeren was ook verschillend
tussen de behandelingen. Wanneer in de eerste fase van de afbraak (februari-maart) de
bodem overstroomd was (+40 cm), was er na 1 jaar meer bladmateriaal over. Bij de meer
natuurlijke waterpeilregimes bleef na 1 jaar 40% van het dode rietmateriaal over op de
bodem, terwijl bij de regimes met waterstanden onder maaiveld slechts 20% na 1 jaar niet
afgebroken was. Uit dit mesocosm-experiment kan geconcludeerd worden dat bij een meer
natuurlijk waterpeil de littorale zone meer nutriënten vast kan houden door een verhoogde
rietgroei, een hogere denitrificatie en meer accumulatie van organisch stof.
Dat de groei van riet afhankelijk is van de waterstand en van het waterpeilregime
is ook gemeten in veldsituaties. In het ondiepe deel van oevers in het IJsselmeergebied
groeiden soorten met een kleine biomassa, terwijl in het diepere gedeelte helofyten
domineerden (Hoofdstuk 2). Ook in het Volkerakmeer was de rietbiomassa hoger in de
zone met een hogere waterstand (Hoofdstuk 4). Echter, in beide gebieden speelt de historie
van de meren een rol in de rietgroei. Het IJsselmeer is in 1932 afgesloten van de zee en het
Volkerakmeer in 1987. Ondanks dat dit reeds lange tijd geleden is, is het zoutgehalte in de
bodem nog relatief hoog. In overstroomde situaties is dit zout verdund met het zoete
oppervlaktewater, maar tijdens droogval kunnen in de bodem hoge zoutgehaltes (tot 10‰)
ontstaan. De rietgroei wordt belemmerd wanneer zoutgehaltes in de bodem dergelijke hoge
waarden aannemen.
De resultaten uit dit proefschrift wijzen erop dat het aanpassen van het
waterpeilregime door meer natuurlijke fluctuaties te introduceren, een positief effect kan
hebben op de retentie van nutriënten. De biomassa van riet en het areaal aan begroeide
littorale zone neemt toe, de denitrificatie wordt gestimuleerd en meer organisch materiaal
wordt vastgehouden.
Opschalen van de resultaten
Dat oeverzones op locale schaal nutriëntenconcentraties kunnen verlagen betekent nog
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niet dat ze in staat zijn significant bij te dragen aan nutriëntenverlaging op grotere schaal,
zoals een heel meer. Dynamische modellen zijn geschikt om nutriëntenconcentraties op de
schaal van een heel meer te berekenen bij verschillende scenario's. In deze studie is PCLake
gebruikt, een model waarbij een open meer is gekoppeld aan een moeraszone en de
interacties daartussen kunnen worden onderzocht. Als uitgangspunt is gekozen voor een
troebel, geëutrofieerd meer met een hoge nutriëntenbelasting. Scenario's varieerden in
moerasoppervlak, externe nutriëntenbelasting en uitwisseling van water tussen de openwater sectie en de moeraszone (Hoofdstuk 5). Voor het bereiken van een heldere staat van
het meer zullen concentraties zo ver moeten dalen dat algen niet meer domineren en er
voldoende licht is voor de groei van ondergedoken waterplanten. Littorale zones kunnen
dat stimuleren door retentie van nutriënten via plant opname, sedimentatie en
denitrificatie. Uit modelberekeningen blijkt ten eerste dat voldoende uitwisseling van
water tussen de open-water sectie en de littorale zone van groot belang is. Wanneer de
uitwisseling laag is, blijft er een duidelijke grens zichtbaar tussen de lage
nutriëntenconcentraties in de littorale zone en hoge concentraties in het open water. Pas
bij voldoende uitwisseling worden de concentraties gelijk en heeft de littorale zone de
maximale invloed op het open water. Echter, het blijkt dat oeverzones de
nutriëntenconcentraties in het hele meer slechts in geringe mate kunnen beïnvloeden.
Bovendien zijn relatief grote moerasoppervlaktes nodig tot wel 50% van het totale
meeroppervlak. Wanneer de waterkwaliteit van het meer nog ver af is van de kritische
waarden om een omslag teweeg te brengen, zijn ook andere maatregelen nodig in de vorm
van het reduceren van externe belasting. In meren die qua nutriëntenconcentraties al nabij
het opslagpunt zijn, kan de littorale zone net het verschil maken tussen een heldere en
troebele toestand. Bovendien hebben littorale zones ook andere functies die van belang zijn
binnen de KWR (o.a. versterken van natuurwaarden en vergroten van biodiversiteit),
waardoor de aanleg van deze zones extra voordelen oplevert.
Conclusies en aanbevelingen voor maatregelen
De resultaten uit dit proefschrift geven inzicht in het functioneren van littorale zones met
betrekking tot nutriëntenretentie. Verschillende processen spelen hierbij een rol en de
bijdrage van die processen varieert over een littorale gradiënt. Het blijkt dat de begroeide
delen van de littorale zone waar overstroming overheerst, de meeste nutriënten kunnen
vasthouden.
In welke mate littorale zones bij kunnen dragen aan verbetering van de
waterkwaliteit in het hele meer is sterk afhankelijk van de grootte van het meer en de
nutriëntenbelasting. In een groot meer als het IJsselmeer zal het littorale oppervlak relatief
klein zijn en nooit grote waarden kunnen aannemen in tegenstelling tot ondiepere, kleinere
meren, zoals het Veluwemeer. In sterk geëutrofieerde meren zal de littorale zone niet
zodanig nutriëntenconcentraties kunnen verlagen dat de gewenste waterkwaliteit wordt
bereikt en aanvullende maatregelen in de vorm van een vermindering van de
nutriëntenbelasting, zijn dan nodig. Wanneer een meer nabij het kritische omslagpunt ligt,
kan de littorale zone net het verschil maken tussen een heldere en troebele toestand. Mede
vanwege de natuurwaarde van littorale zones is het dan ook van groot belang om het areaal
aan met helofyten begroeide littorale zones te vergroten. Dit kan door het waterpeilregime
meer natuurlijke fluctuaties te geven, maar een andere mogelijkheid voor areaalvergroting
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is het aanleggen en restaureren van littorale zones. In het IJsselmeergebied zijn metingen
gedaan in gebieden die er al sinds het ontstaan van het IJsselmeer zijn en in gebieden die
10-15 jaar geleden gecreëerd zijn in het kader van natuurontwikkeling. Hoewel de meeste
van deze laatstgenoemde gebieden niet primair voor nutriëntenretentie zijn aangelegd,
kunnen ze toch bijdragen aan het verbeteren van de waterkwaliteit.
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Dit proefschrift is het resultaat van 4,5 jaar onderzoek bij Landschapsecologie; van
september 2002 t/m mei 2007. En nu is het eindelijk klaar. Er zijn veel mensen die, op welke
manier dan ook, hebben bijgedragen aan het onderzoek, het maken van dit proefschrift en
het stimuleren van mij om deze promotie tot een goed einde brengen. Deze mensen wil ik
hierbij persoonlijk bedanken.
Allereerst bedank ik mij promotor Jos Verhoeven. Jos, ik kwam jou 5 jaar geleden
tegen op een symposium, waar ik vertelde dat ik weliswaar een leuke baan had bij het
RIVM, maar dat ik toch graag onderzoek wilde doen. Het toeval wilde dat jij net contact
had met het RIZA voor het onderzoek ‘Peilbeheer en nutriënten in ondiepe meren’. Er was
niet eens een echt sollicitatiegesprek nodig en het RIZA was het ook eens met mijn
aanstelling. Jos, jij bent niet alleen mijn promotor, maar ook daadwerkelijk mijn dagelijks
begeleider geweest. Alhoewel je ook vaak druk was, heb je mij op de juiste momenten van
goed commentaar voorzien, altijd kritisch en gedetailleerd. Met name in de laatste maanden
hebben we goed samengewerkt: terwijl ik het ene schreef, nam jij het andere door en dat
wisselden we dan steeds om. Naast het inhoudelijke karakter van je begeleiding heb je mij
zeker ook mentaal gesteund op de momenten dat het even niet meer zo lekker ging. Wat
handig om een promotor met zo’n positieve blik te hebben!
Ook wil ik mijn twee co-promotoren, Hugo Coops en Roland Bobbink, bedanken voor hun
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input bij het bedenken van de experimenten en het van commentaar voorzien van mijn
manuscripten. Dennis, thank you for your comments on several manuscripts and for
inviting me for Thanksgiving and Halloween at your place in the USA, when I visited SERC
for six weeks. De jaarlijkse voortgang is altijd kritisch ondersteund door een
begeleidingscommissie. Bij deze bedank ik Rob Portielje, Leon Lamers, Gert Butijn,
Francien van Luijn en Theo Vulink daarvoor.
Net als bij ieder landschapsecologisch promotieonderzoek ben ik veel het veld in
geweest en heb ik dagen achter elkaar in het lab gestaan. Gelukkig zijn er altijd collega’s die
je op topdrukte willen helpen en daar heb ik er veel van gehad. Ik denk dat zo’n beetje
iedereen van LE wel een keer met mij mee is geweest het veld in. En diegenen die niet mee
zijn geweest, die hebben vast wel een keer iets anders voor mij gedaan. Daarom bedank ik
iedereen voor zijn/haar onmisbare inspanningen (op volgorde van kamerbezetting):
Boudewijn, Judith, Yuki, Merel, Marcel, Jos, Nina, Roland, Ronald, Victor, Edu, Mariet,
Riks, Martijn, Bas, Gerrit H., Paul, Sandra en Gerrit R. Ook een aantal ex-collega’s wil ik
niet vergeten te noemen: Karin (mijn zeer gezellige kamergenoot), Alice, Maaike, Mariken,
Marloes en Maurice. Ook de medewerkers van de Botanische Tuinen hebben flink wat
water gegeven aan mijn rietplaggen: bedankt. Vanuit het RIZA heb ik voor veldwerk ‘ver
van de oever’ een boot met schipper ter beschikking gekregen. Ramiel en John, bedankt
voor de tochten over het Ketelmeer. Jaap Daling, bedankt voor het regelen van het
pompsysteem in het Volkerakmeer. Laurens en Bart, leuk dat jullie als ‘buitenstaanders’ je
voor mij in een waadpak wilden hijsen!
Zeker mogen niet ontbreken in dit dankwoord de studenten die ik tijdens mij
onderzoek heb mogen begeleiden. André, Geertemarie, Evelyn en Peter: bedankt voor het
vele werk dat jullie voor mij verricht hebben tijdens jullie stage. Hoewel begeleiden heel
veel tijd kost, vond ik het erg leuk om te doen en het maakte mijn veld- en labwerk een
stuk gezelliger!
Het veldwerk was natuurlijk niet mogelijk geweest als ik geen toestemming had
gehad van de terreinbeheerders. Bij deze bedank ik dan ook It Fryske Gea,
Natuurmonumenten en Staatsbosbeheer voor toegang tot de veldwerkgebieden.
Natuurlijk wijd ik ook nog een aantal woorden aan mijn twee paranimfen, Martijn
en Victor. Martijn, ik ken jou al zo’n jaar of 8, vanaf halverwege onze studie. Het was voor
mij een logische keus om jou als paranimf te vragen. Niet omdat ik ook jouw paranimf was,
maar omdat ik je als een goede vriend en collega beschouw waar ik veel van kan leren. Toen
ik tijdens het opmaken van dit proefschrift vaak aan je vroeg hoe ik alles het beste kon doen,
zei jij: “Als ik het maar wel een keer terug zie!” Nou, bij deze: hartelijk bedankt! Victor, jou
ken ik al 9 jaar en voor mij was het ook al lang duidelijk dat ik jou als paranimf wilde
vragen. Wij zijn studiegenoten geweest, vrienden geworden en als collega heb je me op de
juiste momenten gesteund. Bedankt dat jullie tijdens het verdedigen van mijn proefschrift
als twee ‘sterke mannen’ achter mij staan.
Tenslotte wil ik mijn ouders, broers en schoonzussen bedanken voor hun interesse
in mijn onderzoek (“Haha! Je gaat promoveren op één plantje..”). En natuurlijk: Ronald,
bedankt voor jouw relaxte kijk op dingen, zodat ik de promotiestress redelijk heb kunnen
ontlopen. Ik heb het als een voordeel ervaren dat wij beide AiO waren en jij ook nog eens
in de kamer naast mij zat. Zo wist jij goed wat er in mij omging en heb jij mij flink
aangemoedigd op de momenten dat dat nodig was. Veel dank.
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Susan Sollie werd geboren op 8 september 1977 in Bilthoven. Daar ging zij ook voor het
eerst naar school in 1981. Eerst 2 jaar kleuterschool De Beertjes, waarna zij in het gebouw
ernaast de lagere school (De Poolsterschool) doorliep. In 1989 verliet zij met een
HAVO/VWO advies Bilthoven om aan de noordoost kant van Utrecht naar de middelbare
school (College Blaucapel) te gaan. In 1995 haalde zij haar VWO diploma, afgelegd in de
vakken Nederlands, Engels, Latijn, Natuurkunde, Scheikunde, Wiskunde B en Biologie.
Alle exacte vakken vond zij interessant en kiezen tussen de verschillende richtingen
was moeilijk. Daarom koos zij voor een combinatie van alle exacte vakken en ging naar de
Landbouwuniversiteit in Wageningen om Bioprocestechnologie te studeren. Helaas bleek
na 6 weken studeren de studie tegen te vallen. Na enkele gesprekken bij Biologie aan de
Universiteit van Utrecht was de keuze snel gemaakt em daar stroomde zij in oktober in.
Tijdens de propedeuse was ecologie al haar favoriete vak en tijdens de
specialisatiefase deed zij dan ook twee stages in dit vakgebied. Tijdens het eerste onderwerp
bij Landschapsecologie bestudeerde zij de opslag van nutriënten in de rhizomen van riet in
de Oostvaardersplassen. In het tweede onderwerp bij Plantenecologie stond de fenologie
van de Addertongvaren centraal. De scriptie die zij schreef behandelde zaadverspreiding via
water. In 2000 behaalde zij haar doctoraal Biologie.
Na het afstuderen bleef Susan nog een tijdje werken bij Landschapsecologie door
diverse AiO's te assisteren met laboratoriumwerk. In juni 2001 werd zij als Ecoloog
aangenomen bij het RIVM in Bilthoven. Op de afdeling Bodem en Grondwateronderzoek
leerde zij om de natuur algemener en op beleidsniveau te bekijken. Na een jaar wilde zij
toch weer de diepte in en kreeg een promotieplaats aangeboden bij Landschapsecologie,
waar zij in september 2002 begon. Het onderzoek werd uitgevoerd in opdracht van het
RIZA, Lelystad. Vier en een half jaar onderzoek naar peilbeheer en nutriënten in ondiepe
meren resulteerde in 2007 in dit proefschrift.
Vanaf mei 2007 werkt Susan bij Tauw bv in Utrecht als projectadviseur water.
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