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1. General introduction

This study was initiated in order to investigate the biogeochemical and ecological 
effects of allowing more variation in surface water levels in freshwater wetlands that 
currently show more or less constant water levels. According to the Ramsar (1971) 
definition, freshwater wetlands are “areas of marsh, fen, peatland or water, whether 
natural or artificial, permanent or temporary, with water that is static or flowing”. They 
often consist of a mosaic of aquatic, semi-aquatic and terrestrial vegetation types, 
among which biodiverse rich fens (Scorpidio-Caricetum diandrae) with many highly 
threatened species including vascular plants, such as Liparis loeselii (L.) Rich. and 
Parnassia palustris L., and bryophytes such as Scorpidium scorpioides (Hedw.) Limpr., 
Scorpidium cossonii (Schimp.) Hedenäs and Hamatocaulis vernicosus (Mitt.) Hedenäs. 
These brownmoss-dominated rich fens are protected under the European Habitat 
Directive (transition mires and quaking bogs, H7140). 

Rationale for this thesis

A water management decision to allow a more fluctuation of surface water levels in 
National Park Weerribben-Wieden, which is a large and protected freshwater wetland 
in the Netherlands, was dismissed by the Council of State (Raad van State 2007). The 
Council held that the potential negative effects on endangered species and protected 
habitat types, such as rich fens, had not been sufficiently investigated. Following 
this judgment, it was decided to study the biogeochemical and ecological effects of 
lowered and raised surface water levels on the ecological functioning of this nature 
reserve, with emphasis on the preservation and restoration of brownmoss-dominated 
rich fens. This ultimately resulted in the present thesis, which especially focusses on 
the processes of eutrophication, alkalinity generation and acidification in relation to 
the introduction of more fluctuating water tables in rich fens.

Rich fens as biodiversity hotspots in freshwater wetlands

Brownmoss-dominated rich fens are characterized by base-rich and nutrient-poor 
conditions (Sjörs 1950; van Wirdum 1991; Kooijman 1993a; Wheeler & Proctor 
2000). They can be situated directly on base-rich substrates, such as marl soils, but 
most Dutch rich fens depend on groundwater and/or surface water flows from 
surrounding base-rich areas for their base supply (van Wirdum 1993). Such base-rich 
water receiving fens are often part of much larger minerotrophic freshwater wetlands, 
that consist of a mosaic of open water, aquatic vegetation, semi-aquatic vegetation, rich 
fen, poor fen, carr woodland and/or bog vegetation. Although the terrestrialization 
of minerotrophic surface waters may follow different successional pathways, the 
following types are commonly found in successive phases of terrestrializing Dutch 
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Fig. 1.1. Visualization of the different successional stages during the terrestrialization from open waters to carr 
woodland: (a) open water, (b) aquatic vegetation of Characeae, (c) emerged aquatic vegetation of Stratiotes 
aloides, (d) helophyte vegetation, (e) floating rich fen, (f) transition from a rich fen with Scorpidium scorpioides 
(right) to a poor fen with Sphagnum palustre (right), (g) bog vegetation and (h) carr woodland. (pictures: R. van 
Leeuwen & C. Cusell)
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Fig. 1.1. Visualization of the different successional stages during the terrestrialization from 
open waters to carr woodland: (a) open water, (b) aquatic vegetation of Characeae, (c) 
emerged aquatic vegetation of Stratiotes aloides, (d) helophyte vegetation, (e) floating rich fen, 
(f) transition from a rich fen with Scorpidium scorpioides (right) to a poor fen with Sphagnum 
palustre (left), (g) bog vegetation and (h) carr. (pictures: R. van Leeuwen & C. Cusell)
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Fig. 1.2. The main flow patterns of water in a floating fen.

turbaries (peatlands used for peat extraction) (e.g. Segal 1966; van Wirdum 1995; Fig. 
1.1): (a) open water, (b) submerged aquatic plants such as Chara hispida L., Chara 
virgata Kützing and Nitella flexilis L., (c) emerged aquatic plants such as Stratiotes 
aloides L., (d) helophyte vegetation with root-mat forming stands of Typha angustifolia 
L., Phragmites australis (Cav.) Steud. and Thelypteris palustris Schott, (e) rich fen with 
a moss-layer dominated by brownmosses, (f) Sphagnum -dominated poor fen, (g) bog 
vegetation and (h) carr woodland. These final, terrestrial vegetation types (e – g) can 
be present on floating and non-floating peat soils, depending on the depth of the sandy 
or clayey soil below the peat.

During the first stage of terrestrialization, in which helophyte vegetation forms a 
root mat, vegetation is in direct contact with minerotrophic surface water. Contact to 
minerotrophic water is also decisive for the fen type that develops on the root mat. The 
input of base-rich water may occur through the discharge of groundwater (Koerselman 
et al. 1990), by the seepage of surface water from beneath the floating root mat (van 
Wirdum 1991) and/or through flooding from adjacent surface waters (Barendregt et 
al. 2004; Cusell et al. 2013; Fig. 1.2). The contact with base-rich water will, however, 
gradually decrease during succession, due to peat formation. This leads to a transition 
from rich fens toward more acid but less biodiverse, Sphagnum-dominated poor fens 
and bogs with moss species such as Sphagnum fallax (H.) Klinggr., Sphagnum palustre 
L. and eventually hummock-forming species such as Sphagnum magellanicum Brid. 
(e.g. Sjörs 1950; Du Rietz 1954). 
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Rich fens in National Park Weerribben-Wieden

In this thesis, the main focus is on the management of brownmoss-dominated rich fens 
in the Ramsar area “National Park Weerribben-Wieden” (between 52o48’ N – 5o53’ E 
and 52o38’ N – 6o08’ E; Fig. 1.3), with “De Weerribben” in the north and “De Wieden” 
in the south. This is a large wetland area that still contains a fair number of well-
developed brownmoss-dominated rich fens. It is a European hotspot for endangered 
mosses, vascular plants, dragonflies and butterflies.

The present nature reserve of about 95 km2 was once part of a very large wetland 
system of about 15000 km2 in the west of the Netherlands, bordered by dunes in the 
west and moraine upland in the east (Berendsen 2011). In this broad zone of 50 – 90 
km, active peat formation started at the offset of the Subboreal (around 5000 years 
BP), when the rise in sea-level leveled off, because of cooler and drier conditions than 
in the previous Atlantic period (Zagwijn 1986; Pons 1992). At the location of the 
present nature reserve, peat was formed on top of some meters of eolian cover sands 
(Formation of Boxtel), which lay on top of a more than 100 m thick package of other 
sandy layers that also included discontinuous, less permeable layers (DINOloket 
2014). It appears from soil surveys (Veenenbos 1950; Haans & Hamming 1962) 
that two dome-shaped bogs of ombrotrophic Sphagnum-peat developed away 
from the main rivers in this area. Finally, these bogs covered most of the area, while 
minerotrophic fens with Carex-, Phragmites- and woody (carr) peats continued to 
grow in and along river beds. 

A period of sea transgression started around 2600 years BP, at the start of the 
Subatlantic (van Geel et al. 1998). This transgression resulted in the cessation of active 
peat growth and the development of the inland sea Zuiderzee (Berendsen 2011). 
Between 1000 and 1300 AD, dikes were built to stop the expansion of the Zuiderzee 
near the western border of the present nature reserve (van Wirdum 1991). In the 
Late Middle Ages, people started to superficially extract peat. The wetland changed 
dramatically between the 17th and 20th century as a consequence of extensive peat 
extraction, during which peat was also collected from below the groundwater level. 
This started around 1600 in the south (De Wieden) and ended around 1920 in the 
north (De Weerribben). This land use resulted in a large number of abandoned 
turbaries, in which open waters developed into new floating fens, especially after a 
large pumping station (Stroink) was put into operation in 1920 to effectively decrease 
surface water level variations to ca. 10 cm around a predetermined level (van Wirdum 
1991). In areas with limited peat thickness, e.g. close to the moraine upland in the east 
part, non-floating fens developed.

During the 20th century, most of the original wetland area and parts of the Zuiderzee 
were reclaimed and drained to become polders for agricultural use (van Wirdum 
1991). Nowadays, the remaining wetland of about 9500 ha has an average surface level 
of 0.3 – 0.6 m below mean sea level (BMSL). Surface water levels are maintained at 
0.73 – 0.83 m BMSL throughout the year. The surrounding polders have lower surface 
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Fig. 1.3. The occurrence and abundance of Scorpidium scorpioides, Scorpidium cossonii and Hamatocaulis 
vernicosus in National Park Weerribben-Wieden, and the location of the National Park in the Netherlands 
(between 52o48’ N – 5o53’ E and 52o38’ N – 6o08’ E).

Fig. 1.3. The occurrence and abundance of Scorpidium scorpioides, Scorpidium cossonii and 
Hamatocaulis vernicosus in National Park Weerribben-Wieden, and the location of the National 
Park in the Netherlands (between 52o48’ N – 5o53’ E and 52o38’ N – 6o08’ E).
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levels of 1.0 – 2.5 m BMSL. These polders, which are drained by about 30 pumping 
stations (Fig. 1.3) to various lower water levels of 1.5 – 3.0 m BMSL, discharge excess 
water into the higher lying wetland (van Wirdum 1979). As a consequence of these 
reclamations, there is almost no direct discharge of groundwater anymore in National 
Park Weerribben-Wieden. The remaining wetland has become a groundwater recharge 
area (van Wirdum 1991). Presently, surface water levels in the wetland reserve itself 
are regulated by one main pumping station at the western border of the nature reserve 
(Fig. 1.3), which removes water during wet periods, and sporadically pumps water in 
during pronounced dry periods. In the past, other locations have been used to pump 
water in, and this occurred more often (Groeneweg & van Wirdum 2004). 

Water balance studies for National Park Weerribben-Wieden show that the water 
input of the present wetland consists of rainwater (about 35%), drainage water from 
the adjacent upland, including the Steenwijker Aa (about 20%), and water pumped 
in from lower lying agricultural polders (about 45%) ( Jol & Laseur 1982; Balirwa 
1993; Cusell et al. 2013). Mean annual precipitation is about 800 mm (KNMI 2014). 
The discharge of polder water is about 50% smaller in summer than in winter, due 
to the precipitation surplus in winter and the evapotranspiration surplus during large 
parts of the summer. Hence, the water composition in the present wetland is largely 
determined by the land use of the surrounding polders and by the season. During 
the second half of the 20th century, when new polders were created and manure 
was being used excessively, the inputs of polder water led to severely increased N- 
and P-inputs into the National Park ( Jol & Laseur 1982; Cusell et al. 2013). For N, 
atmospheric deposition was an important additional input. Although the present 
estimated deposition of about 19 kg N ha-1 year-1 (1350 mol ha-1 year-1; RIVM 2012) is 
lower than in many other Dutch areas, it is still above published values for the critical 
N-deposition of about 10 and 17 kg N ha-1 year-1 for Sphagnum-dominated poor fens 
(H7140B) and Scorpidium -dominated rich fens (H7140A), respectively (van Dobben 
& van Hinsberg 2008; Bobbink & Hettelingh 2011).

Risks for rich fens: acidification, eutrophication and toxicity

The extent of biodiverse, brownmoss-dominated rich fens remained about equal in 
National Park Weerribben-Wieden during the past 10 – 15 years (Pommer 2011). The 
total cover of this fen type, however, only comprises less than 0.5% of the National 
Park area. Scorpidium scorpioides is still present in 41 fens, but only eight of these sites 
have a cover exceeding 0.1 ha (Fig. 1.3). Scorpidium cossonii and H. vernicosus are very 
rare, and only occur in four fens. The main site with H. vernicosus is, in fact, a clay-rich 
floodplain fen in a hydrological different area. Many other wetlands in Western Europe 
even showed a strong decline in the occurrence of brownmoss species and the cover of 
brownmoss-dominated rich fens in recent decades (Berg & Wiehle 1992; Kooijman 
1992; JNCC 2007; Paulissen et al. 2013).
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As mentioned above, the cover of rich fens may decline due to natural succession of 
former rich fens toward Sphagnum-dominated fens (Clapham 1940; Mörnsjö 1969; 
Kuhry et al. 1993). Hydrological isolation from base-rich water and/or increasing peat 
thickness due to peat accumulation (van Wirdum 1991; van Diggelen et al. 1996) will 
eventually lead to enlarged relative influence of hardly buffered rainwater, leading to low 
acid neutralizing capacity (ANC) and stimulating the succession toward Sphagnum-
dominated fens (van Wirdum et al. 1992). Human-induced acidification (through 
airborne deposition of N and S) and eutrophication have, however, stimulated this 
succession in many cases. 

Absence of rejuvenation of floating fens

Despite the excavation of many new turf ponds in recent decades, new formation 
of rich fens through terrestrialization of open waters has almost not occurred in the 
Netherlands during the past 50 years (e.g. Lamers et al. 2002). Although the causes 
are not yet entirely clear and may differ between different areas, the absence of newly 
formed rich fens may be attributed to toxicity of sulfide and/or NH4 in soil pore waters 
of abandoned turf ponds (Roelofs 1991; Smolders & Roelofs 1993; Lamers et al. 
2013). In addition, P-eutrophication of the surface water and banks may have played 
a role (e.g. Schindler 1977; Koerselman & Verhoeven 1995; Søndergaard et al. 2001; 
Lamers et al. 2002). If P-loading is excessive in surface waters, the growth of highly 
productive phytoplankton will be stimulated, which will eventually lead to turbid 
surface waters and the disappearance of submerged aquatic macrophytes (e.g. Scheffer 
et al. 1993; Janse 2005). In addition, highly productive, species-poor vegetation may 
develop on the banks of turf ponds (Lamers et al. 2002). Such eutrophication can be 
a consequence of excessive external P-inputs (e.g. Bootsma et al. 1999; Jeppesen et al. 
2005), but can also be caused by accelerated internal P-mobilization through increased 
SO4-inputs (Boström et al. 1982; Caraco et al. 1989; Roelofs 1991). Finally, Cuppen 
et al. (1997) and Fairchild et al. (1998) have also shown that several macrophytes are 
sensitive to high herbicide concentrations in surface waters. It is, however, unclear 
whether this has been important for the succession of Dutch wetlands.

Fortunately, the situation in Dutch wetlands seems to have slightly improved 
during the past 15 – 25 years. Although there has not been any new development yet 
of rich fens with S. scorpioides in National Park Weerribben-Wieden, the area of well-
developed aquatic vegetation with Stratiotes aloides and initial stages of terrestrializing 
vegetation has increased (Pommer 2011). The cover of Stratiotes aloides probably 
already started to increase around 1985 (van Wirdum 1991).

Acidification

As long as there is no certainty that terrestrialization will lead to the formation of new 
rich fens, it is very important to conserve and restore the existing ones. As mentioned, 



General introduction

15

1
rich fens depend on the input of base-rich water to prevent or slow down the succession 
to Sphagnum-dominated fens. If there is sufficient supply of base-rich water to buffer 
the soil pH between 5.5 and 8.0 (e.g. Sjörs 1950), rich fens can persist for decades, 
sometimes even for centuries (e.g. O’Connell 1981; van Wirdum 1991). In order to 
maintain a pH of above 5.5, the input of acid buffering substances, such as HCO3, 
should be approximately equal to or larger than the input and production of acidifying 
substances. In National Park Weerribben-Wieden, where almost no groundwater 
discharge occurs anymore, the input of sufficient base-rich water through seepage of 
surface water from beneath the floating root mat and/or through flooding, is therefore 
of uppermost importance for the persistence of rich fens in this area (van Wirdum 
1991; Barendregt et al. 2004; Cusell et al. 2013).
 An additional input of acidifying compounds via atmospheric deposition (NHx, 
NOy and SOx) can have a profound effect on the stability of rich fens (Gorham et 
al. 1987; Sjörs & Gunnarsson 2002). High total acid deposition presumably led to 
the local extinction of S. scorpioides in Dutch weakly-buffered fens during the 1960s 
(Kooijman & Westhoff 1995). According to Kooijman (2012), high atmospheric 
deposition rates have also affected the pH of well-buffered fens in the Netherlands. 
At similar alkalinities and Ca-concentrations in soil pore waters, Dutch fens with S. 
scorpioides showed lower pH-values then reference fens in Sweden, Poland and Ireland.

Eutrophication

In addition to sufficient input of base-rich water, site conditions should be relatively 
nutrient-poor to conserve the existing brownmoss-dominated rich fens (Kooijman 
1993a; Hájek et al. 2006; Kooijman & Paulissen 2006). Field studies, based on plant 
N:P-, N:K- and K:P-ratios in the aboveground vegetation (Koerselman & Meuleman 
1996; Olde Venterink et al. 2003), and fertilization experiments show that brownmoss-
dominated rich fens can be limited by N (e.g. Boeye et al. 1997; Štechová et al. 2008; 
Pawlikowski et al. 2013), P (e.g. Verhoeven & Schmitz 1991; Boeye et al. 1997; 
Kooijman 2012; Pawlikowski et al. 2013), or a combination of both. So, depending 
on the environmental conditions, additional inputs of N and P may have profound 
effects on brownmoss-dominated rich fens. They can lead to increased aboveground 
biomass production of highly competitive vascular plants, which often results in 
reduced light availability for slow-growing vascular plants and mosses (Kotowski & 
van Diggelen 2004) and a decrease of species richness (Grime 1979; Wheeler & Shaw 
1991). Furthermore, S. scorpioides may be replaced by Calliergonella cuspidata (Hedw.) 
Loeske under P-rich conditions (Meijer & de Wit 1955; van Wirdum 1991; Kooijman 
1993b). This is problematic, since even under wet conditions, in which their apices 
were just above the water table, C. cuspidata plants were more readily overgrown by 
large acidifying Sphagnum spp. such as S. squarrosum Crome and S. palustre, than S. 
scorpioides (Kooijman & Bakker 1995). 
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Toxicity

Rich fens with S. scorpioides may also be sensitive to sulfide- and NH4-toxicity. Paulissen 
et al. (2004) found that NH4-concentrations of 100 μmol L-1 are potentially toxic to 
S. scorpioides. In addition, Verhoeven et al. (2011) showed in a field experiment that 
four years of high NH4-deposition (35 kg N ha-1 year-1) seriously damaged rich fens 
with S. scorpioides, while similar fluxes of NO3-deposition had no effect. Under base-
rich conditions, part of the NH4 will be nitrified, but nitrification rates will drop with 
decreasing pH (Painter 1970; Wild et al. 1971). If NH4-toxicity is important, this 
may therefore primarily be expected in acidified fens that show low nitrification rates 
(Kooijman & Paulissen 2006; Kooijman 2012). Potential effects of enhanced sulfide 
concentrations on rich fens have not yet been examined, but experiments have shown 
that the aboveground biomass production of some characteristic species, such as 
Equisetum fluviatile L., Menyanthes trifoliata L. and Thelypteris palustris, decreases at 
sulfide concentrations above 50 – 150 μmol L-1 (Geurts et al. 2009).

Development of carr woodland

In Western Europe, the cessation of mowing in fens often leads to the development 
of carr woodland dominated by alder or willow (e.g. Godwin 1934; Wiegers 1992). 
Several studies in the Netherlands (Bakker et al. 1994; van Diggelen et al. 1996; van 
Belle et al. 2006) suggest that the decline in mowing activity between the 1950s 
and 1970s has resulted in large-scale development of carr woodland within 10 – 20 
years. Regular mowing therefore appears to be a crucial management measure for the 
preservation of rich fens by resetting succession, particularly since new development 
of rich fens is hardly taking place anymore.

Allowing more fluctuating surface water levels

In wet regions dominated by agriculture, such as the Netherlands, surface water 
levels are strictly controlled in order to support a variety of services such as drainage 
for agriculture, freshwater supply and flood protection. This generally implies 
more constant water levels, suppressing or even inverting seasonal and incidental 
meteorological variation. Under these conditions, the re-introduction of more 
fluctuating surface water levels has been proposed as one of the management tools 
to improve the water quality in wetlands (e.g. Mitsch & Gosselink 2007) and to 
counteract acidification and eutrophication of fens (Grootjans et al. 2001; Loeb et al. 
2008a). There are, however, also examples where the implementation of lowered and 
raised water tables led to a stimulation of acidification, eutrophication and/or toxicity 
in fens (e.g. Lamers et al. 2002). 
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Although the impacts of a more fluctuating surface water level regime on brownmoss-
dominated rich fens have not yet been examined in a systematic and comprehensive 
study, there is a number of studies that examined the influence of lowered and raised 
water tables on specific processes and/or on other fen types. The literature results are 
described in the following sections and have been combined into one scheme (Fig. 
1.4), showing the possible impacts.

Effects on surface water quality

Lowered surface water levels during periods with an evapotranspiration surplus will 
lead to reduced input of water into wetlands. Such a reduction of water inputs may 
lead to more ombrotrophic (less Ca-rich) conditions in surface waters, as has been 
described by Groeneweg & van Wirdum (2004) for surface waters in National Park 
Weerribben-Wieden. Since surface waters in Europe often contain high nutrient 
concentrations as a result of intensive agricultural land use around wetlands, lowered 

Fig. 1.4. The potential effects of lowered and raised surface water levels on rich fens without 
groundwater discharge. Effects on the level of the entire wetland and on the level of site 
conditions are depicted. 
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water tables will presumably also result in a beneficial reduction of N-, P- and S-inputs 
(Coops & Hosper 2002; Jaarsma et al. 2008; Schep et al. 2012). In contrast, raised 
surface water levels may lead to eutrophication of surface waters, when the water level 
rise is accompanied by an increased input of N- and P-rich water into a wetland (e.g. 
Bollens 2000). 

The effect of lowered water levels on site conditions

Episodes of water level drawdown will not only influence the ecohydrochemical 
conditions in the surface waters of the wetland, but are also likely to have an impact on 
site conditions in fens, including rich fens. Temporary desiccation of the peat surface 
may result in reduced P-availability in relatively Fe-rich fens, due to sorption of P to 
oxidized Fe(III) and Fe(III) oxides and hydroxides, as has been described by Lamers 
et al. (1998a) for a mesotrophic wetland meadow with Caricion nigrae. Furthermore, 
oxidation during episodes with lowered water tables may also detoxify previously 
produced sulfide (Connell & Patrick 1969) and NH4 (e.g. Williams 1974) in fens. 
 However, the lowering of surface water levels can also have adverse effects for fens. 
It may induce eutrophication by the stimulation of mineralization rates as a result of 
higher oxygen intrusion into soils, as has been recorded in several different fen types 
(Grootjans et al. 1986; Updegraff et al. 1995; Bridgham et al. 1998; Olde Venterink et 
al. 2002a). Depending on the site conditions, lowered surface water levels may thus 
result in either decreased or increased nutrient availability. If the ANC is insufficient to 
compensate for the acid produced, water level drawdown may also lead to undesired 
lowering of the pH in topsoils as a result of aerobic oxidation processes (microbial 
redox processes using oxygen as an electron acceptor). This has for instance been 
observed in a mesotrophic wetland meadow with Caricion nigrae (Lamers et al. 1998a) 
and in several carr woodlands (Lucassen et al. 2002). Finally, prolonged periods with 
lowered surface water levels may also lead to drought stress in vascular plants and 
mosses, as has been described for S. scorpioides (Boryslawski 1978) and other rich fen 
species (Mälson et al. 2008).

The effect of raised water levels on site conditions

In wetlands without groundwater discharge, such as National Park Weerribben-
Wieden, a temporary rise of the surface water level may be the only way to enhance the 
ANC in the upper part of fen soils. The ANC of topsoils can be increased by a higher 
influx of Ca and HCO3. It seems reasonable to assume that raised water levels may lead 
to flooding with base-rich surface water and/or to enhanced seepage of base-rich water 
from beneath the floating root mat, due to an increased upward pressure (van Wirdum 
1991; Barendregt et al. 2004; Cusell et al. 2013). On the other hand, raised surface 
water levels may also lead to internal microbial alkalinity generation as a result of NO3-,  
Fe(III)- and/or SO4-reduction under anaerobic conditions (e.g. Gambrell & Patrick 
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1978; Baker et al. 1986) in the soil. However, this increase in ANC will be temporary, 
since aerobic oxidation during subsequent episodes with lower water tables will lead to 
re-acidification, as shown in mesotrophic wetland meadows and riverine hay meadows 
(Lamers et al. 1998a; Loeb et al. 2008a)
 A rise in surface water levels may, however, also result in undesired eutrophication 
in fens due to higher P- and N-inputs during flooding (Wassen & Joosten 1996; Mitsch 
& Gosselink 2007). In addition, flooding may lead to internal P-mobilization in fens 
as a result of Fe(III)-reduction (e.g. Patrick & Khalid 1974). This may especially occur 
when flooding water contain high levels of SO4, as Lamers et al. (1998b) showed in a 
mesocosm experiments with sods from a mesotrophic wetland meadow with Caricion 
nigrae. Furthermore, anaerobic conditions during inundation of fens may stimulate 
other undesired processes such as NH4-accumulation (e.g. Reddy & Patrick 1984) and 
sulfide production (e.g. Lamers et al. 1998b, 2013). 

Aims and outline of this thesis

In conclusion, previous research suggests that lowered as well as raised surface water 
levels may potentially have both positive and negative impacts on rich fens. For the 
restoration and preservation of these biodiverse and endangered fens, it is of great 
importance to get a better understanding of all these interacting processes. Therefore, 
the main objective of this thesis is to determine the potential effects of both lowered and 
raised surface water levels on the biogeochemical and ecological functioning of fens, 
with the emphasis on preservation and restoration of brownmoss-dominated rich fens. 
The focus is on the processes of eutrophication, alkalinity generation and acidification 
in relation to fluctuating water levels in the Dutch National Park Weerribben-Wieden. 
These processes are studied at several spatial scales, from site conditions to the entire 
wetland area. Furthermore, special attention is paid to the type of nutrient limitation 
in brownmoss-dominated rich fens in relation to their edaphic characteristics, since 
the effect of specific nutrient inputs may well be determined by these characteristics.

Chapter 2 describes and explains the biogeochemical responses found during short-
term (2 weeks) episodes of surface water level rise (during winter and summer) and 
drawdown (during summer) in large-scale field experiments, including floating and 
non-floating fen sites with several vegetation types. Since longer periods of inundation 
and water level drawdown could not be tested in the field, mesocosm experiments 
have been performed in the laboratory. Chapter 3 discusses the impacts of long-term 
(31 weeks) lowered and raised water tables on rich fen mesocosms, as tested under 
winter and summer conditions. Apart from the biogeochemical responses, vegetation 
responses have also been examined in this study. Chapter 4 reports about a long-
term laboratory peat incubation experiment to study the effects of aeration (oxygen 
intrusion) and desiccation (oxygen intrusion plus water shortage) on mineralization 
and acidification rates in peat from poor fens and rich fens. To gain more insight into 
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the effects of more fluctuating surface water levels at the entire wetland scale, Chapter 
5 focusses on mechanisms that explain changes in nutrient availability along a gradient 
from water entry locations to more isolated rich fens. Next, Chapter 6 evaluates 
the consequences of N- and P-addition on different rich fen types in a fertilization 
experiment in the field to determine potential effects of flooding with nutrient-rich 
water and to unravel the potential causes for N- and/or P-limitation in rich fens. In 
Chapter 7, results of all studies are integrated and discussed. Implications for nature 
management and water management, and suggestions for future research, are included.


