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7.  General discussion

The main focus of my thesis was to determine the influence of fluctuating surface 
water levels on the biogeochemistry and ecology of biodiverse rich fens. The research 
was carried out in the Dutch Ramsar area “National Park Weerribben-Wieden” that 
still includes a substantial area of biodiverse, brownmoss-dominated rich fens. These 
rich fens, characterized by well-buffered (with respect to acidification) and relatively 
nutrient-poor (mesotrophic) conditions, are hotspots for the diversity of highly 
threatened vascular plants and bryophytes (Sjörs 1950; van Wirdum 1991; Kooijman 
1993a). The area of brownmoss-dominated rich fens is, however, declining in many 
West European wetlands (e.g. Kooijman 1992; JNCC 2007; Paulissen et al. 2013) as a 
consequence of the natural succession toward Sphagnum-dominated fens (e.g. Clapham 
1940; van Wirdum 1991; van Diggelen et al. 1996), and human-induced acidification 
and eutrophication (e.g. Gorham et al. 1987; Kooijman & Paulissen 2006). In addition, 
rejuvenation of new rich fens is hardly taking place. Terrestrialization of open waters 
has not yet resulted in the formation of new rich fens in the Netherlands during the 
past decades (e.g. Lamers et al. 2002), even in areas where habitat quality seems to 
have improved. Transplantation experiments showed that bryophyte key species, such 
as Scorpidium scorpioides (Hedw.) Limpr., Scorpidium cossonii (Schimp.) Hedenäs and 
Hamatocaulis vernicosus (Mitt.) Hedenäs, remained vital after more than 10 months in 
initial terrestrializing vegetation (Cusell et al. 2013; Fig. 7.1), indicating that dispersal 
may be an additional problem. As long as the exact constraints for the terrestrialization 
and development of biodiverse rich fens are still unclear, it is even more important to 
conserve and restore the vegetation in existing brownmoss-dominated rich fens. 
 In densely populated lowland regions dominated by agriculture, such as the 
Netherlands, surface water levels are strictly controlled. This generally implies more 
or less constant surface water levels, suppressing or even inverting 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 potential effects 
of acidification and eutrophication of fens (Grootjans et al. 2001; Loeb et al. 2008a). 
Lowered as well as raised surface water levels may, however, also have negative impacts 
on fens (e.g. Lamers et al. 2002). In this thesis, the main objective was therefore to 
determine the potential effects of both lowered and raised surface water levels on the 
ecohydrological and biogeochemical functioning of fens, with a strong emphasis on 
the preservation and restoration of endangered, brownmoss-dominated rich fens. 
This study focused on the processes of eutrophication, alkalinity generation and 
acidification at several spatial scales, from site conditions to the entire wetland. The 
key issues discussed are (a) landscape ecology in relation to regional hydrochemistry, 
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(b) water table dynamics in fens, (c) alkalinization versus acidification, (d) nutrient 
dynamics and (e) the accumulation of potentially toxic compounds (Fig. 7.2). Next to 
the outcomes of the studies presented in the previous chapters, additional information, 
especially about landscape-scale processes, has been integrated in this chapter. 

Regional ecohydrology and biogeochemistry of National Park 
Weerribben-Wieden

To thoroughly understand the functioning of rich fens and the potential impact of 
fluctuating surface water levels, it is not sufficient to only examine biogeochemical 
habitat conditions inside fens. It is also vital to understand the geohydrological 
and ecological functioning of the entire wetland complex and its surroundings, 
since local conditions are often strongly determined by regional processes. To gain 
a better understanding of the present exchange of nutrients and bases between the 
area and its surroundings, water balances and mass balances for P, N and Ca were 
estimated, based on the activities of pumping stations and data about precipitation 
and evapotranspiration between 2001 and 2012 (Cusell et al. 2013). In addition, an 
existing 1D-2D SOBEK-model (ARCADIS 2004) for surface water flows in National 
Park Weerribben-Wieden was updated to simulate water flows and P-, N- and Ca-
fluxes in the north of the nature reserve (De Weerribben). A more detailed description 
of the SOBEK-model can be found in Appendix C. 

Fig. 7.1. Vitality and growth of Scorpidium scorpioides, Scorpidium cossonii and Hamatocaulis 
vernicosus after more than10 months of transplantation into floating mats of Stratiotes aloides 
plants (black) and terrestrializing helophyte vegetation with Typha angustifolia and Thelypteris 
palustris (white). Transplantation was carried out according to Kooijman (1993c) and Kooijman 
& Whilde (1993). Growth rates were determined relative to a velcro strip, which marked the 
start length at 3 cm below the shoot apex, according to Rochefort & Vitt (1988). Vitality was 
measured as the fluorescence yield (Fm-F0)/Fm (see Chapter 3 for the applied method), which 
indicates vital conditions above values of about 0.4 (Maxwell & Johnson 2000). Sample means 
are given and error bars indicate standard deviations (n = 15). Significant differences (one-way 
ANOVA and LSD post-hoc test) are indicated by different letters.
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Fig. 7.2. Schematic representation of 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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Since mass balances and the SOBEK-model could not be validated sufficiently (Cusell 
et al. 2013), results should be interpreted with some caution. For this reason, I focused 
on the general processes instead of on the exact concentrations and fluxes. Although 
the information from the balances and SOBEK-models has not been included in the 
previous chapters, it is important to summarize some of the results, because they give 
a better understanding of the ecohydrological functioning of the nature reserve. In 
addition, these model results can be coupled to the results of Chapter 5 about nutrient 
behavior at a landscape-scale.

Sources and distribution of nutrients

Mass balances show that about 70% of the total P-input of the nature reserve originates 
from adjacent polder areas (Fig. 7.3), lower-lying agricultural lands that need active 
water management. This outcome corresponds with those of earlier studies by Jol & 
Laseur (1982) and Balirwa (1993). For N, almost half of the input originates from 
the polders and the other half from the atmospheric N-deposition of about 19 kg N 
ha-1 year-1. The P- and N-inputs from polders are 2 – 3 times higher in winter than in 
summer, due to higher discharges of polder water into the reserve during winter and 
lower nutrient concentrations in polder water during summer (Cusell et al. 2013).
 Despite these high fluxes, nutrient concentrations in the pore water of rich fens 
are low throughout the year with o-PO4, NH4- and NO3-concentrations of about 0.3, 
8 and 5 μmol L-1 (Chapters 2, 5 & 6). Higher nutrient inputs in the periphery of the 
nature reserve in winter do not automatically lead to higher nutrient concentrations 
in turf ponds and ditches near rich fens, which are located in relatively isolated parts 
of the nature reserve (Table 7.1). This is partly caused by changes of water flow 
patterns throughout the year, as could be inferred from measurements in the field and 
the SOBEK-run for the “actual” surface water level regime (Cusell et al. 2013; Fig. 
7.4; Chapter 5). Although P- and N-inputs from the polders are high in winter, the 
precipitation surplus results in outward directed surface water flows, from the relatively 
isolated parts of the nature reserve to large canals and the periphery of the nature 
reserve. This appears to effectively prevent the transport of nutrient-rich input water to 
more isolated locations inside the reserve. In contrast, a surplus of evapotranspiration, 
which mostly occurs during summer, leads to an opposite flow pattern from the 
periphery to the more isolated areas. This appears to stimulate large-scale water 
mixing throughout the area, but does not lead to increased N- and P-concentrations 
in the vicinity of rich fens, because relatively small amounts of nutrient-rich water are 
discharged from polders into the wetland during these dry periods.
 Filtering processes in surface waters lead to a further reduction of nutrient loads 
towards relatively isolated locations (Chapter 5). One of these important mechanisms 
is the assimilation and accumulation of nutrients by plants and algae during the growing 
season and the storage of these nutrients in dead organic matter (Howard-Williams 
1985; Richardson & Marshall 1986; Reddy et al. 1999). For P, additional important 
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filtering mechanisms are the sorption of P to Al/Fe-compounds and the precipitation 
of colloidal Al- and Fe-phosphates (Chapter 5), as was also found by Lijklema (1980). 
This mainly happens in the vicinity of the pumping stations, because these stations not 
only represent the main input of N and P, but also of Fe, due to groundwater discharge 
in the deeper lying polders around the nature reserve and the subsequent pumping of 
Fe-rich water into the reserve.
 The flow patterns and filtering mechanisms described strongly influence the spatial 
distribution of nutrient availability in the National Park (Chapter 5). Increasing N:P-
ratios in aquatic and semi-terrestrial vascular plants clearly indicate a decrease in 
P-availability (Koerselman & Meuleman 1996; Olde Venterink et al. 2003) from the 
pumping stations at the periphery of the nature reserve, where ratios were about 10 
g g-1, to more isolated turbaries and rich fens, where ratios of 15 and 19 g g-1 were 

Fig. 7.3. Mass balances for Ca, P and N, indicating the contribution of various sources for 
National Park Weerribben-Wieden during different seasons. Balances were calculated on the 
basis of the activities of pumping stations, concentrations in the polder water, precipitation 
and evapotranspiration rates, and rates of groundwater discharge or downward seepage in the 
National Park and polders. The N-deposition rate was set on 19 kg N ha-1 year-1 (RIVM 2012), 
which remained unchanged throughout the year. Rates of P- and Ca-deposition were calculated 
by multiplying the amount of precipitation in a month with a mean measured P-concentration 
of 0.02 μmol L-1 and Ca-concentration of 7.63 μmol L-1 (RIVM 2012).
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Fig. 7.4. The relationship between precipitation and discharge in two major canals at the 
periphery of De Weerribben (above) and in two minor canals in the center of De Weerribben 
(below), as calculated by SOBEK for the “actual” surface water level regime in 2003. Positive 
discharges correspond to a water flow from the periphery to the more isolated areas, while 
negative discharges correspond to an opposite water flow from relatively isolated parts of the 
nature reserve to large canals and the periphery of the nature reserve. 

found in semi-terrestrial plants. So, along this gradient, the availability of P appears to 
decrease more than that of N, which is presumably caused by a combination of sorption 
and precipitation of Al/Fe-phosphates near the periphery of the nature reserve and a 
constant input of N by atmospheric deposition throughout the wetland. 

Sources and distribution of bases

Mass balances show that about 85% of Ca originates from polder areas under the 
current conditions (Fig. 7.3). Especially deep polders, which show strong discharge 
of base-rich groundwater (van Wirdum 1991), are important and represent 50 – 60% 
of the total Ca-input. Probably, the deep polders have already influenced the Ca-
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Fig. 7.5. Effect of two fluctuating surface water level regimes (short-term decrease in summer 
& short-term rise in November – pink; freely fluctuating between 0.53 and 0.93 m BMSL 
– yellow) on the water level (below), the Ca- and total P-concentration in a major canal at 
the periphery of De Weerribben (above) and a minor canal in the center of De Weerribben 
(middle), as calculated by SOBEK. The runs were based on the weather conditions in 2003, a 
year which was characterized by a very dry summer (KNMI 2014). Additional examples, which 
support the mentioned patterns, can be found in de Lange (2011) and Cusell et al. (2013).

balance since the reclamations in the 1920 – 1950s. The rivers and canals that drain 
the relatively base-rich moraine upland at the eastern side of the nature reserve are 
only responsible for about 15% of the total Ca-input. Under the current conditions, 
it is therefore not desirable to completely isolate the reserve from the polders, even 
though they are also responsible for a large part of the N- and P-inputs. 
 As for P and N, Ca-inputs are highest in winter (Fig. 7.3), but most of this Ca will 
not reach the more isolated sites with rich fens. In winter, the precipitation surplus 
and the surface water flow away from the relatively isolated parts of the nature reserve 
(Cusell et al. 2013; Fig. 7.4; Chapter 5) prevents mass transport of nutrient-rich and 
base-rich input water to more isolated locations. In summer, when nutrient inputs 
from polders are lower than in winter, Ca-inputs from polders are still significant as a 
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result of the ongoing discharge of groundwater in these polders. These Ca-inputs are, 
however, only high during relatively wet summers, when polders still have to discharge 
quite a lot of water into the wetland (Cusell et al. 2013). Subsequently, the overall 
evapotranspiration surplus in summer leads to a flow pattern towards isolated sites, 
and thus to large-scale mixing of relatively nutrient-poor and Ca-rich water throughout 
the entire nature reserve (Cusell et al. 2013; Fig. 7.4; Chapter 5). 

Raised surface water levels

The main objective of my thesis was to determine the influence of fluctuating surface 
water levels on rich fens. In order to predict the ecohydrological consequences of more 
fluctuating water levels on a landscape-scale, three surface water level regimes have 
been tested in SOBEK: (a) the “actual” regime with water levels between 0.73 and 0.83 
m below mean sea level (BMSL), (b) a regime with short-term periods of raised water 
levels in summer (0.63 m BMSL) and lowered water levels in winter (0.88 m BMSL), 
and (c) a regime with freely fluctuating water levels throughout the year which may 
vary between 0.53 and 0.93 m BMSL. A more detailed description of these runs can 
be found in Appendix C.
 According to SOBEK-simulation (b), short-term (one week) surface water level 
rises of about 10 cm during heavy rainfall in winter had almost no effect on flow rates 
and flow directions of the surface water in De Weerribben (de Lange 2011; Cusell et 
al. 2013). High precipitation may lead to higher surface water levels, but just as for the 
present “actual” water level regime, the water flowed away from the relatively isolated 
parts of De Weerribben to large canals and the periphery of the reserve. Nutrient and 
Ca-concentrations in surface water slightly increased in the canals at the periphery, due 
to higher discharges of polder water, but slightly decreased at more isolated locations 
near rich fens, due to dilution with rainwater (Fig. 7.5). 
 SOBEK-run (c), with larger and longer surface water level fluctuations during 
natural droughts and wet periods, led to raised water levels of 0.53 m BMSL during 
most of the year (Fig. 7.5). Only in summer, when there was no precipitation surplus, 
surface water levels lowered to 0.73 m BMSL, but they were still higher than in the 
present “actual” water level regime. According to the model, raised surface water levels 
throughout most of the year would not influence nutrient and Ca-concentrations in 
surface waters at the periphery of De Weerribben (Fig. 7.5). However, in the more 
isolated sites, nutrient concentrations decreased with 50 – 80% in the model, due to 
dilution with rainwater. Conditions at the more isolated sites not only became less 
eutrophic, which generally is an ecological benefit, but also more ombrotrophic 
(Fig. 7.5). Ca-concentrations may decrease 20 – 70%, which will be harmful to rich 
fens. Model studies of Borren et al. (2012) to other Dutch fen areas also show that 
the introduction of fluctuating surface water levels may lead to increased influence of 
rainwater, and thus to a decrease in both nutrient and base concentrations. 
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Lowered surface water levels

Lower surface water levels during dry periods with an evapotranspiration surplus will 
generally lead to a reduction of the input of nutrient-rich water into wetlands (Coops 
& Hosper 2002; Jaarsma et al. 2008; Schep et al. 2012). However, SOBEK-simulation 
(b) indicates that a short-term (one week) surface water level drawdown of about 
5 cm in summer, as the Water Management Authority Reest & Wieden wanted to 
introduce in the nature reserve, has almost no effect in De Weerribben (Fig. 7.5). Flow 
rates, flow directions and the chemical composition of surface waters did not change 
significantly by this short change. In addition, mass balances show that under the 
present conditions less than 1% of the total N- and P-inputs are derived from the main 
inlet station at Stroink during dry episodes (Fig. 7.3). This corresponds to low N- and 
P-concentrations in the supplying lake (Vollenhovermeer) during such dry episodes 
(de Vries 2011). So, a short period with short-term, slightly lowered surface water 
levels does not seem to affect the ecohydrological functioning of the nature reserve. 

Water table dynamics in fens

Raised surface water levels

During short-term (two weeks) surface water level rises of about 10 cm, water tables 
responded differently in floating and non-floating fens (Chapter 2). Inundation only 
occurred in non-floating fens. These inundations were due to flooding from nearby 
ditches, as shown by homogenously distributed Cl-concentrations in inundation 
water that were much higher than in soil pore water. In contrast, similar experiments 
had almost no effect on the water tables in floating fens with Sphagnum-dominated 
vegetation, since these floating soils followed surface water levels. This lack of response 
was not only found after two weeks of high surface water levels, but also during a similar 
field treatment of three months (data not shown). Such stable water tables have also 
been reported for floating subarctic and temperate fens (Roulet 1991; van Wirdum 
1991). 
 In order to estimate the potential effect of raised surface water levels on water tables 
in the entire National Park Weerribben-Wieden, aerial footage of the entire nature 
reserve were made (Cusell et al. 2013). The films, which showed the visible part of the 
light spectrum, were shot from a small airplane on September 1, 2010, when surface 
water levels were 2 cm higher than the presently used maximum of -0.73 m BMSL 
(Waterschap Reest & Wieden 2014). Although it was difficult to observe whether 
inundation took place in winter-mown fens as a result of limited visibility of the soil 
surface, it was clear that inundation of fens occurred throughout the nature reserve but 
not in all fens (Fig. 7.6). 
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Fig. 7.6. Sites in National Park Weerribben-Wieden (between 52o48’ N – 5o53’ E and 52o38’ N 
– 6o08’ E) for which inundation was certain during the high surface water levels on September 1, 
2010, based on an aerial survey. Surface water levels were about 2 cm higher than the presently 
used maximum of -0.73 m BMSL (Waterschap Reest & Wieden 2014).
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In the southeast of the reserve, where peat ponds are shallow and fens are generally 
firmly attached to the sandy subsoil, many fens were inundated. Although it appeared 
that most floating fens, covering 80 – 90% of the terrestrialized part of the nature 
reserve, were not inundated, a small part of these floating fens was still inundated, 
including all major floating rich fens with Scorpidium spp. Inundation of floating rich 
fens is certainly not uncommon, and has also been reported by others (O’Connell 
1981; van Wirdum 1991). However, most Sphagnum -dominated fens, which cover 
most of the nature reserve, did not seem to be inundated in the aerial survey, although 
the observations may have been affected by higher vegetation in these winter-mown 
fens. The observed absence of inundation of Sphagnum-dominated, poor fen vegetation 
near rich fens with Scorpidium spp. (Fig. 7.7) supports this idea of limited occurrence 
of inundation of other Sphagnum-dominated fens in the area. 
 While it is clear that even floating rich fens with Scorpidium spp. are inundated 
during high surface water levels, there is still debate about the origin of this inundation 
water. In areas without groundwater discharge, such as National Park Weerribben-
Wieden, inundation may be caused by seepage of water from beneath the floating root 
mat (van Wirdum 1991), accumulation of rainwater and/or flooding by surface water 
(Barendregt et al. 2004; Cusell et al. 2013). For rich fen vegetation, it is presumably 
irrelevant how the minerotrophic water is supplied to the top layer, as long as it is base-
rich and mineral-poor. The mechanism is, however, important for nature managers, 
since it will presumably affect their management strategies for the conservation and 
restoration of floating rich fens, e.g. using active “irrigation” by discharging surface 
water on top of the fens, lowering of fen shores, applying small ditches within fen 
systems and allowing raised surface water levels. Therefore, future research should 
focus on the hydrological mechanisms involved in different types of floating fens. 
Continuous tracer analyses, e.g. using temperature or Cl-concentration as a tracer, 
detailed analysis of continuous diver data of water levels, and/or the use of water flow 
sensors should therefore be considered.

153 
 

 
 

 
 
Fig. 7.7. The occurrence of inundation in two rich fens (left: Kikkerlanden; right: Reeënweg) during high surface 
water levels on September 1, 2010, as shown by these stills of aerial footage. In both areas, inundation almost 
exclusively occurred in the Scorpidium-dominated vegetation (encircles zones). Almost all Sphagnum-dominated 
vegetation was not inundated. 

Fig. 7.7. The occurrence of inundation in two rich fens (left: Kikkerlanden; right: Reeënweg) 
during high surface water levels on September 1, 2010, as shown by these stills of aerial footage. 
In both areas, inundation almost exclusively occurred in the Scorpidium-dominated vegetation 
(encircles zones). Almost all Sphagnum-dominated vegetation was not inundated.
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Fig. 7.8. Relation between Ca-concentrations, alkalinities and pH-values in soil pore waters of habitats with 
Scorpidium scorpioides, Scorpidium cossonii and Hamatocaulis vernicosus in the Netherlands and in European 
reference sites with lower atmospheric deposition. Reference sites were sampled between 1991 and 1997 
throughout Sweden (n = 84, 89 and 29; unpublished data of Kooijman & Hedenäs), in 2010 throughout Poland 
and Slovakia (n = 3, 7 and 4; unpublished data of Kooijman & Pawlikowski), in 2011 in Sèche de Gimel, 
Switzerland (n = 3 for H. vernicosus; unpublished data Cusell) and in 2012 in Jämtland, Sweden (n = 12, 12 and 
12; Neijmeijer 2013). In the Netherlands, samples were collected between 2008 and 2011 (n = 80, 82 and 68). 
Eight samples with H. vernicosus (open triangles) were excluded for the trend-line in the Netherlands. These 
samples differed, because water tables were low during sampling, which presumably not only resulted in 
acidification but also in desorption of Ca from the adsorption complex. 

Fig. 7.8. Relation between Ca-concentrations, alkalinities and pH-values in soil pore waters 
of habitats with Scorpidium scorpioides, Scorpidium cossonii and Hamatocaulis vernicosus 
in the Netherlands and in European refer ence sites with lower atmospheric deposition. 
Reference sites were sampled between 1991 and 1997 throughout Sweden (n = 84, 89 and 29; 
unpublished data of Kooijman & Hedenäs), in 2010 throughout Poland and Slovakia (n = 3, 7 
and 4; unpublished data of Kooijman & Pawlikowski), in 2011 in Sèche de Gimel, Switzerland 
(n = 3 for H. vernicosus; unpublished data Cusell) and in 2012 in Jämtland, Sweden (n = 12, 
12 and 12; Neijmeijer 2013). In the Netherlands, samples were collected between 2008 and 
2011 (n = 80, 82 and 68). Eight samples with H. vernicosus (open triangles) were excluded 
for the trend-line in the Netherlands. These samples differed, because water tables were low 
during sampling, which presumably not only resulted in acidification but also in desorption of 
Ca from the adsorption complex.
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Lowered surface water levels

In the field experiments, water tables did not respond uniformly to two weeks of 
manipulated surface water level drawdown (-15 cm) in summer (Chapter 2). In 
both non-floating and floating fens, water tables only dropped when there was an 
evapotranspiration surplus during the treatment period. Under such conditions, 
water tables dropped 10 – 15 cm in non-floating fens, while levels only dropped 4 
– 6 cm in floating fens, due to soils that partly moved down with the surface water 
drawdown (unpublished diver data). However, in wet summer periods, water tables 
did not decrease during manipulated surface water level drawdowns. In non-floating 
fens, water tables were even raised a few centimeters under these wet conditions. 
The response of water tables in fens therefore seems to be more affected by weather 
conditions, especially by the balance between precipitation and evapotranspiration, 
than by the surface water levels in adjacent ditches. Similar results were found in other 
Dutch fens with low rates of groundwater discharge and downward seepage (Schep et 
al. 2012). However, under natural conditions, lowered surface water levels will often 
be the result of dry episodes, and will thus often coincide with lower water tables in 
fens, especially in non-floating fens.

Alkalinization versus acidification

It is generally accepted that acidification will eventually lead to succession of biodiverse 
rich fens toward species-poorer Sphagnum-dominated fens. This may be caused by 
natural peat accumulation and concomitantly reduced influence of minerotrophic 
water. However, anthropogenically increased atmospheric deposition (NHx, NOy and 
SOx) may well accelerate the acidification of rich fens (Gorham et al. 1987; Kooijman 
2012). Dutch fens show significantly lower pH-values than reference fens in Sweden, 
Poland and Switzerland, where present potential acid deposition equals 800 – 1500 
molc ha-1 year-1 (Schöpp et al. 2003) instead of the average potential acid deposition 
of about 3000 molc ha-1 year-1 in the Netherlands (Kros et al. 2008). For example, it 
seems that alkalinities and Ca-concentrations should be about 4000 and 2000 μmol L-1 
(showing a stoichiometrical balance of HCO3

- and Ca2+) to reach a pH of 7.0 in Dutch 
fens with S. scorpioides, while reference fens only needed concentrations of about 2600 
and 1300 μmol L-1 (ditto) to reach this pH (Fig. 7.8). Similar relations were found for 
fens with S. cossonii and H. vernicosus.
 It is, furthermore, noteworthy to mention that none of the Dutch fens with 
Scorpidium spp. were characterised by weakly-buffered conditions (Fig. 7.8). This is in 
accordance with a study of Kooijman & Westhoff (1995), who showed that S. scorpioides 
became locally extinct in Dutch weakly-buffered fens during the 1960s. This is not 
surprising, since Vitt & Kuhry (1992) and Gunnarsson et al. (2000) already showed 
that rich fens in the pH range of 5.0 – 5.8 are the ones most sensitive to acidification. 
In this pH-range, the exchange of Ca and Mg from adsorption complexes becomes 
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an important acid buffering mechanism, which implies that the base saturation of the 
CEC becomes very important, especially when HCO3 becomes depleted in the soil 
pore water (Lamers et al. 2014). 

Raised surface water levels

One way to enhance the input of base-rich water into the top layer of fen soils is a 
temporary rise of surface water levels. The effect of raised surface water levels, 
however, clearly depends on the buoyancy of a fen, the season, the vegetation type, 
the infiltration rates and the duration of flooding (Chapters 2 & 3, Cusell et al. 2013). 
 In the field manipulation experiments (Chapter 2), alkalinities and Ca-
concentrations did not change in soil pore waters of floating fens with Sphagnum-
dominated vegetation, due to the limited change in water tables in the fens, not even 
after three months (data not shown). There are, however, quite a few floating rich fens 
in National Park Weerribben-Wieden that do get inundated. As mentioned above, 
these inundations may be caused by flooding with base-rich surface water (Barendregt 
et al. 2004; Cusell et al. 2013), accumulation of rainwater and/or by seepage of base-
rich water, which is supplied from the surface water system through preferential flow 
channels beneath the floating root mat (van Wirdum 1991). For the latter, it seems 
obvious that the thicker the floating peat layer is, the more difficult it will be for base-
rich surface water to reach the peat surface (van Wirdum 1991, 1993). Furthermore, 
seepage of base-rich water presumably depends to a large extent on evapotranspiration 
rates, because this is the most obvious driver for upward flows. Since evapotranspiration 
surpluses in the Netherlands only occur in summer, upward seepage will probably not 
be of much importance in winter. The occurrence of flooding with base-rich surface 
water will, on the other hand, largely depend on the buoyancy of the peat and the 
potential lag between the surface water level rise and the upward seepage in fens. EC-
profiles in the soil of several important rich fen sites in National Park Weerribben-
Wieden indeed seem to indicate that flooding occurs in many of the floating rich 
fens with S. scorpioides, since EC-values are often higher in the surface layers of the 
peat than below (Bresjer 2013; Cusell et al. 2013; Fig. 7.9). Moreover, many of the 
floating fens studied showed local depressions along their borders, where ditch water 
and inundation water were directly connected during periods with high surface water 
levels. Although there is still discussion about the exact interpretation of the data 
(Cusell et al. 2013), it is obvious that flooding with surface water can indeed contribute 
to the supply of base-rich water in floating rich fens. However, as mentioned above, the 
exact contribution of the different potential hydrological mechanisms in floating fens 
deserves more attention in future research.
 In non-floating fens, raised surface water levels will lead to flooding as soon as the 
surface water level becomes higher than the more or less fixed peat layer. In summer, 
two weeks of flooding resulted in a clear increase of the ANC in non-floating rich fens 
(Chapter 2). Alkalinity and Ca-concentration in soil pore waters increased by 1900 and 
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450 μmol L-1, respectively. A large part of this increase was caused by the infiltration 
of base-rich flooding water. The ratio of 4:1 between the increase in alkalinity and Ca, 
the simultaneous decrease in S-concentrations and the increase in Fe-concentrations, 
however, showed that the increase in alkalinity was not merely caused by infiltration 
of base-rich surface water, but also by internal generation of HCO3 as a result of the 
use of other electron acceptors (including Fe(III) and SO4) than oxygen in microbial 
redox reactions (Stumm & Morgan 1996). It must, however, be noted that increases in 
alkalinity by internal alkalinization are often temporary, since aerobic oxidation during 
subsequent periods with lower water tables will result in acidification, consuming 
alkalinity (Lamers et al. 1998a; Mettrop et al. unpublished data).
 In contrast, under winter conditions, short-term flooding of non-floating 
fens often did not lead to an increase of the ANC, due to lower temperatures and 
evapotranspiration rates (Chapter 2). Redox potentials were sufficiently low, with 
values below -100 mV in the entire soil profile of all fen types studied, at which Fe(III)- 
and SO4-reduction may lead to internal alkalinity generation (e.g. Gambrell & Patrick 
1978; Ponnamperuma 1984; Mitsch & Gosselink 2007). Nevertheless, significant 
production of HCO3 has not been recorded, most probably due to low anaerobic 
microbial activity in winter and the short period of flooding. In addition to this absence 
of internal alkalinity production in winter, the short-term field experiments showed 
that substantial infiltration or diffusion of base-rich flooding water was impossible 
in winter, because the fen soils were already entirely waterlogged before the flooding 

Fig. 7.9. Examples of EC-profiles in depth (0 – 180 cm) in three floating rich fens after a period 
of heavy rainfall in April/May 2013 (Bresjer 2013): Stobbenribben – fen A (left), Wiedegat 
(middle) and Kikkerlanden (right). Sc = site dominated by Scorpidium scorpioides, P = site 
dominated by Calliergonella cuspidata and Sp = site dominated by Sphagnum spp.
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(Chapter 2). This is in accordance with studies of Hooijer (1996) and Banach et al. 
(2009) in riverine floodplain fens, who also found absence or limited occurrence of 
infiltration under waterlogged conditions. 
 Infiltration of base-rich flooding water is, however, possible under winter 
conditions, but only if the soil is not entirely waterlogged before flooding. During 
the field manipulation experiments in winter, performed on a site with little recharge 
(downward seepage), infiltration only occurred when the initial water table was lower 
than 5 cm below the soil surface (Chapter 2). Under such conditions, alkalinity and Ca-
concentration in soil pore water increased by about 350 and 150 μmol L-1 (ratio 2.3:1) 
in rich fens. This is however a much smaller increase than in summer, when infiltration 
is enhanced by high evapotranspiration, and alkalinity and Ca-concentration increased 
by 1900 and 450 μmol L-1. The relatively low increase in ANC during flooding in winter 
is probably caused by lower temperatures, and subsequently lower evapotranspiration 
and microbial activity. In Sphagnum -dominated fens, alkalinity and Ca-concentration 
were not increased at all after flooding, even when infiltration occurred, due to low 
alkalinity and Ca-concentration in the flooding water above Sphagnum -dominated 
peat. These lower concentrations above Sphagnum -dominated fens, compared to rich 
fens, are presumably caused by the longer distance from the ditch and the exchange of 
Ca2+ for H+ between flooding water and the adsorption complexes of living Sphagnum-
mosses in this transect. 
 In contrast to the absence of alkalinization in waterlogged soils during short-term 
winter flooding of non-floating fens in the field, waterlogged rich fen soils may show 
an increase in alkalinity, Cl- and Ca-concentrations on the longer term, as shown by 
the mesocosm experiment (Chapter 3). Although the increase in concentrations was 
significantly lower under winter than under summer conditions, this indicates that 
long-term inundation in winter will eventually lead to infiltration of base-rich flooding 
water into fen soils, even when soils are waterlogged.

Lowered surface water levels

Episodes with lowered water tables will stimulate acidification (the production of H+ 
and the decrease of ANC; van Breemen et al. 1983) in the upper layer of fen soils as a 
consequence of aerobic oxidation processes, which are microbial redox processes that 
use oxygen as a terminal electron acceptor. Whether or not this leads to a change in pH 
depends on the buffer capacity of the soil. Two weeks of experimental surface water 
level drawdown in the field (-15 cm) did, however, not affect the pH or alkalinity of soil 
pore waters (Chapter 2). In floating fens, the alkalinity and pH did not change due to 
the limited change in water tables, not even after three months of lowered surface water 
levels (data not shown). In non-floating fens, experimental water level drawdown did 
lead to an increase of redox potentials (Eh) from around -200 to +500 mV in the upper 
5 cm of the soils, which indicates that the lowered water levels led to the intrusion of 
oxygen into these soils (e.g. Gambrell & Patrick 1978). In Sphagnum-dominated fens, 
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oxygen availability in topsoils was already high at the start of the treatment, as shown 
by the initial Eh-levels of above +600 mV. The presence of oxygen in the upper part 
of soils of both vegetation types did, however, not lead to decreasing pH-values or 
alkalinities within two weeks. 
 However, in the longer-term mesocosm (Chapter 3) and incubation experiments 
(Chapter 4), aeration (oxygen intrusion) did lead to aerobic acidification. In the 
mesocosms with rich fen vegetation, low water tables (-15 cm) led to a significant 
decrease in alkalinity and pH after 5 – 10 weeks, albeit only in the dry moss layer at 1 
cm depth and not in the wetter soil layer at 10 cm depth. In the incubation experiment, 
about 10 weeks of aeration and further desiccation also led to decreased pH-values in 
rich fens and Sphagnum -dominated fens. It must, however, be noted that the pH will 
most probably increase again during subsequent rise of the water table (Loeb et al. 
2008a; Mettrop et al. unpublished data), but it may affect the vegetation during water 
table drawdown. 

Nutrient dynamics

In addition to sufficient input of base-rich water, concentrations of plant-available 
nutrients should not be too high in rich fen soils (Kooijman 1993a; Hájek et al. 2006; 
Kooijman & Paulissen 2006). Since a decrease or rise in water level may well influence 
nutrient availability in peat soils, nutrient dynamics were also examined in this thesis. 
Fens may vary in their response to different nutrient inputs, and results indicate that 
edaphic characteristics dictate the nature of nutrient limitation (Chapter 6). 
 In the fertilization experiment, the floodplain fen with H. vernicosus was limited 
by N and K (Chapter 6). The soil of this fen showed low concentrations of labile N 
and relatively high concentrations of plant-available P and Fe-bound P, as compared 
to fens with S. scorpioides or S. cossonii. These results correspond well with those for 
fens with H. vernicosus in NW-Poland and Czech Republic that also show N-limitation 
under relatively P- and Fe-rich conditions (Stechová et al. 2008, 2012; Pawlikowski et 
al. 2013). Although the precipitation of Fe-phosphates has been reported to diminish 
P-mobilization in fens (e.g. Zak et al. 2004), recent studies show a positive correlation 
between P-availability and Fe-concentrations in rich fens, indicating that higher 
Fe-concentrations do not necessarily result in low P-availability (Neijmeijer 2013; 
Pawlikowski et al. 2013; Chapter 6). Apparently, many plants are able to take up this 
Fe-bound P, as has also been reported by Marschner (1995).
 In the floating fen with S. scorpioides, in contrast, vascular plant production was 
clearly limited by P (Chapter 6), which is consistent with the outcomes of other 
studies in rich fens with S. scorpioides (Verhoeven & Schmitz 1991; Kooijman 1993b, 
2012; Beltman et al. 1996; Boeye et al. 1997; Kooijman & Hedenäs 2009; Pawlikowski 
et al. 2013). These P-limited conditions in rich fens with S. scorpioides can most likely 
be explained by significantly lower total P-concentrations and higher total Ca:Fe-
ratios in the soil compared to the floodplain fen with H. vernicosus, which resulted 
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in low concentrations of plant-available P and Fe-bound P in the soil. The effect of 
Fe-rich versus Ca-rich soil conditions on the P-availability of different rich fen types 
should be further studied, as this may imply an important role for sufficient Ca-inputs 
next to potential buffering effects. In addition to increased vascular plant production, 
P-fertilization also led to the replacement of S. scorpioides by Calliergonella cuspidata 
(Hedw.) Loeske. This effect, which has been described in detail by Kooijman (1993b), 
can be problematic since even under wet conditions, in which the apices were just 
above the water table, C. cuspidata is more readily overgrown by large acidifying 
Sphagnum spp. than S. scorpioides (Kooijman & Bakker 1995). 
 Apparently, contrasting effects of N-, K- and P-fertilization in different fens are at 
least partly determined by edaphic differences. The effect of high N- and P-inputs on 
rich fen vegetation, for instance due to altered surface water level regimes, will thus not 
only depend on the extent of the input, but also on local soil conditions.

Raised surface water levels 

In the field manipulation experiments (Chapter 2), nutrient availability was not affected 
by two weeks of experimentally raised surface water levels (+10 cm). In both floating 
and non-floating fens, concentrations of NO3, NH4, o-PO4 and total soluble P were not 
changed in the soil pore water, not even under flooded conditions in winter or summer. 
The timespan of two weeks was probably too short to induce P-mobilization. However, 
during longer-lasting mesocosm experiments with rich fen soils, P-mobilization did 
occur, but the effects depended on edaphic characteristics (Chapter 3). In strongly 
P-limited mesocosms with S. scorpioides, eight months of inundation had no effect 
on the P-availability and P-concentrations, possibly due to low total P and high total 
Fe:P- and Ca:P-ratios in the soil. In the slightly more eutrophic mesocosms with 
H. vernicosus, P-availability and P-concentrations increased significantly after 2 – 3 
months of inundation. The latter fen type, in which aboveground biomass production 
was not strongly limited by P, had relatively low total Fe:P- and Ca:P-ratios in the soil, 
indicative of higher P-availability.
 An additional factor preventing eutrophication in the field experiments were the 
low concentrations of N and P in the surface water of the adjacent ditches, both in 
winter and summer (Chapter 2). Studies in riverine fens show, however, that flooding 
may well result in eutrophication when P- and N-inputs are high (Wassen & Joosten 
1996; Mitsch & Gosselink 2007). Several short-term fertilization experiments also 
show severe impacts on Scorpidium-dominated rich fens (Vermeer 1986; Verhoeven 
& Schmitz 1991; Kooijman 1993b; Boeye et al. 1997; Chapter 6). Although future 
research should focus more on the longer-lasting effects of less extreme nutrient inputs 
during flooding of both N- and P-limited rich fens, several field observations already 
indicate that such less extreme, but longer-lasting inputs, may still have severe effects 
on brownmoss-dominated rich fens. For example, van Wirdum (1991) indicated that 
local flooding with relatively nutrient-rich water in Stobbenribben (one of the largest 
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and most biodiverse rich fens in National Park Weerribben-Wieden) led to a eutrophic 
zone with domination of Calliergonella cuspidata near the supplying ditches of this rich 
fen. This Calliergonella-zone was larger in the 1970s than in the 1990s (Schouwenberg 
2000; Barendregt et al. 2004), when part of this eutrophic Calliergonella-zone along 
the ditches was replaced by S. scorpioides. These authors attributed this replacement 
to an improvement of the surface water quality in the supplying ditch. A further 
reduction of the eutrophic Calliergonella-zone, in favor of Scorpidium-dominated rich 
fen vegetation, has occurred in the last decade (Cusell et al. 2013).

Lowered surface water levels 

Along with the limited change in water table, nutrient concentrations in soil pore water 
did not change during the field manipulation experiments with lowered surface water 
levels (-15 cm) in floating fens (Chapter 2), not even after three months of lowered 
surface water levels (data not shown). There was also no evidence of eutrophication or 
oligotrophication after two weeks of lowered water levels in non-floating fens. 
 However, on the longer term, it is likely that lowered water levels will stimulate 
mineralization rates, as has been recorded in different fen types (e.g. Grootjans et 
al. 1986; Chapter 4). The incubation experiments showed that several weeks of 
oxygen intrusion (aeration) can indeed lead to increased soil respiration and net 
N-mineralization in rich fens (Chapter 4). In contrast to rich fen peat, decomposition 
and net N-mineralization rates were not influenced by oxygen intrusion in Sphagnum-
peat. This is in accordance to studies of Basiliko et al. (2008) and Brouns et al. (2014), 
who also found no change in decomposition rates after aeration of oligotrophic 
Sphagnum-peat. Decomposition of such oligotrophic Sphagnum-peat is probably 
not only limited by oxygen deficiency, but also by litter quality and by the higher 
concentrations of phenolic compounds than in rich fen peat (van Breemen 1995; 
Freeman et al. 2004). In all fens, aeration is likely to stimulate the activity of phenol 
oxidase, which is the enzyme involved in the breakdown of phenolic compounds 
(Freeman et al. 2001; Fenner & Freeman 2011). The differences found may be caused 
by much higher concentrations of phenolic compounds in oligotrophic Sphagnum-
litter than litter from rich fens, although concentrations in eutrophic Sphagnum-peat 
may also be lower (Brouns et al. 2014). 
 Without severe desiccation, oxygen intrusion resulted in net P-immobilization, 
both in Sphagnum-dominated fens and rich fens (Chapter 4). The absence of net 
P-release upon aeration is presumably due to the direct binding of released P after 
mineralization, for example to oxidized Fe(III) and to Fe(III) oxides and hydroxides 
(e.g. Patrick & Khalid 1974; Lucassen et al. 2005). Severe desiccation (oxygen 
intrusion plus water shortage), however, resulted in an enormous increase of the 
net P-release, in both Sphagnum-peat and rich fen peat. This was probably caused by 
microbial mortality. Such an increase in P-availability can have a large impact on the 
development of fens, especially in P-limited rich fens.



Chapter 7

162

7

Toxicity

Raised surface water levels

One of the potential negative effects of inundation is sulfide toxicity due to increased 
SO4-reduction rates, especially under SO4-rich conditions (e.g. Lamers et al. 1998b). 
Mesocosm experiments showed that eight months of inundation with SO4-enriched 
water (1000 μmol L-1) led to sulfide concentrations of about 100 – 200 μmol L-1 in 
soil pore water of rich fens (Chapter 3), which are toxic levels to several plant species 
(Lamers et al. 2013). These concentrations were not only toxic for S. scorpioides, 
but possibly also contributed to the observed vegetation change from dominance 
of Carex spp. to dominance of Juncus and grass spp. This corresponds to findings of 
Lamers et al. (1998b) and Geurts et al. (2009), who showed similar changes at sulfide 
concentrations of respectively 20 and 50 – 150 μmol L-1. When inundation water was 
SO4-poor, however, sulfide concentrations remained below 3 μmol L-1 (Chapter 3). 
Similarly, in the field, almost none of the sampled fens showed concentrations above 
5 μmol L-1 (Chapters 2 and 5), not even during periods with flooding. So, as long as 
surface waters do not contain high SO4-concentrations, which is the case for most of 
National Park Weerribben-Wieden (Chapter 5), sulfide toxicity does not seem to be a 
major risk during inundation. 
 In addition to sulfide, NH4 can also be toxic to bryophytes and vascular plants in 
rich fens (Verhoeven et al. 2011; Chapter 6). Several field studies show, however, that 
NH4-concentrations are generally low in soil pore water of rich fens with Scorpidium 
spp., and almost never exceed 100 μmol L-1 (e.g. Rochefort & Vitt 1988; Kooijman & 
Westhoff 1995; Neijmeijer 2013), a concentration above which Paulissen et al. (2004) 
found toxic effects for S. scorpioides. This is even the case in Dutch rich fens, exposed to 
high N-deposition rates of above 20 kg N ha-1 year-1 (e.g. Paulissen et al. 2004, Chapter 
5). These low NH4-concentrations in brownmoss-dominated rich fens are presumably 
caused by the high pH, which stimulates nitrification (Wild et al. 1971). 
 Flooding with NH4-rich surface water and/or NH4-accumulation due to limited 
nitrification under anaerobic conditions (Williams 1974; Reddy & Patrick 1984) 
may, however, lead to high NH4-concentrations in soil pore water of flooded fens. 
NH4-concentrations were not increased after two weeks of flooding in the field 
experiments, both in winter and summer (Chapter 2). In contrast, eight months 
of inundation did lead to higher NH4-concentrations of 200 – 300 μmol L-1 in 
mesocosms with rich fen vegetation, but only under winter conditions (Chapter 3). 
However, brownmosses and vascular vegetation seemed to be unaffected by these 
increased NH4-concentrations under winter conditions, probably due to their low 
metabolism under these conditions. Although anaerobic microbial activity must have 
been higher under summer conditions (e.g. Dunfield et al. 1993), NH4-accumulation 
was presumably prevented by increased photosynthesis of Phragmites australis (Cav.) 
Steud., Carex and Juncus spp. This probably led to increased radial oxygen loss (ROL) 
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from their roots (Gries et al. 1990; Visser et al. 2000), which stimulated nitrification 
and prevented NH4-accumulation in summer. So, even under inundated conditions, 
NH4-toxicity appears to be no problem in brownmoss-dominated rich fens.

Lowered surface water levels

NH4 and sulfide may be detoxified as a result of aerobic oxidation when an episode 
with low water tables succeeds a period with anaerobic conditions. Although this 
mechanism has not been studied in this thesis, studies in riverine hay meadows 
(Loeb et al. 2008a), grasslands (van de Riet et al. 2013) and rich fens (Mettrop et al. 
unpublished data) show that NH4-concentrations can indeed decrease during episodes 
with lowered water tables. 

Implications for fen management 

Brownmoss-dominated rich fens only persist under well-buffered and rather nutrient-
poor conditions. Apart from an adequate mowing regime, managers of rich fens 
should therefore also focus on the preservation and restoration of these conditions. 
It is advised to avoid long periods of low surface water levels as much as possible to 
prevent direct drought effects on plants, soil acidification and eutrophication as a 
result of higher mineralization. In contrast, the introduction of temporarily raised 
surface water levels may be beneficial to rich fen areas without groundwater discharge, 
but nature and water management should pay attention to the following issues:

•	 The rise in surface water levels must lead to inundation with base-rich water. For 
this reason, it is important to determine which surface water levels are needed to 
get inundation of the non-floating and/or floating fens involved. 

•	 The inundation water should not be eutrophic. If nutrient concentrations are too 
high, several management options can be used to reduce the P-input at the source, 
such as the disconnection of polders and P-stripping at the periphery of the nature 
reserve, e.g. at the pumping stations. However, before implementation of such 
measures, it is of utmost importance to also evaluate the impact on the Ca-input 
and the base status of the wetland. 

•	 In summer, inundation and flooding seem to be more beneficial than in winter 
for rich fens, due to (a) higher Ca-concentrations in surface waters near the fens, 
(b) slightly lower o-PO4 concentrations in surface waters near the fens and (c) 
higher evapotranspiration rates, which increase infiltration. Potential effects of 
drowning should, however, also be taken into account, especially in summer when 
organisms are active (e.g. Runhaar et al. 2004). 
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General conclusions

My thesis focusses on the potential beneficial and harmful effects of lowered and 
raised surface water levels on the ANC and nutrient status of brownmoss-dominated 
rich fens (Fig. 7.2). Temporarily raised surface water levels may have a positive effect 
on rich fens, but only under specific conditions. First of all, a rise in surface water 
levels should lead to inundation. Most non-floating fens in National Park Weerribben-
Wieden get flooded during surface water level rises of about 15 cm. Field observations 
suggest that floating Scorpidium-dominated fens are also inundated at such surface 
water levels. Water level rises of about 15 cm do, however, not lead to inundation of 
most Sphagnum-dominated floating fens, since they move up with the surface water 
level. As a consequence, the ANC and nutrient concentrations will not change in these 
Sphagnum-dominated floating fens. 
 Secondly, the inundation water must be base-rich. In areas without groundwater 
discharge, the base-richness of the surface water is therefore an important factor. Under 
the present conditions in National Park Weerribben-Wieden, Ca-concentrations in the 
surface water near rich fens are significantly higher in summer than in winter. Model 
calculations suggest that the evapotranspiration surplus in summer leads to a surface 
water flow from Ca-sources at the periphery of the nature reserve towards more 
isolated sites, and thus to large-scale mixing of relatively base-rich water throughout 
the nature reserve. In contrast, higher surface water levels in winter will very likely lead 
to a greater rainwater influence at relatively isolated sites, and thus to less influence of 
base-rich surface water near rich fens. 
 Thirdly, flooding will only lead to an increase of the ANC when the base-rich 
inundation water is able to infiltrate into the soil. In winter, when evapotranspiration 
is low and soils are often waterlogged, infiltration or diffusion of base-rich water is 
often impossible during short-term inundations of one or two weeks. Under these 
conditions, infiltration and improvement of buffer capacity will presumably only 
occur if there is a fair amount of downward seepage. In summer, in contrast, infiltration 
occurs much easier due to higher evapotranspiration. Higher temperatures in summer 
will also stimulate the internal alkalinity generation, although such increases in 
alkalinity will often be temporary, due to acidification during subsequent periods with 
lower water tables.
 Fourthly, inundation water should not contain high nutrient concentrations. 
Special attention has been paid to processes that determine P-availability in rich fens, 
since most rich fens in the studied nature reserve are P-limited and should therefore 
not be inundated with P-rich water. Despite rather high P-inputs by pumping stations 
at the periphery of the nature reserve, mainly in winter, the current concentrations 
of o-PO4 are low throughout the year in the surface water near rich fens. This can be 
explained by several filtering processes in the nature reserve, including the assimilation 
and accumulation of organic matter, the sorption of P to Al/Fe-compounds and 
the precipitation of colloidal Al- and Fe-phosphates. Moreover, model calculations 
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suggest that raised surface water levels will even lead to slightly lower concentrations 
of o-PO4 in the surface water near relatively isolated rich fens due to dilution with 
rainwater. However, inundation may lead to internal P-mobilization in fens with high 
total P-content and low Fe:P-ratios in the soil, especially during longer periods of 
inundation.
 Although no negative effects were found during two weeks of lowered surface 
water levels in the field manipulation experiments, longer-term surface water level 
drawdown in summer may have severe effects in rich fens. In addition to direct drought 
effects for mosses, soil pH may decrease due to aerobic oxidation. In addition, several 
weeks of complete desiccation presumably leads to a large net P-release. Moreover, 
model calculations show that the hypothetical advantages of reduced nutrient inputs 
during one week of lowered surface water levels in summer are not important in De 
Weerribben under the present conditions, as a result of low N- and P-concentrations in 
Vollenhovermeer, which supplies water during such dry episodes. This may, however, 
be different in other wetlands when the supplied water from outside the reserve 
contains high nutrient concentrations. 
 In conclusion, I have been able to unravel the differential effects of water table 
fluctuation in rich fens in relation to surface water quality, peat quality and season. 
This thesis not only contributes to more fundamental biogeochemical and ecological 
issues related to surface water level fluctuations, but is also useful for decision support 
in the hydrological management of rich fens. 


