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Abstract
Question: Why do similar fen meadow communities occur in
different landscapes? How does the hydrological system sus-
tain base-rich fen mires and fen meadows?
Location: Interdunal wetlands and heathland pools in The
Netherlands, percolation mires in Germany, Poland, and Sibe-
ria, and calcareous spring fens in the High Tatra, Slovakia.
Methods: This review presents an overview of the hydrologi-
cal conditions of fen mires and fen meadows that are highly
valued in nature conservation due to their high biodiversity
and the occurrence of many Red List species. Fen types
covered in this review include: (1) small hydrological systems
in young calcareous dune areas, and (2) small hydrological
systems in decalcified old cover sand areas in The Nether-
lands; (3) large hydrological systems in river valleys in Cen-
tral-Europe and western-Siberia, and (4) large hydrological
systems of small calcareous spring fens with active precipita-
tion of travertine in mountain areas of Slovakia.
Results: Different landscape types can sustain similar nutrient
poor and base-rich habitats required by endangered fen meadow
species. The hydrological systems of these landscapes are
very different in size, but their groundwater flow pattern is
remarkably similar. Paleo-ecological research showed that
travertine forming fen vegetation types persisted in German
lowland percolation mires from 6000 to 3000 BP. Similar
vegetation types can still be found in small mountain mires in
the Slovak Republic. Small pools in such mires form a cascade
of surface water bodies that stimulate travertine formation in
various ways. Travertine deposition prevents acidification of
the mire and sustains populations of basiphilous species that
elsewhere in Europe are highly endangered.
Conclusion: Very different hydrological landscape settings
can maintain a regular flow of groundwater through the top
soil generating similar base-rich site conditions. This is why
some fen species occur in very different landscape types,
ranging from mineral interdunal wetlands to mountain mires.

Keywords: Calcareous mire; Dune slack; Ecohydrology;
Geohydrology; Paleo-ecology; Stability, Travertine formation.
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Fen mires and fen meadows

A fen is a peatland fed hydrologically both by pre-
cipitation and groundwater, i.e. water that has been in
contact with mineral soil or bedrock (Joosten & Clarke
2002). In the temperate zones of Europe, North America,
and Asia, fens were originally the dominant mire type,
but in most areas they have been drained for agriculture
(Joosten & Clarke 2002). Such drained fens are gener-
ally still fed by groundwater or surface water but they
have stopped accumulating peat. Although fen mires
and drained fen (sedge) meadows (wet grasslands) are
different ecosystems, they have many plant species in
common (Grootjans & van Diggelen 1995).

Fen mires and fen meadows are highly valued in
nature conservation due to their high species biodiver-
sity and the occurrence of many highly endangered
(‘Red List’) species (Bedford & Godwin 2003). Both in
Europe and in North America this biodiversity is threat-
ened by hydrologic changes related to high intensity
agriculture and urban development (Middleton &
Grootjans In press).

Aim and outline of the review

The aim of this review is to elucidate the landscape
ecological settings of fen mire communities belonging
to the alliance Caricion davalliana (small-sedge com-
munities of base-rich or calcareous habitats) and of fen
meadows of the alliance Molinion (unfertilized mown
grasslands), which have often originated from moder-
ately drained base-rich fens. These two ecosystem types
are often found together in a wide variety of landscape
types ranging from small interdunal wetlands on min-
eral soil to large river valleys with actively accumulat-
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ing peat. We will compare several hydrological systems
that sustain habitat conditions of these base-rich fen
mires and fen meadows, and will show that a proper
knowledge of the hydrological systems is a precondition
for the long-term conservation management of endan-
gered fen species.

Whereas in the past natural fens remained treeless
and diverse without management (Succow & Joosten
2001), nowadays most fens and fen meadows in Europe
and North America require regular mowing, grazing or
burning (van Andel & Arondsen 2006) to control the
increased growth of tall grasses, sedges, shrubs or trees
caused by drainage or eutrophication (Middleton et al.
2006).

After a short overview of the history of ecohydro-
logical research in fen and fen meadows in the last
century, we will discuss the different hydrological sys-
tems, which create and sustain habitats of basiphilous
plant species including (1) small hydrological systems
of coastal interdunal wetlands (dune slacks) and (2)
small hydrological systems in a very acid cover sand
landscape (heath pools) in The Netherlands; (3) large
hydrological systems of Central-European and West-
Siberian river valleys, and (4) hydrological systems of
small calcareous spring fens in mountain areas of
Slovakia. Endangered plant species that may occur in all
these landscape types include Schoenus nigricans,
Eleocharis quinqueflora, Juncus alpino-articulatus,
Carex pulicaris, Parnassia palustris, Epipactis palustris,
Dactylorhiza incarnata, Herminium monorchis and
Liparis loeselii.

The groundwater flow pattern of these systems pro-
motes base-rich conditions or even travertine (tufa)
formation (i.e. the deposition of CaCO3, cf. Almendinger
& Leete 1998a,b) in the top soil, which prevents soil
acidification and reduces nutrient availability (Boyer &
Wheeler 1989; Lamers et al. 1998). Travertine deposi-
tion is often linked to the occurrence of large numbers of
basiphilous fen mire and fen meadow species.

Recent paleo-ecological research in East German
and Western Siberian river valleys provides a detailed
insight into the development of these fens over the last
9000 years. We will compare the reconstructed hydro-
logy and the conditions for travertine deposition in these
fens with those of recent groundwater fed spring mires
in the Slovak Republic, that harbour large populations
of endangered fen meadow species. These systems are
still depositing travertine and provide an interesting
opportunity to unravel hydrological conditions that pro-
mote travertine deposition.

Finally we will discuss the vulnerability of hydro-
logical systems to hydrological and climatic changes in
the landscape.

Classic views on mires

Historically, peatlands were distinguished on the
basis of their situation, and their usage, both as intact
wetlands and after peat extraction, leading to the identi-
fication of two main mire types:
• Bogs raised above the surrounding landscape. Because
of their low productivity, bogs were rarely used for
agriculture. After peat extraction, which was normally
carried out under dry conditions following drainage, a
mineral subsoil suitable for agriculture remained.
• Fens situated in depressions. Because of their some-
what higher nutrient availability, fens were of interest
for agriculture, especially for collecting hay and litter.
After peat extraction, which was carried out by dredg-
ing, open water remained.

Most mire and peatland typologies have been based
on hydrologic conditions, reflecting the central role of
water in peat formation and peatland use.

Du Rietz (1949) published a classic article on the
differentiation of bogs and fens on the basis of the
chemical composition of the mire water. Du Rietz (1954)
identified the ‘Mineralbodenwasserzeigergrenze’, the
limit of mineral soil water influence in a mire, indicated
by the occurrence of plant species that prefer a some-
what higher pH than most bog species. He was certainly
not the first to classify mires on the origin and chemical
properties of the water supply. Dau (1823) had recog-
nized that bogs, in contrast to fens, are fed ‘from merely
rain and dew of heaven’ and are ‘not fed by earth’.
Weber (1902) had furthermore discovered that vegeta-
tion type is not only dependent on the nature of water
chemistry, but also on the amount of flow of water.
Subsequently Kulczyński (1949) stressed the impor-
tance of water flow by introducing the concepts
rheophilous (‘stream loving’) and ombrophilous (‘rain
loving’) mires. Sjörs (1950), Malmer (1962) and Moore
& Bellamy (1974) distinguished a whole range of ’hy-
drological mire types’ on the basis of water composi-
tion, which lead to the widespread concepts of ‘poor
fen’, ‘intermediate fen’, and ‘rich fen’. Succow (1988)
proposed a bivariate system of ‘ecological mire types’
by separating nutrient availability (trophic conditions)
from base saturation (acidity). He also identified char-
acteristic plant species and vegetation types for his mire
types.

These typologies based on vegetation differences
depending on water quality were paralleled by ap-
proaches focusing on the genesis of peatlands. A first
distinction was made around 1900 between ‘terrestria-
lization’, the development of peat in open water, and
‘paludification’, the accumulation of peat directly
over a paludifying mineral soil (Gams & Ruoff 1929).
Kulczyński (1949) also pointed at the importance of
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water movement for mire development (Moore &
Bellamy 1974; Ivanov 1981). Succow (1988) elabo-
rated these ideas into a system of ‘hydrologic - genetic
mire types’ (or shortly ‘hydrogenetic’, i.e. based on the
hydrology and genesis of the peatland) which were
formalized by Succow & Joosten (2001) and Joosten &
Clarke (2002) on the basis of feedback mechanisms
between peat formation, water flow and water level
fluctuations. Hydrogenetic mire classification, which
focuses on the hydrological processes facilitating peat
formation in the landscape, was until recently largely
descriptive.

Quantitative mire hydrology was studied and re-
viewed by Baden & Eggelsman (1963), Ivanov (1981),
Ingram (1983), and Heathwaite (1995), but most of
these studies concentrated on rainwater fed bogs. Hydro-
logical systems analysis, combining hydrology and
hydrogeochemistry, was initiated by hydrologists (Tóth
1962; Engelen & Jones 1986) and applied to fens (Schot
& Molenaar 1992; Komor 1994; Grootjans & van
Diggelen 1995; Wassen et al. 1990, 1996; Wassen &
Joosten 1996; Wheeler 1999; Loos & Schipper 2003)
and also bogs (Siegel & Glaser 1987; Glaser 1992;
Glaser et al. 1997). The necessity of a hydrological
system approach was elegantly demonstrated by Stuyf-
zand (1993) who showed that the interpretation of
solely hydraulic head differences in shallow dune
lakes is insufficient for reconstructing groundwater flow
(Fig. 1). Especially in dune areas with coarse sand,
vertical head gradients are too small to be measured
adequately with manual water level measurements, which
are accurate to about 0.5 cm. Temperature differences
and the chemical composition of ground- and surface
water provide a much better insight into groundwater
flow paths. Similarly van Wirdum (1991, 1993) meas-
ured temperature and Electrical Conductivity (EC) gra-
dients in peat profiles to detect changes in surface water
flow related to the development of rainwater lenses in
floating fens in The Netherlands.

Much research has been done in The Netherlands on
the hydrological setting of Cirsio-Molinietum ‘litter
meadow’, a nutrient-poor, groundwater fed fen meadow
type, of which the small remnants are endangered due to
drainage of surrounding agricultural fields (Wassen et
al. 1996; van Diggelen 1998; de Mars et al. 1996; van
Duren et al.1998; Jansen et al. 2000). Schot & Molenaar
(1992) combined modelling of fen hydrology with the
analysis of groundwater quality and natural isotopes
(see also Grootjans et al. 1996).

Different hydrological systems can sustain similar
fen mire / fen meadow types

An interesting finding from these studies is that
hydrological conditions can create habitats with similar
vegetation types in a wide range of landscape types.
Small-sedge communities (Caricion davallianae) with
many Red List species occur in coastal dune slacks on
sandy soils (Lammerts & Grootjans 1998), in lowland
brook valleys on peat soils (Succow & Joosten 2001),
but also in alpine calcareous spring mires (Ellenberg
1978). Cirsio-Molinietum fen meadows are found in
small first-order stream catchments that dry out at the
end of summer (Fig. 2), but also in landscapes influ-
enced by larger regional groundwater systems (Jansen
et al. 2000). Some Cirsio-Molinietum communities even

Fig. 1.  Groundwater flow interpreted from differences in
hydraulic heads (water levels) gave erroneous results in a
coastal dune slack (a). Measurements of temperature differ-
ences in the profile (b) showed that the groundwater entered
the slack at the right side, flowed through the slack as surface
water and proceeded as infiltration water at the left side (after
Stuyfzand 1993).
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have an entirely anthropogenic origin and depend on
seepage from canals (cf. Boeye et al. 1996).

Groundwater-fed fens are essentially ‘through-flow’
systems, in which geochemical processes along the flow
path reduce plant nutrient availability in the rooting
zone. The geochemical interactions at the interface of
discharging groundwater and flowing surface water were
discussed by Stuyfzand (1993) for small dune ponds
that are used to purify surface water from the large
Dutch rivers to produce drinking water for the large
Dutch cities. Polluted surface water from recharge ponds

infiltrates into the dunes to exfiltrate at one side of a
lower lying ‘through-flow lake’ where it proceeds as
surface water, to finally infiltrate at the other side of the
lake. A similar hydrological system was described for
natural dune slacks with nutrient-poor pioneer stages of
the Caricion davallianae, which are rich in fen species
(Grootjans et al. 1996; Adema et al. 2002; Fig. 3). The
most nutrient-poor species occur between the seepage
and the infiltration zone where active travertine forma-
tion takes place (Sival et al. 1998).

Jansen et al. (2001) illustrated how local and re-
gional groundwater systems may interact to sustain fen
meadow species of base-rich habitats in small pools
within acid heathlands on deeply leached sandy soils.
The vegetation survives in these fens because of a
regional hydrological system that discharges deep
groundwater in the heath pools only during early spring
when raised water levels in tiny hills cause a water flow
towards the pools. At the end of spring, all groundwater
discharge stops and the following autumn rains fill the
pools with rainwater. If the discharge of calcareous
groundwater in spring would stop, e.g. by groundwater
abstraction from the deep aquifer, the pool system would
rapidly acidify and would lose most of its biodiversity.

Loos & Schipper (2003) studied a very large (50
km2) pristine fen mire system on a lower river terrace
along the River Ob in West-Siberia. They analysed the
chemical composition of the water flowing in the fen
vegetation and in the peat layers below. With a 2D
vertical groundwater model (MODFLOW) groundwater
flow paths were reconstructed using MODPATH (Loos
& Schipper 2003; Fig. 4). Water levels were very close
to the surface throughout the growing season, demon-

Fig. 2.  The fen meadow community Cirsio-
Molinietum (indicated by *) occurs in The
Netherlands under various hydrological con-
ditions. A = heathland pool situated above
shallow loam layer with groundwater supply
from local sand ridges; B = local (small) hy-
drological system with through flow of
groundwater; C = artificial hydrological sys-
tem with lateral discharge of calcareous sur-
face water from large canals; D = surface
water system with discharge of calcareous
surface water from ditches (modified after
Jansen et al. 2000).

Fig. 3.  Schematic presentation of the hydrological function-
ing of a small dune slack on the Wadden island of Texel, The
Netherlands; A = eutrophic reed (Phragmites australis); B =
oligotrophic pioneer vegetation dominated by Littorella
uniflora; C = eutrophic sedge vegetation (Carex riparia). 1 =
incoming calcium and iron-rich groundwater; 2 = exfiltration
of groundwater; 3 = surface water flow with precipitation of
iron and calcium; 4 = infiltration of surface water; 5 = outgoing
calcium and iron-poor infiltration water (after Adema et al.
2002).
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strating the importance of groundwater discharge. The
modelled groundwater flux to the fen varied over the 3
km wide fen from 0.02 m.d–1 close to the upland to
0.002 m.d-1 halfway to the Ob River. The discharging
groundwater has infiltrated in a 30 - 50 km wide upland
zone parallel to the fen. Most of the water flowing over
and through the fen vegetation consisted of discharging
groundwater because the mean groundwater flux over
the whole profile (0.002 m.d–1) is ca. 2.5 - 4 times larger
than the supply of net precipitation to the mire. Most of
the nutrients were transported through a water layer
between the peat and the floating roots of the fen vegeta-
tion. Also, the nutrient balance showed that the
groundwater discharge was several orders of magnitude
more important than precipitation. Vegetation change
can be expected when groundwater levels in the peat are
lowered and the permeability of the peat decreases
(Wassen et al. 2002; Schot et al. 2004).

Peat-forming fens

All groundwater fed fens receive water from the
associated recharge area and hence reflect features of
the regional hydrology. Large through-flow fens, moreo-
ver, raise their water level and that of their surroundings
autogenously, leading to the expansion of fens and the
origin of spring mires on progressively higher positions
in the landscape. An example of such a switch in peat
formation was presented by Michaelis (2002) who stud-
ied the Holocene development of the extensive North
German Recknitz valley fen (see also Clausnitzer 1996).
A transect across the valley shows a distinct zone of
‘brown moss’ peat, consisting of fen moss species at a
site where groundwater entered the mire. Travertine
(tufa) deposits are also present (Fig. 5).

In a late stage of peat development, the inflow of
groundwater can become locally insufficient to sustain a

groundwater-fed fen vegetation and a bog can start to
develop in the centre of the fen. Shifts from bog to fen
can also occur. Michaelis (2002) found a small mineral
island within a mire that was overgrown with peat and
changed from groundwater recharge to groundwater
discharge conditions between 9300 and 6000 BP. The
vegetation changed from Pinus forest into small sedge
vegetation with some Phragmites australis and much
Homalothecium nitens. Epipactis palustris was present
for a long time, indicating basiphilous conditions. Some
200 m further down slope, travertine was deposited in
sedge vegetation with Drepanocladus species. Around
5000 BP, this process stopped because of a rise in water
level and subsequent inundation as a result of marine

Fig. 4.  Hydrological modeling of groundwater flow in the River Ob,western Siberia (after Schipper & Loos 2003). The water flow
is from left to right.

Fig. 5.  Peatland stratigraphy in a transect across a mire along
the River Ob in western Siberia (after Schipper et al. 2006) and
in a transect across the Recknitz valley in Germany (after
Clausnitzer 1996).



180 GROOTJANS, A.P.  ET AL.

transgression (the ‘Littorina transgression’). Schult
(2002) found a similar travertine deposition in the Trebel
valley, but over a longer period (until ca. 3000 BP),
indicating that hydrological conditions rather than cli-
mate were responsible for travertine deposition.

These paleo-ecological studies in North German
valley mires show that shifts in hydrological conditions
may lead to shift from bog to fens and vice versa. The
vertically homogenous peats, however, show that peat-
forming conditions in such fens generally remained
constant over thousands of years in spite of climatic and
hydrologic changes (cf. Couwenberg et al. 2001). This
stability was probably caused by the large thickness of
the peat, enabling considerable oscillation and prevent-
ing both flooding and desiccation of the mire surface
(Joosten & Clarke 2002).

Present travertine formation in mires

Travertine formation in valley mires was once a
widespread phenomenon in North-Germany and Poland
(Succow & Joosten 2001; Wolejko 1994), but nowa-
days actual deposition of travertine is a rare phenom-
enon in the temperate zones of Europe. It has been
reported from lowland valley fens in Northeast Poland
(Sidra river, tributary to the Biebrza), South Sweden,

Estonia (Tyler 1981) and Germany (Kloss 1965; Pietsch
1984), and also from sub-montane spring fens in Eng-
land (Boyer & Wheeler 1989), Switzerland, France,
Austria (Steiner 1992), Czech Republic and Slovakia
(Carpathian Mountains; Hájek et al. 2002). Travertine
formation depends on lime dissolution in groundwater
on its way to a fen. As an example we will discuss
travertine formation in an almost pristine spring fen near
the village of Strba close to the High Tatra Mountains
(Slovakia), where travertine is still being formed in
pools with Drepanocladus species, Menyanthes
trifoliata, and Chara species (Fig. 6). The moss species
Homalothecium nitens is present in large numbers at
slightly elevated, less calcareous sites. Travertine for-
mation is a recent phenomenon here and mainly occurs
in the top soil layer where supersaturated groundwater is
discharging in a series of small pools (Grootjans et al.
2005). During summer the surface water of these pools
is warmed up. At higher temperatures, less CO2 can be
dissolved than at low temperatures and outgassing of
CO2 leads to the precipitation of CaCO3. Algae, moss
species, and some water plants, such as Chara species,
accelerate this travertine formation by using CO2 in the
pools as a carbon source, often leaving the imprints of,
for instance, mosses in the travertine (Michaelis 2002).
Precipitation of CaCO3 prevents acidification and asso-
ciated eutrophication of the topsoil and sustains the very
high biodiversity of such fens.

Stability of fens and fen meadows

Paleo-ecological research (Table 1) has shown that
basiphilous fen vegetation in river valleys can be stable
for several thousands of years (Michaelis 2002) and that
fen meadows of the Caricion davallianae and the Cirsio-
Molinietum are stable for several hundreds of years,
although their origin is relatively recent (from the early
Middle Ages onwards; Janssen 1972; Rybníčková et al.
2005).

Small groundwater-fed systems are very vulnerable
to hydrological changes and climate change. Due to the
lowering of groundwater tables in the vicinity, the re-
generation prospects of most dune slacks and heath
pools with basiphilous vegetation, for instance, are very
small (Grootjans et al. 2002; Jansen et al. 1996; Jansen
et al. 2000; van den Hoek 2005). Even when the local
site conditions are temporarily improved by removal of
accumulated litter and the eutrophicated or acidified
topsoil, the changed hydrology limits the life span of
‘restored’ target communities to 10 years or less (Adema
et al. 2001; Grootjans et al. 2002). Van Duren et al.
(1998) presented a clear case that restoration of a lake
side fen meadow in the Dutch lowlands has become

Fig. 6. Temperature profiles in the spring mire Strba in Slovakia
showing the interpreted groundwater flow through a cascade
of pools (black). Above the pools the temperatures of the
incoming water groundwater and the out flowing surface
water have been indicated. Note that the groundwater is warmed
up as a consequence of warming of surface water in the pools.

´

‹

‹
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impossible due to irreversible changes in the local hy-
drological system. Attempts to restore the fen meadow
by removing the acidified top soil and purify the inunda-
tion water did not lead to the return of target species, not
even after the reintroduction of the species. Due to
severe lowering of the groundwater level in deeply
drained agricultural polder areas (due to peat subsidence
of several meters per century; cf. Hutchinson 1980), the
fen meadow site has changed from a groundwater dis-
charge into a groundwater recharge area and acidifica-
tion continued.

Sloping fens can easily shift from peat accumulating
into eroding systems (Wolejko et al. 1994). Digging of
drainage ditches or lowering of lake levels may start
uncontrolled erosion that often ends in the total destruc-
tion of the mire. Due to rapid peat mineralization such
peatlands become very eutrophic leading to the invasion
of tall herbs, such as Urtica dioica, shrubs, and trees.

Extensive fen systems sustained by large hydrologi-
cal systems are less vulnerable to local drainage, but in
NW Europe, large scale interference with the regional
hydrology eventually has split up the large fen systems
into many small fens, each with a small local hydrologi-
cal system (Wassen et al. 1990). Comparative eco-
hydrological research in The Netherlands, eastern Ger-
many and Poland showed that the large fen systems in
these countries functioned similarly in the past, but that
the Dutch sites now only constitute small remnants of
fen meadow in polder areas with a totally anthropogenic
hydrological system (Wassen et al. 1996; van Diggelen
1998). van Diggelen (1998) calculated that under the
prevailing conditions of deep drainage, groundwater
abstraction, and continuous infiltration, the buffering
capacity of the top layer will be depleted and the fen
meadow remnants will acidify within 40 years.

Biogeochemical constraints on nutrient availability

In natural fens, nitrogen is often the primary limiting
nutrient, while regular harvesting eventually results in
phosphorus or even potassium limitation (van Duren &
Pegtel 2000; Olde Venterink et al. 2002). Experimental
research has shown that Ca can limit P-availability in
very calcareous fens (Boyer & Wheeler 1989) but in less
calcareous fens, Fe and Al are more important for phos-
phate fixation (Boeye et al. 1996). At low redox potentials
in water saturated fen peat, nitrogen availability is also
strongly reduced by denitrification, particularly in the
areas with a high groundwater discharge (Brady & Weil
1999). If groundwater discharge decreases, higher nitro-
gen concentrations in the rooting zone of the vegetation
can be expected, in particular when the atmospheric
deposition is high. In The Netherlands, atmospheric N-
deposition is higher (25 - 40 kg.ha–1.a–1) than the critical
N-load for fens (Bobbink et al. 1998). Consequently,
vegetation succession is accelerated and fast growing
species start to dominate at the cost of slow growing fen
species despite regular mowing. A regular discharge of
anaerobic groundwater in areas with a low atmospheric
N-deposition, therefore, stabilizes nutrient cycling at a
low level. Moreover, sulphate concentrations in
groundwater-fed fens and fen meadows are generally
very low. If the groundwater discharge diminishes, the
sulphate concentration may increase due to the increased
influx of sulphate-rich surface water. An increase in the
sulphate concentration can increase nutrient cycling in
the peat soils due to microbial sulphate reduction (Lamers
et al. 2002). Sulphate reduction oxidizes organic mate-
rial and produces sulphide, which in most fens and fen
meadows is chemically bound by iron (FeS and FeS2;
pyrite). When sulphide production is very high and iron
is in short supply, the produced sulphide can interfere
with phosphate binding to iron hydroxides, and phos-
phate concentrations may increase in the soil pore wa-
ter, thus stimulating the growth of the vegetation
(Lucassen et al. 2004). In phosphorus-limited systems,
such as most base-rich fens and fen meadows (Wassen
et al. 2005), such internal eutrophication can lift P-
limitation and make the fen or fen meadow very sus-
ceptible to increased atmospheric nitrogen deposition
(Lamers et al. 1998). In summary, anoxic iron-rich
groundwater stabilizes nutrient cycling at a low level,
whereas oxic surface water stimulates nutrient cy-
cling, speeds up the succession to more productive
stages, thus destabilizing the typical fen mire and fen
meadow ecosystem. This does not mean that permanently
high groundwater levels in fen mires and fen meadows
will always keep nutrient availability at a low level. On
the contrary, permanently high water levels may also
lead to a reduction of Fe3+ to Fe2+, which leads to a less

Table 1. Stability of two plant communities after formation,
disturbance or restoration.

Plant community
Habitat type Years stable Reference

Caricion davallianae
Dune slack 5-10 Grootjans et al. (2002)
Fen meadow  > 15 Klötzli (1987)
Dune slack > 40 Grootjans et al. (2002)
Dune slack 80 Adema et al. (2002)
Dune slack > 85 Grootjans et al. (2002)
Spring mire 250-500 Rybníčková et al. (2005)
Percolation mire 2000-3000 Michaelis (2002)

Cirsio-Molinietum
Fen meadow < 1 Jansen et al. (1996)
Fen meadow < 2 van Duren et al. (1998)
Fen meadow 5-10 van den Hoek (2005)
Fen meadow > 10 Pfadenhauer & Heinz (2004)
Fen meadow  > 11 Grootjans et al. (2002)
Fen meadow  > 15 Jansen et al. (2004)
Fen meadow 500 - 800 Janssen (1972)
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firm binding of phosphate to iron. Periodic local desic-
cation of the upper peat layer during summer, which is a
natural phenomenon in fens, is important because it
enables the soil to retain phosphates through Fe3+-fixa-
tion. If FeSx is present in the top soil, its oxidation
increases the reactive Fe3+ concentration, stimulating P-
binding in the top layer (Lucassen et al. 2005). This
pyrite oxidation may cause large acidification problems
in drained fens, due to its high acid production, but in
well developed fens, slow flowing groundwater stimu-
lates the precipitation of iron and CaCO3 in the root
zone, thus stabilizing nutrient cycling and preventing
acidification at the same time.

Future of fen and fen meadows

Paleo-ecological studies of fen remnants have been
instrumental in showing that some fen systems once
were very stable without human management. In former
times, hydrological systems provided natural fens with
a large supply of base-rich and iron-rich groundwater
that sustained nutrient-poor and species-rich fen vegeta-
tion for several centuries, without management by man
(Couwenberg et al 2001; Glaser et al. 2004). A slow
groundwater flow in fen systems seems to be essential
for maintaining a high biodiversity as it prevents peat
erosion and stimulates the co-precipitation of phosphate
with iron and CaCO3 in the root zone, maintaining
nutrient cycling at a low level.

Very different hydrological landscape settings can
maintain such a regular flow of groundwater through the
top soil generating similar habitat conditions for many
fen species. This is why some species occur in very
different landscape types, ranging from mineral
interdunal wetlands to mountain mires.

Restoration measures aimed at restoring fen mires
and fen meadows should, therefore, aim at restoring the
through-flow of anaerobic groundwater. In order to take
adequate measures, it is essential to study the hydrologi-
cal systems that stabilize the site conditions of fen mires
and fen meadows. Long-term experience (> 10 years)
has clearly shown that restoration prospects of severely
degraded sites are very poor. The most successful resto-
ration has been achieved in the least affected sites.
Therefore, the future of fen mires and fen meadows is in
the conservation of unaffected sites.
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