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Abstract Restoration of rich fens is commonly

attempted through local-scale measures, such as

removal of sod or blockage of ditches. However,

regional-scale restoration measures, that aim to re-

establish the original hydrology in which rich fens

developed, might have a more long-lasting effect. We

investigated the effect of local- and regional-scale

restoration measures on a vulnerable rich fen in the

Naardermeer nature reserve in the Netherlands. We

compared water quality and vegetation composition of

the fen before and after the restoration measures,

almost 30 years apart. Overall rich fen species

increased and although this indicates the desired

increased supply of fresh mineral-rich groundwater

to the fen, continued succession towards poor fen

vegetation has not been prevented in the entire fen.

Despite sod layer removal, we observed an increase in

a Polytrichum-dominated vegetation in patches that

are primarily fed by rainwater. Our findings confirm

results from a previous study which showed that

brackish palaeo-groundwater is still contributing sub-

stantially to the water balance of the fen, especially in

periods of precipitation deficit. We conclude that the

local- and regional-scale restoration measures have

been successful in increasing the abundance of rich fen

species in parts of the fen. However, considering the

pressures of climate change and high atmospheric

N-deposition on the fen, it is uncertain whether rich

fen species can be sustained in quite nutrient-poor

conditions in the future. Therefore, there is a need for

continued management that keeps the nutrient-poor

and mineral-rich conditions of the fen intact.

Keywords Vegetation � Water quality � Poor fen �
Nutrients � Management � Succession

Introduction

Rich fens are a wetland type with a particularly high

value for nature conservation because of their species

richness and their high proportion of endangered

species (Bedford and Godwin 2003; Haapalehto et al.

2011). Rich fens are fed by surface water and/or

groundwater that is generally high in minerals, hence
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the name ‘rich’ fen (Sjors and Gunnarsson 2002). The

fact that many fen species are endangered is related to

a number of adverse human impacts on fens. In Europe

as well as in North America, the greater part of the

original fen area has been reclaimed, primarily to

create productive land for agriculture and forestry

(Lamers et al. 2015). The remainder is often severely

degraded due to human intervention in regional

hydrology, such as groundwater extraction and

drainage in nearby farmland, and is threatened by

eutrophication (Lamers et al. 2015).

Hydrological processes greatly determine the bio-

geochemical conditions of fens (Schot et al. 2004).

Wet fens have a lower nutrient availability than fens

with periodically dryer conditions, as decomposition

rates are lower in anoxic conditions (Fenner and

Freeman 2011; Grootjans et al. 2006). The chemical

composition of the inflowing water greatly determines

the buffering capacity and nutrient availability of fens.

For instance, the inflow of calcareous and Fe2?-rich

water into fens facilitates the precipitation of dissolved

phosphorus rendering it less available for plants

(Griffioen et al. 2013; van der Grift et al. 2016).

Low availability of phosphorus seems to be particu-

larly beneficial for rich fen species (Kooijman et al.

2016; Wassen et al. 2005). Inflow of acidic rainwater

or accumulation of rainwater affects plant composi-

tion both directly (via H? toxicity) and indirectly (by

influencing the availability of nutrients) (Lamers et al.

2015).

Acidification can occur naturally and drive succes-

sion that gradually transforms rich fens into transi-

tional and poor fens, and finally into bogs (Joosten

et al. 2017; Overbeck 1975; Succow and Jeschke

1986). For example, in the western part of the

Netherlands this process has already occurred in turf

ponds where the original rich fen peat had been

excavated. Here, terrestrialization started again when

a floating mat built up to a firm peat deposit that

accumulated rainwater (Van Wirdum 1991; Westhoff

1971). Changes in hydrological processes due to

human interference can speed up the succession

towards poor fen and bog. Hydrological interferences

that diminish water supply by surface water or

upwelling groundwater cause the peat layer to dry

out or result in increased infiltration of rainwater,

leading to acidification of the top peat layer (Schot

et al. 2004; Wassen et al. 1990). This also allows

Sphagnum mosses to establish. Sphagnum produces

acidic and poorly decomposing litter, causing further

acidification and accumulation of peat. This positive

feedback enforces succession towards poor fens that

are less valuable from a nature conservation perspec-

tive (Barendregt et al. 1995; Granath et al. 2010;

Wassen and Joosten 1996).

Restoration of rich fens often focuses on re-

establishing the nutrient-poor and pH-neutral condi-

tions, using local measures such as rewetting by

blocking drainage ditches or increasing phreatic

groundwater level (Bootsma et al. 2002). However,

these restoration projects show variable degrees of

success (Lamers et al. 2015; van Dijk et al. 2004; Zak

and Gelbrecht 2007). For instance, if the supplied

water lacks buffering capacity, rewetting alone is not

sufficient to counteract acidification. Restoring the

regional hydrology, i.e. the hydrology of the catch-

ment in which the fen area is located, has been

proposed as the most rigorous way of restoring the

habitat quality of rich fens (Klimkowska et al. 2010).

However, this involves large-scale, costly and time-

consuming measures, whose effectiveness is unclear

due to a lack of long-term monitoring data.

In the Naardermeer nature reserve in the Nether-

lands, we had the rare opportunity to test the effec-

tiveness of local and regional restoration measures on

a groundwater-fed fen. We compare detailed surveys

of water quality and vegetation which were carried out

in the fen before (1987) and after (2016) restoration

measures were taken in the 1990s. The fen has been

protected since 1904 and has been of interest to

botanists since the 1930s (Barendregt et al. 1995).

Despite the long-term status of protected nature

reserve, the occurrence of rich fen species communi-

ties in the fen decreased in the period 1937–1987

(Barendregt et al. 1995). This shift has been attributed

to a reduction in seepage of fresh, calcium-carbonate-

rich groundwater (Wassen et al. 1989). In an attempt to

restore the original hydrology of the area, groundwater

extraction has been diminished in the regional gound-

water recharge area Het Gooi. This has been predicted

to have a positive effect on the supply of calcium-

carbonate-rich groundwater. In addition, the sod layer

was removed from some patches with a high abun-

dance of Polytrichum and Sphagnum moss. Thick

moss carpets prevent the establishment of vascular

plants and isolate the fen from the inflow of ground-

water (Bootsma et al. 2002; Lamers et al. 2002).

Finally, local ditches in the fen were re-excavated to
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drain excess rainwater. The aim of the present study is

to assess the impact of the local and regional

restoration measures on the hydrology and vegetation

of the fen.

Methods

Site description

The Naardermeer nature reserve is a 700 ha wetland

consisting of lakes, marshes, fens and forest. It is

situated in the centre of the Netherlands, about 20 km

southeast of Amsterdam (52�170 N and 5�080 W,

Fig. 1a), and it has been a protected area for over

100 years. The Naardermeer is a polder with a fixed

water level of 1.0 m below mean sea level (m.s.l.). It

loses water towards surrounding polders with an even

lower water level and receives water via upwelling

groundwater originating from the elevated ice-pushed

ridge Het Gooi (Fig. 1b). The fen that we studied is

located on the east side of Naardermeer, next to Lake

Bovenste Blik (Fig. 1c). Over the last 80 years,

several studies have been carried out in this fen (see

Barendregt et al. 1995; Bouman 2013; Wassen et al.

1989). In the late nineteenth century the fen probably

started to grow at the edge of the lake in which

Characeae flourished in abundance and where Phrag-

mites australis and Typha spec. grew at its shores

(Bouman 2013). The wet reedland that developed was

mown regularly for reed harvesting in winter until

around 1950 and since then irregularly until 1973.

After 1973, a strip of approximately 100 m wide,

adjacent to the lake, was mown annually in August,

whereas further away from the lake the fen developed

into a woodland with Alnus glutinosa and Betula

pubescens (Bouman 2007, 2013). Barendregt et al.

(1995) studied original vegetation descriptions and

reconstructed the history of the fen from 1937; they

concluded that succession had taken place. A loosely

structured peat layer was present until 1972, with

small pools which contained an abundance of rich fen

Fig. 1 Topographic maps of a the Naardermeer, The Netherlands, b the Naardermeer, surrounding polders and ice-pushed ridge Het

Gooi, c the fen studied. Local restoration measures (sod removal and re-excavation of ditches carried out in 1994) are indicated
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species. In the 1980s presence and abundance of rich

fen species was lower, and species of acid reed

marshes had appeared, such as Sphagnum species,

Polytrichum commune, Aulacomnium palustre and

Carex curta. Peat depth is c. 80 cm (Wassen et al

1989).

In the fen, both fresh and brackish palaeo-ground-

water comes to the surface. The brackish groundwater

comes from Holocene sea water intrusions which

entered the aquifer from above by density flow (Post

et al. 2003; van Loon et al. 2009). The fresh

groundwater that seeps up in the fen comes from the

adjacent ridge Het Gooi (Fig. 1b). In Het Gooi,

groundwater has been extracted for the production of

drinking water since the 1920s, with a peak amount of

about 17 million m3 per year in the 1970s. This has

reduced the discharge of groundwater into the fen area

(Barendregt et al. 1995). As part of a larger restoration

plan for the whole Naardermeer nature reserve,

measures have been taken to increase the supply of

fresh groundwater, aiming to bring back the original

hydrology of the reserve. In Het Gooi, drinking water

extraction has gradually been decreased to this end. A

nearby pumping station was closed permanently, and

extraction has been diminished in other pumping

stations, leading to a reduction of drinking water

extraction in 1998 by approximately half the original

extraction. Two pumping stations located in the part of

Het Gooi that potentially supply the Naardermeer with

discharging groundwater are currently only extracting

water for industrial purposes (1 million m3/year). In

addition, water tables have been raised in a buffer zone

adjacent to the nature reserve. Finally, measures have

been taken to increase the infiltration of rainwater in

the urban areas of Het Gooi, all with the aim of

recharging the groundwater aquifer that discharges in

the Naardermeer (Boosten 2006).

In the fen annual mowing has been practised since

1977, and the hay is subsequently removed. In 1994,

two overgrown ditches were re-excavated, and the sod

layer was removed in two patches of dense Poly-

trichum moss with a total surface area of 2100 m2

(Fig. 1c) (Bouman 2013).

Field study and lab analysis

This study combines data collected in the 1980s from

Wassen et al. (1989), who carried out a detailed study

in the fen in 1987, and (Schot, unpubl.), who sampled

phreatic water in the fen in 1986, with data from recent

field studies in 2016 and 2018. Both 1980s and the

recent study sampled phreatic groundwater and

recorded plant species composition of vegetation and

are similar in design. However, the hydrological

mapping of the study area is more detailed for 2016

than for 1987 and in 2016 we also sampled above-

ground vegetation for analysis of N and P.

The study area is 1.8 ha and is divided into 182

plots of 10 by 10 m. Effort was taken to align the plots

in exactly the same way as in 1987. In 1987 and 2016,

the abundance of 77 plant species was recorded, using

a 6-point Tansley scale. Electrical conductivity (EC25)

and depth of the water tables relative to the peat

surface were measured in the middle of each plot in

shallow pits with a depth of approximately 15 cm. In

1987, these measurements were taken between 2 June

and 2 July. To account for short-term variations, EC

and water tables were measured twice in 2016, six

weeks apart, on 17 May and 30 June. To study the

influence of rainwater in the study area in more detail,

EC and water tables were recorded again after an

exceptional period of drought in 40 plots at a depth of

approximately 15 cm on 15 August 2018. Net precip-

itation in the month preceding the sampling was

120 mm, 46 mm, 149 mm, 37 mm for June 1987,

May 2016, June 2016 and August 2018, respectively

(weather station Laren, approximately 7 km southeast

of the study area) (KNMI 2019a).

More information on the water quality of the study

area was obtained from 40 groundwater piezometers

that were evenly distributed over the area. These had a

filter depth of 40–50 cm below the surface, were

present only during the field survey in 2016 and were

sampled twice during this period (on 20 May and 5

July 2016). Prior to sampling, piezometers were

emptied and left to refill again before measuring on

the same day. In the piezometers, pH, temperature and

EC were measured using a portable field metre

(Eijkelkamp Aquaread AP-700 Aquaprobe), and the

water table below the peat surface was measured.

Water samples were taken from the piezometers, the

ditches and the adjacent lake. HCO3
- concentration

was measured on the same day using a titration method

(Hach Alkalinity Test Kit, Colorado, US). Samples

were taken to the lab and centrifuged and acidified

before analysis of major ions Mg2?, Fe2?/3?, Na?,

Cl-, Ca2? and K? on ICP-MS. Additionally, we

analysed 8 samples that were taken from the lake and
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the two ditches in the fen (Fig. 1). Data on Ca2? and

Cl- concentration in the study area prior to the

restoration measures were obtained from a detailed

hydrological study in 1986 (Schot, unpubl.).

In 13 randomly selected 20 by 20 cm subplots

aboveground, biomass was cut near the soil surface

and collected in paper bags to examine nutrient

limitation in the fen. Samples were dried at 70̊C and

dry weight was determined. N and P concentration was

measured after Kjeldahl digestion. N:P ratios were

used as a proxy for nutrient limitation sensu Olde

Venterink et al. (2003). N:P ratios B 13.5 indicate N

limitation (relative to P) and ratios[ 16 indicate P

limitation (relative to N). Values between 13.5 and 16

indicate N and P co-limitation or no clear limitation by

N or P.

Statistical analysis

The spatial distribution of EC in the study area in June

1987, May 2016, June 2016 and August 2018 was

presented on maps. Between the measuring points, the

data were linearly interpolated. To examine short and

long-term changes in ion richness and Ca2? and Cl-

concentration, scatterplots were produced in which all

the sampling periods were plotted against each other

(EC, Ca2? and Cl-). Regression lines between sam-

pling periods were fitted with linear least squares

regression.

We calculated the mean depth of the water

tables and groundwater quality variables (EC, pH,

Na?, Ca2?, Mg2?, K?, Cl-, HCO3
-, Fe2?/3?) mea-

sured in May and July before using them in the further

analysis. All variables except water table were ln-

transformed to obtain an approximate normal distri-

bution and homoscedasticity of errors. The variation in

water quality was explored using Principal Compo-

nent Analysis (PCA). Variables were normalised prior

to performing the PCA. To show the spatial variation

in water quality in the study area, the sample scores of

the first principal component were displayed on a map

using linear interpolation between the 40 sample

points.

Additionally, we used Ellenberg indicator values

(Ellenberg et al. 1992) for describing the environ-

mental conditions experienced by the plant species.

On an ordinal nine-point or twelve-point scale, these

values indicate under which field conditions a species

is most likely to be found.We used Ellenberg indicator

values for moisture (F – 12-point scale, 1 = dry,

12 = wet); acidity (R - 9-point scale, 1 = acid,

9 = alkaline); and nutrients (N - 9-point scale,

1 = nutrient-poor, 9 = nutrient-rich).

Changes in the abundance of species were tested

using a paired Wilcoxon test. Sites were clustered

using Ward’s clustering method, based on the abun-

dances of all species recorded in 1987 and 2016.

Ward’s clustering aims at minimizing the within-

group variance. The Euclidean distance was used as

distance measure. Six clusters were identified based on

dissimilarity levels and evaluation of species presence

and abundance, and they were given a vegetation type

name, using expert judgement. The spatial distribution

of the vegetation types in 1987 and 2016 was

displayed on maps, and differences in the abundance

of species between 1987 and 2016 were tested using a

paired Wilcoxon test. Lastly, differences in water

quality and N:P ratio between the vegetation types

were examined by performing a one-way ANOVA.

All analyses were carried out in R-studio (R Core

Team 2019). The packages used for analysis were

vegan, cluster and akima.

Results

Water quality

A wide range of EC values were found in the study

area; the lowest measured value was 56 lS/cm (June

2016) and the highest was 2040 lS/cm (August 2018).

Most measurements were between 170 and 610 lS/
cm. In 1987, a clear zonation of increasing EC towards

the lake was found (Fig. 2d). In the southwest and

northwest corners of the study area, water with very

high EC ([ 1000 lS/cm) was observed, indicating

brackish influences. This brackish water is not stem-

ming from lake water, since lake water only had an EC

of 400–600 lS/cm and no flooding was observed

(Wassen et al. 1989). Water with low EC (\ 200 lS/
cm), indicating rainwater, was found in the zone

adjacent to the forest edge (see also Wassen et al.

1989). This clear zonation was no longer present in

2016 or in 2018. InMay and June 2016 (Fig. 2b, c), the

zone of low EC extended from the edge of the forest

towards the lake at the northern half of the study area,

but in the southern half of the study area, higher EC

values were also found at the forest edge. This pattern
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was the same in 2018, although it differed with respect

to the areas where brackish water seeps up (Fig. 2a).

The area of high EC on the southwest side of the study

area seemed to have disappeared in 2016, but then re-

appeared in 2018. The summer of 2018 was an

exceptionally dry period with a precipitation deficit of

Fig. 2 Spatial distribution of EC (lS/cm) in the fen at 15 cm

depth: a August 2018; b June 2016; c May 2016; and d June

1987. In 2016 and 1987, N = 182. 2018 is interpolated between

40 sampling locations (pluses in a.). Shaded plots lie outside the

interpolation area. Study grid is indicated by grey lines
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approximately 300 mm over the month prior to

sampling (KNMI 2019b). As in 1987, neither in

2016 nor in 2018 flooding with lake water occurred

and lake water had an EC of 570–875 lS/cm in these

years, indicating that the zones with high EC in the fen

([ 1000 lS/cm; Fig. 2a, c) cannot be attributed to

lake water.

Fig. 3 Comparison of water quality variables that were

measured in June 1987, May 2016, June 2016 and August

2018. a–f Electrical conductivity (EC in lS/cm) at 15 cm depth,

N = 182 in 1987 and 2016, N = 40 in 2018. g–i Ca2?-

concentration (mg/l) measured in groundwater piezometers,

N = 14 in 1987 and N = 40 in 2016. j–l Cl--concentration (mg/

l) measured in groundwater piezometers, N = 14 in 1987 and

N = 40 in 2016
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In general, EC values were lower in 2016 than in

1987 (Fig. 3a, b; slope 0.41 and 0.35, respectively).

The EC values of 1987 were similar to those of 2018

(Fig. 3d, slope 1.05). The differences in EC between

May and June 2016 (Fig. 3c) were small and can be

explained by the amount of net precipitation in these

months (46 mm in May, 149 mm in June) (measuring

station Laren, KNMI 2019a). In 2016, more values

were concentrated at low to intermediate EC values

than in 1987 (between approximately 100 and 400 lS/
cm) and, although we encountered some outliers with

values above 1000 lS/cm, the overall range in 2016

was narrower than in 1987 (Fig. 3a, b).

Ca2? concentration did not change much between

1986 and 2016 (Fig. 3g, h); concentrations ranged

from almost zero to about 120 mg/l, indicating that a

full range of almost rainwater to calcareous water

occurred in the fen. Similar to EC, there was an overall

decrease in Cl- concentration between 1986 and 2016.

Very high values ([ 200 mg/l Cl-) were measured in

1986, but in 2016 almost all Cl- concentrations

measured were below 200 mg/l (Fig. 3j, l). Concen-

trations in Ca2? and Cl- in May 2016 were quite

similar to those in June 2016 (Fig. 3i, l), indicating no

great differences occurred in two months in 2016.

About half of the proportion of the variance in

water quality parameters is explained by the first PCA

component (54%; Table 1). The first PCA component

comprises the general increase in all ion concentra-

tions except for K? and Fe2?/3?, the second compo-

nent expresses differences in K? concentration, and

the third component consists of opposing variation in

water table (note that water tables are expressed in cm

relative to the surface, i.e. positive values indicate

inundated conditions and negative values indicate

water tables below the surface). However, the latter

two axes explain only 13% and 10% of the variance,

respectively. Water table differences are apparently

not clearly related to differences in water quality,

although the first component shows that sites with

higher concentrations of solutes are wetter (Table 1).

Figure 4 presents the spatial distribution of water

quality over the fen area in 2016, based on the sample

scores on the first principal component. It shows a

pattern that is comparable to the EC maps (Fig. 2b, c),

indicating that EC reflects richness in major ions such

as Cl-, Na?, Mg2?, Ca2? and HCO3
-.

Plant species occurrences

Table 2 lists all the species that were mapped in 1987

and 2016. From this table the following trends emerge:

1. Some low-stature rich fen species have increased

in abundance (Carex diandra, Carex nigra,

Dactylorhiza majalis, Epipactis palustris, Juncus

acutiflorus, Lotus uliginosus and Pedicularis

palustris) or appeared in the period 1987–2016

(Carex echinata, Carex oederi subsp. oedocarpa,

Liparis loeselii and Succisa pratensis), whereas

Carex curta, Galium palustre, Potentilla palus-

tris, Stellaria palustris and Salix repens declined

andValeriana dioica did not change in abundance.

2. Many of the taller-growing species of rich fens

have decreased in abundance (Carex riparia, Iris

pseudacorus, Lycopus europaeus, Lysimachia

vulgaris, Lythrum salicaria, Phragmites australis,

Rumex hydrolapathum, Solanum dulcamare,

Table 1 Loadings of water

quality variables and water

table on the principal

components (N = 40)

PC1 PC2 PC3

Log Cl- 1.27 - 0.22 0.17

Log Na? 1.25 0.28 0.25

Log Mg2? 1.18 0.02 0.35

Log pH 1.17 0.39 - 0.18

Log Ca2? 1.14 0.50 - 0.16

Log EC 1.07 - 0.11 - 0.09

Log HCO3
- 1.04 - 0.11 - 0.25

Water table 0.54 - 0.40 - 1.16

Log K? - 0.21 1.26 - 0.16

Log Fe2?/3? - 0.96 0.42 - 0.42

Proportion of variance explained 0.543 0.125 0.096
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Thelypteris palustris, Typha angustifolia and

Valeriana officinalis) whereas Carex paniculata,

Eupatorium cannabinum and Juncus subnodulo-

sus have increased.

3. Many species of moist meadows have decreased

in abundance (Calamagrostis canescens, Caltha

palustris, Cardamine pratensis, Holcus lanatus,

Holcus mollis and Lychnis flos-cuculi) whereas

only two species of moist meadows have

increased in abundance (Anthoxanthum odoratum

and Rhinanthus serotinus).

4. Calliergonella sp. have decreased in abundance,

Sphagnum sp. have shown no change in abun-

dance and Polytrichum sp. have increased in

abundance.

Inspection of Ellenberg indicator values for mois-

ture, acidity and nutrients revealed substantial varia-

tion amongst the occurring species in the indicator

values for acidity and nutrients, but not for moisture.

Median and mean values showed that species that

increased in abundance between 1987 and 2016

generally had lower values for acidity and nutrients

than species which decreased or species that showed

no change in abundance, whereas the moisture indi-

cation values remained the same.

Vegetation types

Clustering revealed six vegetation types (Table 3) that

were separated into two main types at a high

dissimilarity level (28, Online Resource 1) on the

basis of high presence of Calliergonella sp., Calam-

agrostis canescens, Iris pseudacorus and other rich fen

species (type 1 referred to as rich fen reedland) versus

lower abundance of rich fen species and presence of

Eriophorum angustifolium, Drosera rotundifolia,

Anthoxanthum odoratum and other poor fen species

(type 2 referred to as poor fen reedland). The rich fen

reedland is subdivided into a Thelypteris-Sphagnum

intermediate fen type (1A) and a Thelypteris-Callier-

gonella rich fen type (1B) at a dissimilarity level of 14

(Online Resource 1), the latter having a higher

presence of tall growing rich fen species such as

Carex riparia, Rumex hydrolapathum and Lycopus

europaeus than the former. Type 1B is subdivided into

two subtypes. 1B1 has the highest abundance of

Thelypteris palustris and Calliergonella sp. and the

highest presence of tall growing species such as

Angelica sylvestris, Valeriana officinalis and Typha

angustifolia of all 6 types (referred to as the The-

lypteris-Calliergonella subtype). 1B2 is dense reed-

land with a high abundance of Phragmites australis

and compared to 1B1 higher presence of tall growing

species such as Rumex hydrolapathum and Carex

acutiformis and species such as Berula erecta,

Myosotis palustris, Eupatorium cannabinum and

Mentha aquatica. This subtype (1B2) has many

species in common with type 2A, but with a lower

presence. Type 1B2 is referred to as Thelypteris-Carex

acutiformis subtype.

Type 2A and 2B are separated at a quite high

dissimilarity level of 23 (Online Resource 1). Type 2A

Fig. 4 Interpolated map of the sample scores on the first principal component (see Table 1). Study grid is indicated by grey lines,

groundwater piezometers (N = 40) are indicated by circles. Shaded plots lie outside interpolation area
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Table 2 Ellenberg values and changes in species abundance between 1987 and 2016

Increase F R N Decrease F R N

Agrostis canina * 7 3 3 Angelica sylvestris *** 8 6 5

Alnus glutinosa *** 8 6 6 Calamagrostis canescens *** 9 7 5

Anthoxanthum odoratum *** 6 4 3 Calliergonella sp. *** 7 7 4

Betula pubescens * 7 4 4 Caltha palustris *** 9 6 4

Carex diandra *** 9 5 3 Calystegia sepium *** 8 7 7

Carex nigra *** 8 4 2 Cardamine pratensis *** 8 5 4

Carex paniculata *** 9 6 6 Carex curta *** 9 3 2

Dactylorhiza majalis *** 7 5 3 Carex riparia *** 8 7 7

Drosera rotundifolia *** 9 2 1 Galium palustre *** 9 5 4

Epipactis palustris * 8 7 3 Holcus lanatus *** 6 6 5

Eriophorum angustifolium *** 9 4 1 Holcus mollis * 6 3 3

Eupatorium cannabinum *** 8 6 7 Iris pseudacorus *** 9 6 6

Hydrocotyle vulgaris *** 8 6 3 Juncus conglomeratus *** 7 4 3

Juncus acutiflora *** 8 4 2 Luzula multiflora * 6 3 3

Juncus articulatus *** 9 6 3 Lychnis flos-cuculi *** 9 6 4

Juncus subnodulosus *** 9 8 4 Lycopus europaeus *** 8 7 6

Lotus uliginosus *** 8 4 4 Lysimachia vulgaris *** 9 7 5

Mentha aquatica *** 8 7 5 Peucedanum palustre *** 9 7 5

Pedicularis palustris *** 8 5 2 Phragmites australis *** 10 7 6

Polytrichum sp. * 7 2 2 Plagiomnium affine rugicum *** 10 7 6

Rhinantus serotinus *** 6 7 2 Potentilla palustris ** 10 5 3

Utricularia minor *** 12 4 2 Rumex hydrolapathum *** 10 7 6

Salix repens *** 7 6 3

Scutellaria galericulata * 8 6 5

Solanum dulcamara *** 8 7 7

Stellaria palustris *** 8 6 4

Thelypteris palustris ** 8 7 5

Typha angustifolia ** 10 7 7

Valeriana officinalis *** 8 6 5

Median 8 5 3 Median 8 6 5

Mean 8.1 5.0 3.2 Mean 8.3 6.0 4.8

Standard deviation 1.3 1.6 1.6 Standard deviation 1.2 1.3 1.4

Appearance F R N No significant change F R N

Cardamine flexuosa 7 6 6 Aulacomnium palustre 8 3 2

Carex echinata 8 3 2 Berula erecta 10 7 7

Carex oederi subsp. oedocarpa 8 4 2 Carex acutiformis 8 7 6

Juncus bulbosus 10 4 2 Carex disticha 8 6 4

Liparis loeselii 8 8 3 Cirsium palustre 8 5 4

Osmunda regalis 9 5 4 Dryopteris sp. 5 6 6

Potentilla anglica 5 5 5 Filipendula ulmaria 8 6 5

Sparganium erectum 10 7 7 Juncus effusus 7 4 4

Succisa pratensis 7 5 2 Lysimachia thyrsiflora 10 4 3

Triglochin palustre 9 6 2 Lythrum salicaria 9 7 5

Myosotis palustris 9 6 6
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is a Sphagnum reedland but with high presence of rich

fen elements such as Juncus subnodulosus, Pedicu-

laris palustris, Carex oederi subsp. oedocarpa and

Carex paniculata, but also poor fen elements such as

Eriophorum angustifolium, Drosera rotundifolia,

Carex echinate and Hydrocotyle vulgaris (referred to

as Sphagnum poor fen). It is subdivided into two

subtypes, mainly based on a higher abundance of for

example Carex diandra, Carex paniculata and The-

lypteris palustris and higher presence of Epipactis

palustris, Liparis loeselii and Utricularia minor in

subtype 2A2, which is referred to as Carex diandra

poor fen. Subtype 2A1 is characterized by a high

presence of Drosera rotundifolia and Juncus acuti-

floris which is referred to as Drosera poor fen. Type

2B substantially differs from the other communities; it

is a relatively species-poor community in which most

rich fen species are absent or have low presence

(Online Resource 1) and which is dominated by

mosses (Polytrichum and Sphagnum spec. and Aula-

comnium palustre). It is referred to as Polytrichum

poor fen.

Two of the six vegetation types were present in both

1987 and 2016. One of these is the dense reedland

Thelypteris-Carex acutiformis subtype (1B2). This

vegetation type extended in cover from22 cells in 1987

to 45 cells in 2016 (Fig. 5). In 1987, this type was only

found along the lake, but in 2016 it was also found

along the two ditches that were re-excavated in 1994.

The second type that was present in both years is the

Polytrichum poor fen (2B), the relatively species-poor

community dominated by Polytrichummoss. The area

covered by this vegetation type extended from 23 cells

in 1987 to 39 cells in 2016, mainly in the northeast

corner of the study area (Fig. 5). This expansion came

at the expense of the area covered by the Thelypteris-

Sphagnum intermediate fen (1A). In 1987, the latter

type covered a large patch along the forest edge that

expanded to the centre of the fen. In 2016 it almost

disappeared and was replaced by the Thelypteris-

Carex acutiformis fen (1B2) and the Drosera, Carex

diandra and Polytrichum poor fens (2A1, 2A2, 2B).

Large areas covered by rich fen and intermediate

fen in 1987, primarily vegetation type 1A (The-

lypteris-Sphagnum intermediate fen) and 1B1 (The-

lypteris-Calliergonella rich fen), completely

disappeared between 1987 and 2016. The The-

lypteris-Calliergonella rich fen (1B1) was abundant

in the belt behind the lake side vegetation in 1987 and

was replaced in 2016 by poor fen, especially the

Drosera (2A1) and the Carex diandra poor fen (2A2),

as well as the Thelypteris-Carex acutiformis fen

(1B2), the latter mainly along the northern re-

excavated ditch.

Water quality of the vegetation types

Figure 6 shows the variation in EC of the shallow peat

water between the vegetation types. Generally, rich

fens have a higher EC than poor fens, and the

Thelypteris-Sphagnum intermediate fen (1A) has a

significantly lower EC than the rich fens (Thelypteris-

Calliergonella fen (1B1) and Thelypteris-Carex acu-

tiformis fen (1B2)). The highest EC values and the

largest variation in EC were found in the Thelypteris-

Calliergonella fen (1B1) and the Thelypteris-Carex

acutiformis fen (1B2). The Polytrichum poor fen (2B)

has the lowest EC (\ 200 lS/cm), although this is not

Table 2 continued

Appearance F R N No significant change F R N

Salix aurita/cinerea 8 6 5

Sphagnum sp. 9 4 3

Thalictrum flavum 8 7 5

Valeriana dioica 8 6 3

Median 8 5 2.5 Median 8 6 5

Mean 8.1 5.3 3.5 Mean 8.2 5.6 4.5

Standard deviation 1.5 1.5 1.9 Standard deviation 1.2 1.3 1.4

Differences tested with paired Wilcoxon test, *p\ 0.05., **p\ 0.01, ***p\ 0.001

F Ellenberg value for moisture, R Ellenberg value for pH, N Ellenberg value for nutrients
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significantly lower than the Drosera fen (2A1) and the

Thelypteris-Sphagnum intermediate fen (1A). The

Carex diandra fen (2A2) stands out amongst the other

poor fens with significantly higher EC values but still

significantly lower EC values than the rich fen types

(Thelypteris-Calliergonella fen and Thelypteris-

Carex acutiformis fen (1B1 and 1B2)). In the Carex

diandra fen, the EC is between 200 and 600 lS/cm.

Figure 7 presents boxplots of the water table and

water quality parameters of vegetation types that were

present and sampled in 2016 (1B2, 2A1, 2A2 and 2B).

The Thelypteris-Carex acutiformis fen (1B2) gener-

ally has the highest concentration in all major ions,

except Fe2?/3? and K?. Fe2?/3? concentration does

not differ between the vegetation types. The Poly-

trichum poor fen has the highest variability in water

Table 3 continued

. = not present, ? = present in 0–10% of the plots assigned to a certain vegetation type, I = present in 10–20%, II = in 21–40%,

III = in 41–60%, IV = in 61–80%, V = in 80–100%. Arabic numbers indicate mean abundance (Tansley scale) in the plots where the

species occurs

Fig. 5 Distribution of vegetation types over the fen. a) 2016 b) 1987
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table and the highest K? concentration, but generally

has a low concentration of the major ions and a low

pH. The Drosera fen (2A1) has values as low as the

Polytrichum poor fen (2B) for Na?, Ca2?, Cl- and

Mg2?. The Carex diandra fen (2A2) does not

significantly differ from the Thelypteris-Carex acuti-

formis fen (1B2) but has intermediate concentrations

for Na?, Ca2?, Cl, HCO3
- and Mg2? in between the

Thelypteris-Carex acutiformis fen (1B2) on one hand

and the Drosera fen (2A1) and Polytrichum poor fen

(2B) on the other hand.

N:P in vegetation

Figure 8 presents N and P concentrations and the N:P

ratio in the aboveground plant material for the

vegetation types encountered in 2016. N concentra-

tions did not differ significantly between the vegeta-

tion types. P concentrations were highest in the

Polytrichum poor fen (2B), although not significantly

higher than in the Thelypteris-Carex acutiformis fen

(1B2). Most N:P ratios were well above 14.5, indicat-

ing P-limited conditions (11 out of 13 plots); only the

Polytrichum poor fen had ratios indicating N-limited

conditions. The N:P ratio was significantly higher in

the Carex diandra fen (2A2) than in the other three

communities; the ratios of[ 30 measured in this fen

type indicate strongly P-limited conditions.

Discussion

The setup of the current study was designed to match

as well as possible the detailed hydrological and

botanical study carried out in the fen area in 1987

(Wassen et al. 1989). This offers the unique opportu-

nity of examining the effectiveness of the local and

regional restoration measures targeting at preserving

rich fen vegetation in the area.

Before discussing the observed changes in species

composition and water quality, we discuss the vege-

tation types of the fen studied in the context of

European fen syntaxonomy (Peterka et al., 2017).

Only the fen type that we referred to as Polytrichum

poor fen (type 2B) shows similarities to an alliance

classified by Peterka et al. (2017), i.e. the Sphagno-

Caricon canescentis. This is an alliance with low

species richness and low mineral supply, which can be

seen as an initial stage of the fen-bog transition. This

alliance has been described as a transition to initial

stages of ombrotrophic mires (bogs) illustrated by

Sphagnum species, but nevertheless still with a

minerotrophic water regime indicated by species that

do not enter pristine bogs, e.g. Agrostis canina, Carex

echinata, C. nigra, Potentilla palustris and Viola

palustris (Peterka et al. 2017). All these species were

present in our fen, exemplifying that part of our fen is

in a transitional state in which both calcareous

groundwater and rainwater are present in the shallow

peat layer. Inspection of Ellenberg indicator values for

moisture, acidity and nutrients indicated that the

moisture status of the fen has not changed, whereas

in general conditions in the fen have become slightly

more acidic and nutrient-poorer.

We identified quite substantial changes both in

hydrological and water quality variables and in

vegetation of the fen. The clear pattern of increasing

ion richness from forest to lake that was observed in

Fig. 6 Boxplots of EC in shallow peat water (\ 15 cm depth) in

the vegetation types (values measured in 1987 and 2016). 1A1

N = 50, 1A2N = 27, 1B1N = 62, 1B2N = 67, 2A1N = 59, 2A

N = 37, and 2B N = 39. Significant differences (p\ 0.05)

between all types are indicated by letters, the significant

difference between the rich and poor type together is indicated

by asterisks (p\ 0.001)

cFig. 7 Boxplots of water quality variables and water table in

vegetation types that occurred in 2016, measured in the

groundwater piezometers at 40–50 cm depth. Significant

differences (p\ 0.05) are indicated by different letters. 1B2

N = 7, 2A1 N = 15, 2A2 N = 10, and 2B N = 8
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1987 is no longer present in recent years, nor was it

reflected in the zonation of vegetation types. There is a

general increase in low-stature rich fen species (e.g.

Carex diandra, Dactylorhiza majalis, Epipactis palus-

tris and Pedicularis palustris). Moreover, it is note-

worthy that there was a re-appearance of some

valuable species from a nature conversation perspec-

tive (e.g. Liparis loeselii, Succisa pratensis and

Utricularia minor) (Barendregt et al. 1995). The

strong phosphorus limitation of the fen, especially in

the Carex diandra fen (2A2), shows that phosphorus

limitation may be a causal factor for the increase in

these rich fen species. The restored inflow of calcium-

carbonate-rich fresh groundwater may have decreased

the nutrient availability by preventing acidification

and desiccation, and by binding phosphate to base

cations (Granath et al. 2010; Lamers et al. 2002). The

pH values between 6 and 7 and high HCO3
- concen-

trations in the Carex diandra fen and the Thelypteris-

Carex acutiformis fen support this conclusion. How-

ever, nutrient availability may also have decreased due

to long-term cutting of vegetation and the removal of

the hay, which has been done annually in our fen since

the 1970s (Bouman 2013). This may well have caused

a gradual removal of nutrients, especially phosphorus

(Koerselman and Verhoeven 1992). Therefore, the

nutrient status in the fen cannot be directly linked to

the hydrological restoration measures only.

Although it is probable that the flow of fresh

groundwater to the fen has increased, this is not

sufficient to realise the desired development towards

rich fen in the entire fen. The increase in cover of poor

fen vegetation with a high Polytrichum abundance

(Polytrichum poor fen) is indicative of an increased

influence of rainwater. This is also the type in which

the lowest pH and HCO3
- concentrations have been

found. The vigorous spread of this vegetation type

came primarily at the cost of the Thelypteris-Sphag-

num intermediate fen along the forest edge. Poly-

trichum can quickly establish in acidic, often

Sphagnum-covered, vegetation (Paulissen et al.

2004). The buffering capacity in this part of the fen

may have been insufficiently restored to prevent

acidification and further succession to poor fen. Since

the spread of Polytrichum poor fen is outside the area

where the sod has been removed this may indicate that

restoring the regional hydrology without local mea-

sures such as sod removal is insufficient to halt

succession towards Polytrichum poor fen. This suc-

cession could also have been enforced by the high

atmospheric deposition in this part of the Netherlands.

The increased ammonium concentration caused by

atmospheric nitrogen deposition negatively affects

brown mosses, whilst Sphagnum and Polytrichum

mosses are tolerant to it (Paulissen et al. 2004).

Potentially, the removal of the sod layer can

accommodate restoration of the rich fen type in the

Polytrichum poor fen. However, sod layer removal is

only effective if groundwater seepage into the root

zone is sufficient (Bootsma et al. 2002). In 1994, an

Fig. 8 Boxplots of N and P concentration and N:P ratio in aboveground biomass in four vegetation types that occurred in 2016.

Significant differences (p\ 0.05) are indicated by different letters. 1B2 N = 2, 2A1 N = 5, 2A2 N = 4, and 2B N = 2
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approximately 20 cm deep sod layer was removed

over a total surface area of 2100 m2 (12% of the study

area), which was covered in dense Polytrichum moss

(Bouman 2013). In 2016, these patches were mostly

occupied by the Carex diandra fen, with a circum-

neutral pH and high alkalinity, indicating that sod

layer removal was beneficial for restoring the upward

seepage into the root zone. The ditches that were dug

out again after 1987 are clearly recognizable in the

distribution pattern of the Thelypteris-Carex acuti-

formis fen and partly also in the EC. Apparently, this

local intervention also enhanced the supply of base-

rich water. This is probably upwelling groundwater

and not inflowing lake water, since the water tables in

the fen are—as far as we know—always higher than

the water levels in the lake.

The intention of diminishing the drinking water

extraction was to reinforce the regional hydrological

freshwater system that supplies the fen with upwelling

groundwater. This was expected to diminish the

infiltration of rainwater into the fen and to push the

brackish groundwater that seeped up in the fen

westward. However, comparable high EC values were

found in the Thelypteris-Calliergonella fen (1B1,

present in 1987 only) and the Thelypteris-Carex

acutiformis fen (1B2, found mainly in 2016). This

clearly results from the inflow of brackish groundwa-

ter that seeps up in the ditches and the plots adjacent to

the lake (see Online Resource 2 for comparison of

ditch and lake water).

Apparently, the upward seepage of regional fresh

groundwater is not sufficient to push away the seepage

of brackish palaeo-groundwater from the fen, espe-

cially in periods of drought, such as in August 2018.

The high EC values that we measured in this dry spell

of 2018 (2040 lS/cm), when there was a negligible

effect of rainwater, clearly show that brackish ground-

water was seeping into the fen. This was also the case

in May 2016 although to a minor extent. Furthermore,

van Loon et al. (2009) showed in a modelling study

corroborated with empirical data that in 2006, during

periods of precipitation deficit, brackish groundwater

were flowing into the fen. Van Loon et al. (2009) also

suggested that fresh groundwater flow is intercepted

by ditches in close-by agricultural land, thereby

redirecting it before it can flow to the fen. However,

we stress that the groundwater that seeps up in the

major part of the studied fen comes from a regional

freshwater system and is still seeping up into the fen in

dry periods. Nonetheless, the flux is probably less in

dry periods, allowing brackish groundwater to gain

influence in the fen. Still, this brackish influence

occurs only on the lake side of the ditches, whereas the

greater part of the fen is still supplied by regional fresh

groundwater as indicated by EC values up to 600 lS/
cm.

Our study shows the complexity of restoring rich

fens to their original state and preventing them from

rapid succession into poor fen. Even though this

project has attempted to preserve the vulnerable rich

fen vegetation of the Naardermeer, it should be kept in

mind that there are several factors that hamper the

sustainability of mesotrophic rich fens. The high

atmospheric nitrogen deposition in this part of the

Netherlands, that apart from eutrophication also

causes additional acidification, and the increasingly

frequent dry summers that are expected to come along

with climate change, mean that fens must be resilient

enough to cope with these stressors. Both of these

trends may favour the growth of Polytrichum at the

cost of rich fen species. This does not mean that there

is no way of preserving the high value of this wetland

type (Klimkowska et al. 2010; Kotowski et al. 2016).

However, management that is aimed at keeping pH-

neutral and nutrient-poor conditions of rich fens intact

is crucial, even though it comes at a high price.
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