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6. Nitrogen or phosphorus limitation in rich 
fens? - Edaphic differences explain contrasting 
results in vegetation development after 
fertilization
Casper Cusell, Annemieke Kooijman & Leon P.M. Lamers
Plant and Soil (2014), DOI: 10.1007/S11104-014-2193-7

Abstract
 
Many rich fens are threatened by high nutrient inputs, but the literature is inconsistent 
with respect to the type of nutrient limitation and the influence of edaphic 
characteristics. We performed experiments with N- and P-fertilization in three 
endangered rich fen types: floating fen with Scorpidium scorpioides, non-floating fen 
with Scorpidium cossonii, floodplain fen with Hamatocaulis vernicosus. In addition, 
K-fertilization was performed in the floodplain fen.
 The floodplain fen showed no response to P-addition, but N- and K-addition led 
to grass encroachment and decline of moss cover and species richness. In contrast, 
in the P-limited floating fen with S. scorpioides, P-addition led to increased vascular 
plant production at the expense of moss cover. Scorpidium scorpioides, however, also 
declined after N-addition, presumably due to NH4-toxicity. The fen with S. cossonii 
took an intermediate position, with NP co-limitation. 
 These striking contrasts corresponded with edaphic differences. The N-limited 
fen showed low Ca:Fe-ratios and labile N-concentrations, and high concentrations of 
plant-available P and Fe-bound P. The P-limited fen showed an opposite pattern with 
high Ca:Fe-ratios and labile N-concentrations, and low P-concentrations. This implies 
that edaphic characteristics dictate the nature of nutrient limitation, and explain 
contrasting effects of N- and P-eutrophication in different fens. 
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Introduction

Rich fens are well-buffered and nutrient-poor peatland habitats that occur at a soil pH 
of 5.0 – 8.0 (e.g. Sjörs 1950). These types of peatlands are generally species-rich and 
are protected under the European Habitats Directive (transition mires and quaking 
bogs, type H7140). They generally comprise a large number of rare vascular plants 
and bryophytes. In Europe, most rich fens are dominated by endangered brownmosses 
such as Scorpidium scorpioides (Hedw.) Limpr. and Scorpidium cossonii (Schimp.) 
Hedenäs, Hamatocaulis vernicosus (Mitt.) Hedenäs. 
 In the past decades, many rich fens have been lost in NW-Europe (Kooijman 1992; 
JNCC 2007). Although part of this decline can be explained by natural succession 
towards less biodiverse, Sphagnum-dominated fens (Clapham 1940; Sjörs 1950), 
anthropogenic acidification and eutrophication have accelerated this succession (e.g. 
Gorham et al. 1987; Kooijman & Paulissen 2006). Inputs of nutrients may well increase 
aboveground biomass production of highly competitive vascular plants, which often 
results in reduced light availability for slow-growing plants (Kotowski & van Diggelen 
2004) and a decrease of species richness (Grime 1979; Wheeler & Shaw 1991; Janssens 
et al. 1998). In yearly-mown rich fens, P and/or N are limiting biomass production 
(e.g. Boeye et al. 1997). The occurrence of P (co-)limitation is often caused by (1) low 
inputs of P-rich water, (2) chemical P-adsorption by Ca (Boyer and Wheeler 1989) or 
Fe (Zak et al. 2010) and/or (3) an annual mowing regime (Koerselman et al. 1990).
 Water pollution (N and P) and increased atmospheric deposition of N may thus 
have profound effects on the vegetation development of rich fens (e.g. Kooijman 
1993a; Verhoeven et al. 2011). Likewise, inundation with surface water may be 
problematic for rich fens when the water contains too high levels of nutrients. The 
response of rich fen types to different nutrient inputs is, however, not straightforward, 
and may depend on the type of nutrient limitation. Field studies, based on plant N:P-, 
N:K- and P:K-ratios in the aboveground vegetation, and fertilization experiments in 
rich fens showed that the growth of vascular plants may be limited by N (Vermeer 
1986; Boeye et al. 1997; Olde Venterink & Vittoz 2008; Pawlikowski et al. 2013), P 
(Boyer & Wheeler 1989; Verhoeven & Schmitz 1991; Kooijman 1993b; Wassen et al. 
1995; Beltman et al. 1996; Boeye et al. 1997; Rozbrojová et al. 2008; Pawlikowski et al. 
2013), or a combination of both. The type of limitation does not seem to be caused by 
difference in management strategies, since all fens were yearly mown and unfertilized. 
Although most of these studies did not focus on the biogeochemical conditions in the 
soil, it seems reasonable to assume that soil conditions have a strong influence on the 
type of nutrient limitation (Olde Venterink et al. 2002b). 
 The aim of this study was therefore to explicitly link the effects of fertilization 
to the biogeochemical soil conditions in several rich fens, distinguishing between a 
floating fen soil, a non-floating fen soil and a clay-rich riverine soil. The main question 
addressed in this study was: Do effects of increased nutrient inputs in rich fens, 
especially of N and P, depend on edaphic conditions? We hypothesized that rich fen 
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types with low P-availability in the soil and soil pore water encounter P-limitation. In 
this case, P-inputs are expected to lead to increased aboveground biomass, decreased 
light availability and concomitant changes in the composition of vascular plants and 
bryophytes. Rich fens with relatively low N-concentrations in the soil will, on the 
other hand, be N-limited, making them vulnerable for increased N-inputs. 

Materials and methods

Experimental design

The fertilization experiment was performed in three summer-mown rich fens in the 
Dutch Ramsar area “National Park Weerribben-Wieden”: Stobbenribben (ST; 52o47’ 
N, 5o59’ E), Veldweg (VW; 52o42’ N, 6o07’ E) and Meppelerdieplanden (MDL; 52o41’ 
N, 6o09’ E). Plots in the ST-fen, where S. scorpioides dominated the moss layer, were 
classified as Caricion davallianae (Scorpidium - Carex diandra type). This area is a 
complex of quaking fens (van Wirdum 1991), containing about 0.8 m thick floating 
peat soils. Plots in the VW-fen were also classified as Caricion davallianae (Scorpidium 
- Carex diandra type), but the moss layer was dominated by S. cossonii. This fen 
consists of a fixed, non-floating peat soil of 0.5 – 1.0 m thick. The MDL-area, where 
H. vernicosus dominated the moss layer, was classified as Caricion nigrae (Carex nigra 
- Agrostis canina type). This area is a riverine fen meadow with a thin organic layer of 
5 – 10 cm on top of fluvial clay. So, these fens contained more or less similar vegetation 
types despite clearly differing soils.
 Five blocks of 4 x 4 m were selected in each fen, which were divided into four 
subplots of 2 x 2 m: a control, and three subplots with N-, P- and NP-fertilization. 
For N-fertilization, slow release granules of NH4NO3 (Osmocote 38+0+0, Scotts 
International B.V., Geldermalsen, the Netherlands) were applied at a dose of 600 kg 
N ha-1 year-1. For P-fertilization, a dose of 70 kg P ha-1 jr-1 was added as slowly-soluble 
CaHPO4. These doses equal the present fertilization intensity in Dutch agricultural 
grasslands (Schils and Snijders 2004; Lamers et al. 2006), and should thus be regarded 
as the maximal potential eutrophication which could occur in these fens. Similar 
loads have been recorded in riparian zones (Hefting et al. 2006) and in wetlands that 
are located within agricultural catchments (Verhoeven et al. 2006). These very high 
additions were used to be sure that nutrient limitations could be detected clearly within 
the relatively short fertilization period of three years. The addition of fertilizers started 
in April 2010, and was repeated in the early springs of 2011 and 2012. All subplots 
were mown yearly by the end of August. 
 After the first fertilization treatment, preliminary results of nutrient concentrations 
in the aboveground vegetation (results not shown) indicated that there may be 
K-limiting conditions in the MDL-area with H. vernicosus. To test this, two additional 
subplots (2 x 2 m) with K- and NPK-fertilization were added to all five blocks in 
the MDL-area. These subplots were only fertilized in the early springs of 2011 and 
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2012. Slow release granules of K2SO4 (Osmocote 0+0+42, Scotts International B.V., 
Geldermalsen, the Netherlands) were applied at a dose of 250 kg K ha-1 year-1.

Sampling

Just before the first fertilization treatment in April 2010, a saw was used to collect 
soil samples of the uppermost 10 cm of each subplot. Apart from this, a small steel 
core of exactly 100 mL was used to sample the uppermost 10 cm of each soil for bulk 
density analysis. In both cases, the living moss-layer was excluded. All soil samples 
were transported in air-tight bags, and stored in the dark at 4 oC until further analysis. 
Furthermore, soil pore water samples were anaerobically collected at a depth of 10 
cm by connecting vacuumed plastic syringes (50 mL) to permanent soil moisture 
samplers (Rhizons SMS 10 cm, Eijkelkamp Agrisearch Equipment, Giesbeek, the 
Netherlands). Soil pore waters were also collected in May 2012, which was one month 
after the third fertilization treatment. The first 10 mL of soil pore water was discarded 
to exclude stagnant sampler water. 
 For each subplot, peak standing aboveground biomass was collected in August 
2012, which was the third season after the start of the experiment. This was done in 
quadrats of 25 x 25 cm in the middle of each subplot. In addition, light availability 
(photosynthetically active radiation, PAR; 400 – 700 nm) at the soil surface was 
determined in August 2012, before the vegetation was cropped. PAR-measurements 
were performed in triplicate using a small line-sensor at the soil surface and above the 
vegetation, and mean values were calculated for each subplot (Veer & Kooijman 1997). 
Measurements were carried out on cloudless days around noon. Light availability at 
the soil surface was calculated as a fraction of the light intensity above the vegetation. 
 Next, plant species composition was recorded for each subplot of 2 x 2 m in August 
2012 (before mowing). All vascular plant and bryophyte species were listed, and 
cover values were estimated as percentages. To examine the effect of light availability 
on the cover of bryophytes, bryophytes were again recorded in December 2012 
(after mowing). Nomenclature of vascular plants was according to van der Meijden 
(2005), while Siebel & During (2006) was used for the nomenclature of bryophytes. 
The covers of vascular plants and mosses in August were used to calculate Shannon 
diversity indices, in which both the number and the evenness of species are included 
(Shannon 1948).

Chemical analyses

The pH-values of soil pore water samples were measured, and alkalinities were 
determined by titration to pH 4.2, using 0.01M HCl. Subsequently, samples were 
divided into two subsamples. To avoid metal precipitation, 1% of concentrated 
HNO3 was added to one of these subsamples, and both were stored in the dark at 
-24 oC until further analysis. Total concentrations of soluble Ca, Fe, Al and P were 
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measured in acidified subsamples by ICP-OES (IRIS Intrepid II, Thermo Electron 
Corporation, Franklin, USA). Concentrations of NH4, NO3, o-PO4 and K were 
analyzed colorimetrically in non-acidified subsamples with continuous flow auto-
analyzer systems (Bran + Luebbe, Norderstedt, Germany). 
 To determine dry weights and gravimetric moisture contents, soil samples were 
dried at 70 oC until constant weight was reached, and bulk densities were calculated. 
Since bulk densities differed significantly between the clay-rich MDL-soils and the 
peaty ST- and VW-soils, soil results are reported per L wet soil instead of per unit mass, 
because plant production and nutrient availability for roots are mainly based on the 
amount of nutrients in a specific root-volume. Organic matter content was determined 
by loss-on-ignition after heating the samples for four hours at 550 oC. The remaining 
soil was quickly frozen in liquid nitrogen and freeze-dried. After grinding, soil samples 
were digested by microwave (Anton Paar, Graz, Austria) destruction using HNO3 
(65%) and HCl (37%) (Bettinelli et al. 1989). Digestates were analyzed by ICP-OES 
(Optima 3000 XL, PerkinElmer, Waltham, USA) to determine Ca-, K-, Fe-, Al- and 
P-concentrations. N-concentrations were determined with a CNS analyzer (Vario 
EL, Elementar, Hanau, Germany). Sequential extractions of Golterman (1996) 
were used to determine concentrations of Fe- and Al-bound P (PFe), Ca-bound P 
(PCa) and organic P (Porg). All P-fractions were measured by ICP-OES. Furthermore, 
plant available P-fractions were determined by Olsen extraction (Olsen et al. 1954) 
and concentrations of labile NH4, NO3 and K were analyzed colorimetrically with 
continuous flow auto-analyzer in NaCl extracts (35 g of fresh soil was shaken for one 
hour in 100 mL of 0.2 M NaCl). 
 Aboveground vegetation samples were dried for 72 hours at 70 oC to determine dry 
weights. Samples from 2012 were ground to determine total P- and K-concentrations 
by microwave digestion, and total N-concentrations by CNS-analysis, as described 
above. N:P-, N:K- and K:P-ratios in the shoots of vascular plants were calculated to 
determine which of the three nutrients may limit plant growth, i.e. N-limitation if N:P 
< 14.5 and N:K < 2.1, P-limitation or co-limitation of NP if K:P > 3.4 and N:P > 14.5, 
and K-limitation or co-limitation of NK if K:P < 3.4 and N:K > 2.1 (Olde Venterink et 
al. 2003).

Statistical analyses

Statistical analyses were performed with SPSS for Windows (SPSS 20.0.0, IBM, 
Armonk, NY). Covers of vascular plants were combined into plant functional groups, 
i.e. grasses, Phragmites australis (Cav.) Steud., Carex spp., Juncus spp. and other species. 
For all measured variables, normality of distributions was tested with QQ-plots and 
a Kolmogorov-Smirnov test. All variables that were not normally distributed were 
log(x+1)-transformed to improve their fit to a normal distribution. Since a split-plot 
design has been used, linear mixed models (P ≤ 0.05) with blocks as random factor 
(Heck et al. 2010) were performed to determine the response of measured variables 
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to the fixed factors location (floating ST-fen with S. scorpioides, non-floating VW-fen 
with S. cossonii and riverine MDL-fen with H. vernicosus) and treatment (control, N-, 
P- and NP-fertilization). Differences between locations and fertilization treatments, 
whenever significant in the linear mixed model, were further examined by comparing 
their estimated marginal means in a LSD post-hoc test (P ≤ 0.05). Initial differences in 
soil characteristics between the three locations were analyzed in a similar way, but with 
only location as fixed factor. Since each specific moss species was only present at one of 
the locations, results should be interpreted as differences between these locations, and 
not as differences between the different moss species or habitats.
 The effects of two years of K-fertilization in the MDL-fen with H. vernicosus were 
tested separately. Linear mixed models, with blocks as random factor, and LSD post-
hoc tests (P ≤ 0.05) were used to determine the response to K- and NPK-fertilization 
compared to controls in the MDL-fen. 

Results

Initial soil conditions in the fen types

The initial pH of soil pore water was higher for the floating ST-fen with S. scorpioides 
than for the other two fen types, 6.8 versus 6.1 (Table 6.1). Alkalinity, Ca- and 
K-concentrations were also higher in the ST-fen, with initial alkalinities around 
3.4 versus 1.8 mmolc L-1, Ca-concentrations of about 1750 versus 850 μmol L-1, 
and K-concentrations around 70 versus 7 μmol L-1. In contrast, initial Al- and Fe-
concentrations were highest in the soil pore waters of the MDL-fen with H. vernicosus, 
while lowest Al- and Fe-concentrations were found in the ST-fen with S. scorpioides. 
Although initial o-PO4 concentrations were equally low in all fens, around 0.1 μmol L-1, 
total P-concentrations in the soil pore water were also significantly higher in the MDL-
fen with H. vernicosus than in both other fens. NO3- and NH4-concentrations were low 
in all fens, showing mean concentrations of about 8 and 4 μmol L-1, respectively.
 In addition to differences in soil pore water quality, other soil properties also 
differed between the three fens studied. The riverine MDL-fen with H. vernicosus, 
which was characterized by a clay-dominated soil below a thin organic layer of around 
10 cm, had a significantly higher dry and wet bulk density (Table 6.1). Only 50% of the 
total dry weight consisted of organic material in the topsoil of this MDL-fen, while the 
soil of the VW- and ST-fens consisted for about 90% of organic material. The clay-rich 
topsoils of the MDL-fen contained significantly more total Ca, and especially more Al 
and Fe. Lowest total Al- and Fe-concentrations were found in the floating ST-fen. This 
led to total Ca:Fe-ratios of 0.5, 10 and 30 for the riverine MDL-fen with H. vernicosus, 
the non-floating fen with S. cossonii and the floating fen with S. scorpioides. 
 Also, total P-concentrations were 10 times higher in the soil of the MDL-fen than 
in the other soils, with lowest concentrations occurring in the floating ST-fen with S. 
scorpioides (Table 6.1). Concentrations of Fe- and Al-bound P (PFe), Ca-bound P (PCa) 
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Table 6.1. Initial soil pore water and soil characteristics in the three rich fens. ST = floating 
fen in Stobbenribben with Scorpidium scorpioides, VW = non-floating fen in Veldweg with 
Scorpidium cossonii, MDL = riverine fen in Meppelerdieplanden with Hamatocaulis vernicosus, 
ws = field-wet soil.

ST 
S. scorpioides

VW 
S. cossonii

MDL 
H. vernicosus

Soil pore water
pH 6.81 (0.30)B 6.15 (0.21)A 6.04 (0.21)A

alkalinity (mmolc L
-1) 3.40 (0.72)B 1.81 (0.50)A 1.76 (0.60)A

Ca (μmol L-1) 1660 (383)B 943 (334)A 770 (184)A

K (μmol L-1) 71.5 (26.6)B 9.9 (13.2)A 3.1 (3.4)A

Al (μmol L-1) 0.3 (0.3)A 0.8 (0.6)B 25.3 (5.1)C

Fe (μmol L-1) 4.4 (2.9)A 22.0 (17.6)B 543.9 (218.8)C

o-PO4 (μmol L-1) 0.10 (0.06)A 0.10 (0.11)A 0.11 (0.06)A

total P (μmol L-1) 0.84 (0.41)A 0.65 (0.38)A 3.35 (1.47)B

NO3 (μmol L-1) 8.2 (1.4)A 8.5 (2.5)A 7.4 (3.9)A

NH4 (μmol L-1) 3.6 (0.7)A 4.4 (2.3)A 6.8 (3.7)A

inorganic N (μmol L-1) 11.8 (2.1)A 12.8 (3.8)A 13.3 (4.9)A

General soil characteristics
dry bulk density (g L-1) 55 (7)A 60 (10)A 189 (22)B

wet bulk density (g L-1) 646 (485)A 669 (60)A 761 (62)B

organic material (%) 91 (1)B 89 (3)B 47 (6)A

Total soil concentrations
Cat (mmol L-1 ws) 43.8 (3.7)A 43.4 (6.9)A 63.1 (8.2)B

Kt (mmol L-1 ws) 1.5 (0.3)A 1.7 (0.5)A 11.6 (2.4)B

Alt (mmol L-1 ws) 1.6 (0.3)A 9.0 (7.4)B 242.6 (55.1)C

Fet (mmol L-1 ws) 1.7 (0.6)A 6.3 (4.4)B 116.9 (36.6)C

Nt (mmol L-1 ws) 71 (17)A 86 (23)A 236 (25)B

Pt (mmol L-1 ws) 1.3 (0.1)A 2.6 (0.8)B 17.0 (2.4)C

Nt:Pt (mol mol-1) 48.7 (10.4) B 37.4 (14.0) B 13.7 (1.8)A

Fet:Pt (mol mol-1) 1.3 (0.5)A 2.2 (1.1)A 6.8 (1.5)B

Cat:Pt (mol mol-1) 32.5 (5.1)C 17.2 (3.6)B 3.7 (0.1)A

Cat:Fet (mol mol-1) 30.0 (14.6)C 9.7 (5.3)B 0.6 (0.1)A

P-fractions in the soil
Porg (mmol L-1 ws) 1.07 (0.47)A 1.90 (1.56)A 8.78 (1.94)B

PCa (mmol L-1 ws) 0.12 (0.05)A 0.44 (0.30)A 4.88 (2.87)B

PFe (mmol L-1 ws) 0.12 (0.05)A 0.24 (0.14)A 3.29 (0.34)B

P-Olsen (mmol L-1 ws) 0.11 (0.07)A 0.15 (0.10)A 0.42 (0.06)B

Porg:Pt (mol mol-1) 80 (1)B 72 (7)B 53 (5)A

PCa:Pt (mol mol-1) 10 (1)A 17 (7)A 28 (8)B

PFe:Pt (mol mol-1) 10 (2)A 11 (3)A 19 (3)B

K and N-concentrations in NaCl-extracts
K (mmol L-1 ws) 0.313 (0.085)B 0.060 (0.095)A 0.013 (0.021)A

NO3 (mmol L-1 ws) 0.031 (0.028)B 0.008 (0.004)A 0.011 (0.004)A

NH4 (mmol L-1 ws) 0.123 (0.031)C 0.075 (0.023)B 0.031 (0.017)A

inorganic N (mmol L-1 ws) 0.154 (0.047)C 0.083 (0.026)B 0.042 (0.019)A

Mean values and standard deviations (n = 20). Different letters indicate significant differences 
between fens (P ≤ 0.05).
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and organic P (Porg) were also significantly higher in the MDL-fen with H. vernicosus, 
as well as the concentrations of plant available P. Concentrations of P-Olsen were 
around 400 μmol L-1 in the MDL-fen, while concentrations of only 100 – 150 μmol 
L-1 were found in the VW- and ST-fen. In the MDL-fen a relatively large part of total P 
consisted of inorganic PFe and PCa (about 19 and 28%), while only 53% of the total P 
was present as organic P. Organic P did, in contrast, contribute to 70-80% of the total 
P in the ST- and VW-fens, where both PFe and PCa only contributed to only10 – 15% of 
total P. 
  Total N- and K-concentrations were also significantly higher in the soil of the 
MDL-fen than in the other soils, with concentrations that were about 3 and 7 times 
higher, respectively (Table 6.1). Despite these higher total N- and K-concentrations in 
the MDL-fen, concentrations of labile NO3, NH4 and K were lowest in this MDL-fen 
with H. vernicosus and highest in the floating ST-fen with S. scorpioides.

Effects of N- and P-fertilization

Soil pore water
In all fens, N-fertilization led to increased concentrations of soluble inorganic N 
(NO3 + NH4) in the soil pore water compared to the controls (Table 6.2). There 
were, however, differences in NO3- and NH4-responses of the three fens, as indicated 
by the interaction effects of location and fertilization treatment for NO3 and NH4 
(Fig. 6.1). In the riverine MDL-fen with H. vernicosus, NO3-concentrations increased 
sharply after N-fertilization to levels of about 180 μmol L-1, while NH4-concentrations 
remained low (2 – 10 μmol L-1). In contrast, N-fertilization led to a sharp increase 
of NH4-concentrations to levels of around 500 μmol L-1 in the ST- and VW-fens 
with S. scorpioides and S. cossonii, while NO3-concentrations remained low in these 
fens with concentrations of 0.5 – 5 μmol L-1. It was also on these two locations that 
N-fertilization resulted in significantly higher alkalinities compared to the controls. 
Combined fertilization of N and P led to similar results for alkalinity, and for NO3- and 
NH4-concentrations in the soil pore water of all fens.
 Surprisingly, three years of P-fertilization did not lead to increased o-PO4 and total 
soluble P-concentrations in the soil pore water of the MDL-fen with H. vernicosus (Fig. 
6.1, Table 6.2). Here, concentrations of o-PO4 remained as low as in control subplots, 
at 0.1 – 0.6 μmol L-1, while much higher concentrations of 3 – 5 μmol L-1 were found 
in the P-fertilized subplots of the ST- and VW-fens with S. scorpioides and S. cossonii. 
Combined fertilization of N and P had, however, no effect on the concentrations of 
o-PO4 and total soluble P, not even in the soil pore water of the ST- and VW-fens. 
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Table 6.2. Effect of location (Loc) and fertilization treatment (Treat) on various chemical variables in 
the soil pore water and aboveground vegetation in 2012, after three years of N-, P- or NP-fertilization. 
ST = floating fen in Stobbenribben with Scorpidium scorpioides, VW = non-floating fen in Veldweg 
with Scorpidium cossonii, MDL = riverine fen in Meppelerdieplanden with Hamatocaulis vernicosus.

Loc Treat Loc x 
Treat

ST VW MDL con-
trol

N P NP

Soil pore water
pH 38.23** 0.27 1.22 b a a a a a a
Alkalinity 49.65** 3.73* 1.54 c b a a b a b
Ca 83.76** 0.69 1.54 c b a a a a a
K 15.62** 4.02* 5.12** b a a b b a b
Al 78.18** 0.07 1.21 a b c a a a a
Fe 17.94** 0.42 1.50 a b c a a a a
o-PO4 2.74 15.43** 6.93** a a a a a b a
total P 2.10 22.54** 5.77** a a a a a b a
NO3 3.92* 4.52** 3.23* a a b ab c a bc
NH4 40.60** 59.38** 11.95** b b a a b a b
inorganic N 10.68** 53.23** 3.22* b b a a b a b
NO3:NH4 3.94* 3.29* 3.21* a a b ab c a bc

Chemical composition aboveground vegetation
K 40.43** 1.57 1.88 b a a a a a a
N 16.72** 100.38** 0.99 a a b a b a b
P 25.51** 148.03** 2.31 a a b a a b b
N:P 19.93** 270.62** 4.89** c b a c d a b
N:K 95.06** 66.58** 6.55** a b c a b a b
K:P 91.78** 150.71** 7.05** c b a b b a a

Vegetation characteristics
Aboveground biomass 4.32* 47.89** 3.64** a ab b a b b c
Light intensity at soil surface 13.74** 119.31** 19.08** b a a d b c a
Species richness 26.25** 60.37** 1.19 a b c b a b a
Shannon-index 20.93** 42.08** 1.23 a b b b a b a
Cover vascular plants 3.75 27.40** 5.98** a a a a b b c
Cover grasses 16.90** 3.89* 1.41 a b c a ab b b
Cover Phragmites 23.30** 1.32 6.07** b a a a a a a
Cover Carex spp. 2.50 6.36** 3.10* a a a a b a b
Cover Juncus spp. 1.52 13.56** 2.19 a a a a b a b
Cover other plants 37.26** 16.97** 0.26 a b c bc a c b
Cover mosses in summer 2.74 116.36** 3.38* a a a d b c a
Cover Scor./Ham. in summer 12.59** 161.20** 23.89** a a b d b c a
Cover Call. in summer 3.95* 29.06** 2.47 a ab b b b c a
Cover Scor./Ham. in winter 1.06 81.10** 14.19** a a a c b b a
Cover Call. in winter 19.20** 27.25** 8.95** a b b a b c b

F-ratios with their level of significance are given (n = 5; * P ≤ 0.05 and ** P ≤ 0.01). Different letters 
indicate significant differences between locations and fertilization treatment (P ≤ 0.05). 
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Fig. 6.1. Concentrations of o-PO4 (a), K (b), NO3 (c) and NH4 (d), and alkalinity in the soil 
pore water of the three fens after three years of N-, P- and NP-fertilization. Sample means are 
given and error bars indicate standard deviations (n = 5). ST = floating fen in Stobbenribben 
with Scorpidium scorpioides, VW = non-floating fen in Veldweg with Scorpidium cossonii, MDL 
= riverine fen in Meppelerdieplanden with Hamatocaulis. vernicosus. Statistical information is 
provided in Table 6.2.

Nutrient concentrations in aboveground vascular vegetation
In the control subplots, the aboveground vascular vegetation in ST- and VW-fens 
contained less N and P than in the MDL-fen (Table 6.2). Plant N:P-ratios of 14 – 
17 g g-1 seem to indicate co-limiting conditions of N and P for biomass production 
in the non-floating VW-fen with S. cossonii, while plant N:P-ratios of about 22 g g-1 
were indicative for P-limiting conditions in the floating ST-fen with S. scorpioides (Fig. 
6.2). In the riverine MDL-fen with H. vernicosus, where the aboveground vascular 
vegetation contained significantly more N and especially P, plant N:P-ratios of about 9 
g g-1 indicated N-limiting conditions. Not only N, but also K seemed to be co-limiting 
in this fen, as indicated by plant N:K-ratios of 2.8 g g-1 and K:P-ratios of 3.2 g g-1. 
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Three years of N- and NP-fertilization led to significantly increased N-concentrations 
and N:K-ratios in the aboveground vegetation of all fens studied (Fig. 6.2, Table 6.2). 
Similarly, P- and NP-fertilization led to significantly increased P-concentrations and 
decreased K:P-ratios in the aboveground vegetation of the three fens. Furthermore, 
N-fertilization resulted in a significant increase of plant N:P-ratios in all studied fens, 
while NP- and especially P-fertilization resulted in significantly lower plant N:P-ratios. 

Biomass production and light availability
In control subplots without fertilization, aboveground biomass was lowest in the 
floating ST-fen with S. scorpioides (150 – 250 g m-2) and highest in the riverine MDL-
fen with H. vernicosus (350 – 450 g m-2). Fertilization clearly led to an increase of the 
aboveground biomass and decreased light availability at the soil surface, but the three 
fens responded differently upon N and P-addition (Fig. 6.3, Table 6.2). Three years of 
N-fertilization led to increased biomass and decreased light availability in the MDL-
fen with H. vernicosus and the VW-fen with S. cossonii, while no significant effects of 
N-fertilization were found in the ST-fen with S. scorpioides. In contrast, P-fertilization 
led to increased biomass and reduced light availability in the VW- and ST-fens, while 
no effects on biomass productivity and light availability were found in P-fertilized 
subplots of the MDL-fen. In all fens, three years of combined NP-fertilization resulted 
in the largest biomass production and the lowest light availability at the soil surface.

Vegetation composition
Fertilization also affected species composition of different fen types (Fig. 6.4, Table 
6.2). In the riverine MDL-fen, the cover of grasses, such as Calamagrostis canescens 
(Weber) Roth, Phalaris arundinacea L. and Glyceria fluitans (L.) R.Br., increased 
significantly in N- and NP-fertilized subplots, while other characteristic fen species, 
such as Myosotis laxa Lehm., Pedicularis palustris L. and Juncus filiformis L., disappeared 
entirely. Also the bryophyte composition changed. After three years of fertilization, H. 
vernicosus and C. cuspidata had almost disappeared in N- and NP-fertilized subplots in 
August, and in December (after mowing) only C. cuspidata was found. The biodiversity, 
determined as the species richness and the Shannon diversity index, decreased in these 
subplots (Fig. 6.5). In contrast, the vascular plant and bryophyte composition did not 
change significantly in MDL-subplots that only received P. 
 In the non-floating VW-fen, both N- and P-fertilization resulted in an increase of the 
total cover of vascular plants from about 70% in control plots to 95 – 100% in fertilized 
subplots (Fig. 6.4, Table 6.2). Three years of N- or NP-fertilization led to encroachment 
of grasses and Carex spp., such as Agrostis canina L., Calamagrostis canescens and Carex 
elata All., while other characteristic fen species, such as Myosotis laxa, Pedicularis 
palustris and Utricularia intermedia Hayne, disappeared. In addition, the cover of S. 
cossonii declined, while the cover of C. cuspidata increased significantly in both N- and 
NP-fertilized subplots. The increase of C. cuspidata was only found in December (after 
mowing), and not in August. As a result of these changes in species composition, the 
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biodiversity decreased significantly in the N- and NP-fertilized subplots of the VW-
fen (Fig. 6.5, Table 6.2). In contrast, species richness and Shannon diversity did not 
change in VW-subplots that were only fertilized with P. Although the cover of the grass 
Agrostis canina increased significantly after three years of P-fertilization, this had no 
effect yet on the overall species composition of vascular plants (Fig. 6.4, Table 6.2). 
The bryophyte composition was, however, significantly changed; almost all S. cossonii 
had disappeared and the cover of C. cuspidata had sharply increased, especially in 
December (after mowing). 
 In the floating ST-fen with S. scorpioides, three years of fertilization led to a 
significantly increased cover of vascular plants from about 70% in control plots to 
100% in P- and NP-fertilized subplots, which was mainly caused by the increased 
abundance of Carex elata (Fig. 6.4, Table 6.2). In contrast, the cover of S. scorpioides 
sharply decreased after three years of P- or NP-fertilization. They had partly been 
replaced by C. cuspidata, which showed high cover especially in P-fertilized subplots 
during the winter (after mowing). Despite the increased cover of Carex elata and 
the decline of S. scorpioides in P-fertilized subplots, species richness and Shannon’s 
diversity index had not changed significantly (Fig. 6.5, Table 6.2). Species richness 
and the diversity index had, however, decreased in the NP-fertilized subplots, due to 
the disappearance of characteristic fen species such as Carex diandra Schrank, Liparis 
loeselii (L.) Rich. and Pedicularis palustris. A similar decrease in species diversity and 
in the cover of endangered vascular plants and mosses was found in subplots that had 
only been fertilized with N (Figs. 6.4 & 6.5, Table 6.2).

The effects of K-fertilization in the riverine MDL-fen with H. vernicosus

K-fertilization in the riverine MDL-fen with H. vernicosus had no significant effect on 
soil pore water chemistry, not even on K-concentrations (Table 6.3). Also, soil pore 
water characteristics did not differ between NPK- and NP-fertilized subplots. 
 The aboveground biomass was, however, significantly larger in K-fertilized than in 
the control subplots of the MDL-fen, with values of about 500 versus 300 g m-2 (Table 
6.3). This led to a significantly lower light availability in the K-fertilized subplots. 
In addition, K-fertilization resulted in an increase of the total vascular plants cover, 
especially of Carex disticha Huds., and a decrease of the total moss cover, especially 
of H. vernicosus. Overall species richness decreased significantly in these subplots, 
since some characteristic species, such as Pedicularis palustris and Juncus filiformis, had 
disappeared after two years of K-fertilization.
 NPK-fertilization resulted in even more aboveground biomass than the 
K-treatment. Levels of about 1000 g m-2 were comparable to NP-fertilized subplots in 
this fen. The effect of NPK-fertilization on the species composition of vascular plants 
and mosses equaled the effect of NP-fertilization: less species, almost no mosses and a 
higher cover of grasses, especially of Calamagrostis canescens and Phalaris arundinacea.
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Fig. 6.2. N:P (a), N:K (b) and K:P (c) ratios in the aboveground tissue of the vascular 
vegetation after three years of N-, P- and NP-fertilization. Sample means are given and error bars 
indicate standard deviations (n = 5). The dotted lines indicate thresholds for nutrient limitation 
(Olde Venterink et al. 2003), i.e.: N-limitation if N:P < 14.5 and N:K < 2.1, P-limitation or 
co-limitation of NP if K:P > 3.4 and N:P > 14.5, K-limitation or co-limitation of NK if K:P < 
3.4 and N:K > 2.1. ST = floating fen in Stobbenribben with Scorpidium scorpioides, VW = non-
floating fen in Veldweg with Scorpidium cossonii, MDL = riverine fen in Meppelerdieplanden 
with Hamatocaulis vernicosus. Statistical information is provided in Table 6.2.

Fig. 6.3. Aboveground biomass production (left) and relative light (PAR) intensity at soil 
surface (right) after three years of N-, P- or NP-fertilization. Sample means are given and error 
bars indicate standard deviations (n = 5). ST = floating fen in Stobbenribben with Scorpidium 
scorpioides, VW = non-floating fen in Veldweg with Scorpidium cossonii, MDL = riverine fen 
in Meppelerdieplanden with Hamatocaulis vernicosus. Statistical information can be found in 
Table 6.2.
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Fig. 6.4. Cover of vascular plants in August (above) and mosses in August (below, left) and 
December (below, right) after three years of N-, P- or NP-fertilization. The vascular plants are 
combined into plant functional groups. Sample means are given and error bars indicate standard 
deviations (n = 5). ST = floating fen in Stobbenribben with Scorpidium scorpioides, VW = non-
floating fen in Veldweg with Scorpidium cossonii, MDL = riverine fen in Meppelerdieplanden 
with Hamatocaulis vernicosus. Statistical information is provided in Table 6.2.

Fig. 6.5. Shannon diversity index after three years of N-, P- or NP-fertilization. Sample means 
are given and error bars indicate standard deviations (n = 5). ST = floating fen in Stobbenribben 
with Scorpidium scorpioides, VW = non-floating fen in Veldweg with Scorpidium cossonii, MDL 
= riverine fen in Meppelerdieplanden with Hamatocaulis vernicosus. Statistical information is 
provided in Table 6.2.
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Table 6.3 Effect of fertilization treatment in the MDL-fen with Hamatocaulis vernicosus on 
chemical variables in the soil pore water and aboveground vegetation in 2012, after two years 
of K-, NP- or NPK-fertilization. 

control K-
fertilization

NP-
fertilization

NPK-
fertilization

Soil pore water
K (μmol L-1) 0.1 (0.1)A 4.8 (10.0)A 0.1 (0.1)A 3.9 (5.3)A

Vegetation characteristics
Aboveground biomass (g m-2) 316 (72)A 503 (63)B 990 (391)C 1341 (494)C

Light intensity at soil surface (%) 18.6 (10.9)C 8.6 (3.0)B 0.4 (0.1)A 0.4 (0.1)A

Species richness (per 4 m2) 17.2 (2.4)C 13.0 (2.4)B 10.6 (1.1)AB 8.4 (1.1)A

Shannon-index 2.24 (0.18)B 2.03 (0.23)B 1.38 (0.16)A 1.25 (0.36)A

Cover vascular plants (%) 82 (3)A 92 (3)B 100 (0)C 100 (0)C

Cover grasses (%) 7 (5)A 13 (12)A 45 (24)B 55 (29)B

Cover Carex spp. (%) 26 (12)A 45 (19)A 22 (24)A 23 (28)A

Cover Juncus spp. (%) 13 (9)B 8 (7)B 0 (0)A 0 (0)A

Cover other plants (%) 36 (11)A 26 (11)A 33 (18)A 22 (20)A

Cover mosses in summer (%) 44 (6)C 30 (7)B 0 (0)A 0 (0)A

Cover H. vernicosus in summer (%) 35 (4)C 18 (10)B 0 (0)A 0 (0)A

Cover C. cuspidata in summer (%) 9 (7)B 12 (5)B 0 (0)A 0 (0)A

Cover H. vernicosus in winter (%) 51 (4)C 24 (7)B 1 (1)A 1 (1)A

Cover C. cuspidata in winter (%) 15 (7)A 15 (4)A 12 (4)A 11 (3)A

Mean values and standard deviations (n = 5). Different letters indicate significant differences 
between fertilization treatments (P ≤ 0.05).
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Discussion 

Different types of nutrient limitation

Our study showed profound differences in nutrient limitation among the three fens 
studied. The floating ST-fen with S. scorpioides was clearly P-limited, since aboveground 
biomass production only increased after P- and NP-addition, and not after N-addition. 
P-limited conditions are confirmed by high plant N:P-ratios of about 22 g g-1 in the 
control subplots of the ST-fen (Koerselman & Meuleman 1996; Olde Venterink 
et al. 2003; Güsewell 2004). These results are consistent with previous fertilization 
experiments (Verhoeven & Schmitz 1991; Kooijman 1993b; Boeye et al. 1997) and 
plant nutritional studies (Kooijman & Hedenäs 2009; Kooijman 2012) in rich fens 
with S. scorpioides.
 In contrast to the floating ST-fen, the aboveground biomass production in the 
non-floating VW-fen with S. cossonii not only increased after P-addition, but also after 
N-addition. This co-limitation of N and P was supported by plant N:P-ratios of 14 – 
17 g g-1 in the control subplots (Koerselman & Meuleman 1996; Olde Venterink et al. 
2003; Güsewell 2004). 
 Finally, the riverine MDL-fen with H. vernicosus was co-limited by N and K, as 
indicated by increased biomass production after N- or K-addition, and the lack of 
response to P-addition. This was supported by relatively low N:P-, high N:K- and 
low K:P-ratios in the aboveground vegetation of the control MDL-subplots (Olde 
Venterink et al. 2003). The occurrence of N-limitation in the MDL-fen was consistent 
with results of Olde Venterink & Vittoz (2008), who found N-limiting conditions in 
the last remnant of H. vernicosus and Saxifraga hirculus L. in Switzerland. Co-limitation 
of K at locations with H. vernicosus has not been described previously, but has been 
found in meadows with Cirsio–Molinietum (de Mars et al. 1996) and Calthion palustris 
vegetation (van Duren et al. 1997; van Duren & Pegtel 2000), especially when these 
meadows had been drained or hay cropped for a long time. In addition, Loeb et al. 
(2009) found co-limitation of N and K in mown river floodplains with Arrhenatherion 
grasslands containing Fritillaria meleagris L. 

The nature of nutrient limitation is determined by edaphic differences 
between fen types

The striking differences in response to fertilization among the three fen types can 
be explained by clear differences in the initial biogeochemical characteristics of 
their soils. The availability of labile N and K was lowest in the NK-limited MDL-
fen, intermediate in the NP-limited VW-fen and highest in the P-limited ST-fen. In 
contrast, concentrations of plant-available P (P-Olsen) and total P showed a reverse 
pattern with relatively high concentrations in the NK-limited MDL-fen and low 
concentrations in the NP- and P-limited fens. The relatively high P-concentrations 
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measured in the NK-limited MDL-fen with H. vernicosus are consistent with other 
studies (Štechová et al. 2008; Pawlikowski et al. 2013). So, N-availability in the soil 
was relatively low in fens with (co-)limitation of N, while P-availability was relatively 
low in fens with (co-)limitation of P. 
 Higher P-availability in the riverine NK-limited MDL-fen with H. vernicosus is 
presumably caused by high concentrations of Fe-bound P. Although P can easily be 
bound to Fe (e.g. Patrick & Khalid 1974), many vascular plants are still able to take 
up this Fe-bound P (Marschner 1995). These high concentrations of Fe-bound P 
coincided with rather high Al- and Fe-concentrations in the soil and soil pore water of 
the NK-limited MDL-fen. This is in accord with previous studies in vital populations 
of H. vernicosus that also found high Fe-concentrations in soil pore waters of these 
fens (Hedenäs & Kooijman 1996; Štechová et al. 2012; Pawlikowski et al. 2013). 
In contrast, the NP- and P-limited fens predominantly contained organic P, which 
is part of the organic matrix and can only become available through mineralization 
(Paul 2007). Since net P-mineralization will be rather low under the anaerobic and 
calcareous conditions in rich fens with S. cossonii and S. scorpioides (Kooijman & 
Hedenäs 2009; Chapter 4), P-availability will be limited in these fens. 

Changes in interspecific competition and vegetation development due to 
fertilization

Responses to P-fertilization
Three years of P-fertilization had no effect yet on the species richness and Shannon’s 
diversity indexes of any of the fens studied. This was expected for the NK-limited MDL-
fen, but biomass production should increase and species diversity should decline 
after long-term P-addition in the NP- and P-limited fens (e.g. Wassen et al. 2005). It 
is, however, very likely that species diversity eventually decreases in the P-fertilized 
subplots of the NP- and P-limited fens, since the cover of some fast-growing species, 
such as Agrostis canina and Carex elata, increased after three years of fertilization. 
Furthermore, the increase in Calliergonella cuspidata and the simultaneous sharp 
decrease in S. scorpioides and S. cossonii show that bryophyte composition had already 
changed in these two fens. This change in bryophyte cover, which was especially 
observed in December when aboveground vegetation was mown and light availability 
was not restricted, is typical of P-eutrophication in P-limited rich fens (Kooijman 
1993b). The replacement of Scorpidium spp. by C. cuspidata may eventually result in a 
succession to Sphagnum-dominated fens, since C. cuspidata is more rapidly overgrown 
by large acidifying Sphagnum spp., such as S. squarrosum Crome and S. palustre L., than 
S. scorpioides (Kooijman & Bakker 1995).



Fertilization-experiment: edaphic differences explain N- and P-limitation in rich fens

139

6

Responses to N-fertilization
In contrast to P-fertilization, species richness declined in all fens after three years of 
N-fertilization. This decrease in species diversity may be explained by two mechanisms 
(Verhoeven et al. 2011): (a) an increase of the aboveground biomass production as a 
result of N-addition, which leads to a decline of the light availability at the soil surface, 
and (b) toxic effects as a consequence of NH4-addition. This study shows that different 
mechanisms may act in different rich fen types. 
 As expected, aboveground biomass production and light availability did not 
change in N-fertilized subplots of the P-limited ST-fen with S. scorpioides. In this case, 
the decrease in species diversity was presumably due to high NH4-concentrations 
in the soil pore water of about 350 μmol L-1. These high NH4-concentrations were 
probably partly caused by the dissolution of NH4NO3-granules, but possibly also by 
dissimilatory NO3-reduction to NH4 (DNRA) under anaerobic conditions (Rütting 
et al. 2011). The latter may also explain the increased alkalinity in these N-fertilized 
subplots (Stumm & Morgan 1996). Under these NH4-rich conditions, the cover of 
S. scorpioides also decreased sharply, which is in accord with experimental studies on 
NH4-toxicity (Paulissen et al. 2004). 
 In the NP-limited VW-fen with S. cossonii, N-fertilization resulted both in an 
increased aboveground biomass production and in high NH4-concentrations. In 
this case, it was impossible to separate the effects of both mechanisms and to point 
out which one was responsible for the disappearance of endangered species and the 
decline of S. cossonii. An additional study, in which not only the fertilization treatments 
but also the addition of light to the fen understory is taken into account, as carried out 
by Hautier et al. (2009) in grassland communities, may elucidate the contributions of 
both mechanisms. 
 N-fertilization did, however, not lead to high NH4-concentrations in the soil pore 
waters of the NK-limited MDL-fen with H. vernicosus. Instead, NO3-concentrations 
were raised in this fen. Presumably due to aerobic NH4-oxidation (nitrification) 
during pronounced periods of relatively low water tables, as described in other studies 
(Williams & Wheatley 1974; Grootjans et al. 1985; Neill 1995). The disappearance 
of endangered indicator species and the declined cover of H. vernicosus in N- and 
K-fertilized subplots of the NK-limited MDL-fen should, therefore, be attributed to 
the increased biomass production and resulting decrease in light availability. 

Implications for fen management

This study clearly shows that the biogeochemical conditions of fens have a major 
impact on the nature of nutrient limitation. Fens with low concentrations of available 
N in the soil will often be (co)limited by N, while fens with low plant-available P will 
often be (co)limited by P. Since the conservation and restoration of biodiverse rich fens 
strongly depends on the nature of nutrient limitation (Verhoeven et al. 1996; Lamers 
et al. 2002; Lamers et al. 2014), management approaches (including source reduction) 
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should be based on the biogeochemical conditions in a fen system. Otherwise, a 
succession to more acid Sphagnum -dominated fens may occur (e.g. Kooijman & 
Paulissen 2006).
 Since the aboveground biomass production in N-limited fens will depend on 
N-inputs, the composition of vascular plants and bryophytes will not be very sensitive 
to P-addition. In contrast, these systems are presumably sensitive to atmospheric 
N-deposition (Koerselman et al. 1990; Verhoeven & Schmitz 1991; Bobbink et 
al. 1998; Wassen & Olde Venterink 2009), enhanced net N-mineralization during 
pronounced periods with low water tables (Grootjans et al. 1985; Williams & Wheatley 
1988; Chapter 4) and inundations with N-rich surface water. 
 This study, however, appears to indicate that critical N-loads (Bobbink et al. 1998) 
differ between different fen types. N-inputs will presumably have less impact on the 
biomass production of P-limited rich fens (e.g. Verhoeven & Schmitz 1991), unless 
there is concomitant P-eutrophication. Despite less effect on biomass production, it 
should be born in mind that long-term atmospheric deposition may results in high 
NH4-concentrations that can be toxic to some of the endangered vascular plants and 
brownmosses in these P-limited fens (Verhoeven et al. 2011). 
 An increase in P-input is, however, the main risk for most P-limited rich fens. This 
will not only lead to enlarged aboveground biomass production, but may also change 
the species-rich bryophyte cover by replacing calcicolous mosses, such as S. cossonii, 
S. scorpioides and C. stellatum, by more eutrophic or acid mosses, such as C. cuspidata, 
S. squarrosum and S. palustre (Kooijman 1993b; Kooijman & Bakker 1995). So, these 
P-limited fen types will presumably be affected by enhanced net P-mineralization 
during long periods of severe drought (Chapter 4) and regular inputs of P-rich 
inundation water during short-term flooding events (Olde Venterink et al. 2003). Also, 
internal P-mobilization during long-term inundations may be problematic for relative 
Fe-rich P-limited fens (Lamers et al. 2002; Zak et al. 2010; Chapter 3), especially when 
the supplied water is SO4-rich (Lamers et al. 1998b; Lamers et al. 2002). 
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