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Summary
1

Species composition in wetlands depends besides other factors on nutrients levels.

Therefore nutrient inputs from adjacent farmland or atmospheric deposition can extend
the spatial distribution of species characteristic of nutrient-rich sites, with the potential
consequence of excluding species adapted to nutrient-poor conditions. In this study we
tested whether wetland species from nutrient-rich and nutrient-poor sites respond in a
different way to an experimental nutrient gradient.
2 A two-year fertiliser experiment was set up in spring 1998 in a fen formerly used for
agriculture. After the removal of 25 cm of topsoil, 18 common fen meadow species were
planted with 18 individuals per species into 10 plots (1 m2) treated with different
amounts of NPK fertiliser: 0-12 gm"2 nitrogen, 0-3.9 g rri2 phosphorus and 0-23 gm"2
potassium. Flowering was recorded during the two growing seasons following planting,
while above-ground biomass as well as nutrient concentrations were determined in
September 1998 and July 1999.
3 Total biomass production (dry mass) ranged from 600 g m"2 (unfertilised plot) to
850 g m"2 (addition of > 1 g N m"2) in the first year, and from 419 g m"2 (unfertilised plot)
to 759 g m' (maximal fertiliser addition) in the second year. Higher rainfall in the
second
year than in the first led to wetter conditions; the water level differed among plots
and strongly affected biomass production.
4 Carexfiava produced less biomass with increasing fertiliser addition, whereas Lycopus
europaeus, Mentha aquatica and, in the dry plots, Selinum carvifolia responded positively
to fertiliser addition. Centaurea angustifolia, Ranunculus flammula, and Silène flos-cuculi
showed maximum biomass production with intermediate fertiliser addition. All species
were negatively affected by flood except M. aquatica and R. flammula.
5 Species from more productive sites tended to benefit more from fertilisation than
species from less productive sites, but the difference was not significant. It is concluded
that in wetlands, differences in life histories of species and differences in their responses
to high water level can play an important role in determining which species will be able
to benefit from enhanced nutrient supply
Keywords: biomass production, competition, fertilisation, response curves, species
distribution, water level
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Abundance of fen-meadow species along a nutrient gradient
Introduction
The distribution of plant species in wetlands is
determined by their physiological performance
in dealing with harsh environmental
conditions such as anoxia caused by
waterlogged soil, flooding stress or short nutrient

supply (Shaver 1983; Armstrong et al. 1994;
Weiher et al. 1996) and by their ability to compete
with each other (Gaudet & Keddy 1995).
Interspecific competition generally reduces
the distribution of species with respect to
environmental conditions and often results in
species having optima at different positions
along a gradient. Changes in the abundance of
species along environmental gradients lead to
vegetation patterns that can be regarded as a
combination of species response curves
(Andrus 1986; Tilman 1987; Bootsma &
Wassen 1996; Kotowski et al. 1998; but see
also Mahdi et al. 1989)
Often the effects of environmental conditions
and competition interact. Thus, changes
in nutrient availability can affect the competitive
balance of plant species with different
resource requirements. When grown in
even species from nutrient-poor sites
generally increase their biomass production
with enhanced fertiliser supply (e.g. McGraw
monoculture,

& Chapin

building a narrow or extended zone of
mixed communities (Boiler-Elmer 1977;
Zelesny 1994). Thus, wetland border zones
tend to constitute a steep environmental
gradient along which plant species show different
response curves (Zelesny 1994; Güsewell &
Klötzli 1998). Some species are mostly
restricted to a certain position along the gradient,
whereas others are found over wide
distances with changing abundance and vitality
(Zelesny 1994). It is frequently observed that
tall forb borders expand (Klötzli 1979). Since
seedling establishment is of reduced importance
compared to vegetative dispersal in
wetlands (Oomes & van der Werf 1996;
Jensen 1997; Jauhiainen 1998), the expansion
of tall forb borders is primarily effected by

species already present in the fen meadows,
though small of stature and not reproducing
(e.g. de Swart et al. 1994).
To gain a better understanding

of processes

causing vegetation change in wetland border
zones we investigated the following questions

in a field experiment:
• How does the abundance of different
wetland species change along a nutrient gradient?

1989), but in mixed swards the

same species may be reduced by fertilisation
due to impairment of light conditions (e.g.

Twolan Strutt & Keddy 1996; Pauli 1998;
Wetzel & van der Valk 1998; Leps 1999).
Therefore, vegetation change due to nutrient
enrichment results in the loss of small, slowgrowing, rare species adapted to nutrientpoor conditions (e.g. Landolt 1991 ; Ellenberg
1985).

Effects of nutrient enrichment on species
composition can be directly observed in
wetlands bordered by farmland. From the
border zone, tall forb species and tall grasses
(e.g. Phragmites australis) penetrate into the
58

sedge- or Mo/mw-dominated plant communities,

•

Which is the minimal amount of nutrient
addition causing marked shifts in species
performances - can a "critical load" be
defined?

•

Are species responses in the experiment
related to their distribution along nutrient
gradients in the field?

The aim of this paper is to evaluate the
biomass production of species grown under
competition at enhanced nutrient supply and
to compare the species' responses in the
experiment with their occurrence in fen meadows.
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Methods

Bollens (2000) for details. Nomenclature

Experimental design and plant
material

follows

Hess et al. (1991)

A field experiment was set up in a fen drained

Fertiliser treatments

in 1943 and used for agricultural production
until 1995 near Hüttwilersee (Canton Thurgau,
North Eastern Switzerland). In early
spring 1998, ten plots of 1.2 m x 1.2 m were
arranged in two rows with a strip of 1 m
between them. To reduce the nutrient load of the
soil (high due to former agricultural use, cf.
Sharpley 1995; Patzelt & Pfadenhauer 1998),
and to increase the water level, topsoil was
removed to a depth of 25 cm below the soil

The ten plots were randomly attributed to
nine fertilisation treatments (different additions
of fertiliser) and one control treatment
(no fertilisation). In the treatment with maximal
fertilisation, nutrients were added in the
amounts recommended for meadows mown
five times per year, i.e. 12 g m"2 nitrogen, 3.9 g

surface. In spring 1999, plots were
surrounded by corrugated plastic sheets to

fortify

the walls and to prevent disturbance by
mice.
Eighteen wetland species from Central
Europe were used for the experiment:
Anthoxanthum odoratum L., Carex elata All., Carex
flava L., Centaurea angustifolia Schrank,
Cirsium palustre (L.)Scop., Filipendula ulmaria

(L.)Maxim., Hypericum perforatum L., Lycopus
europaeus L., Lysimachia vulgaris L., Lythrum
salicaria L., Mentha aquatica L., Molinia
coerulea (L.)Moench, Primula farinosa L.,
Ranunculus flammula L., Schoenus sp., Selinum
carvifolia L., Silène flos-cuculi (L.)Clairv.,
Succisa pratensis Moench. Plants were grown
from seeds collected in fen meadows not
further than 15 km from the experimental area in
1996/97 (except A. odoratum: obtained from
UFA seeds, Winterthur, origin unknown).
Seeds of some species were pre-treated to
promote germination following the
recommendations

of Maas

(1989), and all species
March 1998 in the

were sown on 11
greenhouse.
Seedlings were transplanted into the
experimental plots on 3-4 June 1998. Leaving
a border of 10 cm, 18 individuals of each
of the 18 wetland species were planted into
each plot in a Latin square design. See
Bulletin of the Geobotanical Institute ETH. bl, 57-71

m" phosphorus and 23 g m" potassium (WirzKalender 1995). In the other treatments, these

amounts were reduced following a geometric
series with successive levels differing by a factor
of 0.6 in the first year and 0.5 in the second
year. Thus, the lowest level of addition was
0.2 g N m"2 a"1 in the first year and 0.047 g N
m" a' in the second year. P and K were
supplied in amounts proportional to those of N,
3 and N:K
0.5 in all
so that N:P
treatments.

A basic nutrient solution was produced by
dissolving 6.46 g KH2P04,17.76 g KN03 and
Ca(N03)2-4H20 in 1 distilled Water,
resulting in 5 g N, 1.5 g P, 8.7 g K and 3.6 g Ca
per litre. For fertiliser application, the appropriate
amount of nutrient solution was diluted
5
with
of deionised water (in dry periods) or
poured directly into the standing water when
plots were flooded. In the first case the same
amount of water was added to the control
plot. Fertiliser was applied bi-weekly from
mid-June to mid-September 1998 (7 applications)
and from early April to the end of June
21.41

1

1

1999 (6 applications).

Harvest and measurements
Plants were harvested on 7-10 September
1998 and on 5-8 July 1999 by clipping 4 cm
above soil surface. All individuals of one species
per plot were pooled. Plants were dried at
60 °C and weighed. Total

N and P concentra59

Abundance of fen-meadow species along a nutrient gradient
tion in dried plant material was determined
by Kjeldahl digestion followed by colorimetrie
analysis. P. farinosa and S. pratensis
rosettes and a few individuals of other species
severely weakened due to herbivory or partial
putrescence were not harvested in the first
season to ensure survival.
As a measure of reproductive effort, 'flower
units' were counted either bi-weekly (shortlived
inflorescences of R. flammula and S.floscuculi) or once at the time of harvesting (other
species). "Flower units" were single flowers
{R. flammula, S. flos-cuculi), capitulae (C.
3.0

The mean water level was recorded during
the second growing season (measured
biweekly at three points within each plot)
because extraordinarily wet weather conditions
caused experimental plots to be flooded from
the end of March to June 1999.

Species

distribution in the field

To compare species responses to nutrient

supply under experimental conditions with
3.0

(A)

00

angustifolia, C. palustre), ears {A. odoratum, C.
elata, C. flava, M. coerulea, M. aquatica) or
flowering shoots {L. europaeus, L. salicaria).
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Fig. 1. Total above-ground biomass of the experimental plots (A) at the first harvest (1998) and (B-D) at the
second harvest (1999) in relation to nutrient and water level. Nutrient levels are represented by the amount ofN
added; P addition was 1/3 ofthis amount, and K addition was 2 x this amount. Mean water level 1999 in (C) is the
mean of bi-weekly measurements during the growing season 1999, expressed in cm above soil surface. In (D)
above-ground biomass 1999 was adjustedfor water level by subtracting from original biomass values the variation
explained by water level.
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Standardised regression coefficients and significance of the linear regression of log-transformed biomass
(g m
against fertiliser addition (g N m2 a', log-transformed) or water level in 1998 (first year) and in 1999
(secondyear); * P < 0.05; * ?< 0.01; ***= P < 0.007

Table

1.

1998

fertiliser

Species

Anthoxanthum odoratum
Carex elata

Carexfiava
Centaurea angustifolia
Cirsium palustre
Filipendula ulmaria
Lycopus europaeus
Lysimachia vulgaris
Lythrum salicaria

Molinia coerulea
Ranunculus flammula
Selinum carvifolia
Silène flos-cuculi

of 2x2

-0.84 **
-0.59
-0.74 *
-0.88 ***

-0.07
0.44

-0.54
-0.52

-0.14
-0.41
0.11

0.08
0.33
0.20

0.67*

0.87**

-0.12

0.14

0.18

-0.01

0.46

0.31

-0.54
0.06
-0.69*
0.29
-0.58

0.09

-0.79 **

m2

according to Braun-Blanquet. As a measure
of site productivity, the above-ground
biomass of each plot was harvested in two
subplots of 20 x 80 cm
dried at 70 °C and
weighed. Each species' optimum along the
gradients was quantified by weighted
averaging (ter Braak & Looman 1986). P. farinosa
was not present at the surveyed sites.
nutrient

water

0.21

their occurrence in wetlands, vegetation
surveys were performed in 10 wetlands in Canton
Zürich in August 1998 or July 1999. For
details see Bollens (2000, p. 103). The
wetlands
contained various vegetation types
(phytosociological alliances Magnocaricion,
Caricion davallianae, Filipendulion and
Molinion). In all wetlands transects were laid from
a eutrophicated border zone with Filipendulion
towards the less productive centre of
the wetland. The vegetation was surveyed in
5-8 plots per transect on an area

fertiliser

0.25

0.05
0.55
-0.53
-0.70 *
0 94 ***
0.27

Mentha aquatica

1999

Q

Q0

-0.55
-0.22

-0.31

-0.80 **

***

tion log(y+1) was used, and for nutrient
concentrations, logc. Flower counts were not
transformed. Levels of fertilisation were
transformed to a linear scale (with equal
increments between successive levels) through
log-transformation of nitrogen supply (logN)
and extrapolation for control plots. To investigate
the relationship between biomass
production and nutrient addition or water level
for each species, we first fitted quadratic
regression models and then linear models if the
quadratic term was not significant. These
analyses were carried out with the statistical
package JMP 3.2 (SAS Institute Inc. 1989).

Results

Vegetation structure and species
composition

Most data were log-transformed for statistical
analysis. For biomass data, the transforma¬

Plant growth was high in the first year (1998),
with plots reaching cumulated cover values
above 100%, except in the unfertilised control.
L. europaeus was the dominant species
followed by L. salicaria and A. odoratum.
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Data analysis
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U. BOLLENS & D. RAMSEIER
production on nutrient supply) were not
significant for any of the species, though C.
angustifolia and M. aquatica (only first year)
tended to produce maximal biomass around
nutrients levels 5 and 7, respectively.

Biomass

nutrient concentrations

Nutrient export by harvesting ranged from 16
to 23 g N m"2 and from 1.8 to 2.7 g P m"2 in the
first year and correlated well with nutrient
addition (for N: ft
0.56, P< 0.05; for P: r2
0.83, P< 0.001). Results for the second year
were similar, although the export of N was
CO
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lower than in the first year (6 to 11 g N m", 1.5
to 3.8 g P m"2).
Nitrogen concentration in plants (all species
pooled) ranged from 24 to 26 mg g" in
the first year and from 13 to 16 mg g" in the
second year. In the first year, nitrogen concentration
was not significantly related to fertiliser
addition (Fig. 3A), whereas in the second
year, fertiliser addition had a slight positive
effect on nitrogen concentration (Fig. 3B).
Mean phosphorus concentrations in plants
ranged from 2.6 to 3.4 mg g"1 in the first year
and from 3.2 to 5.0 mg g"1 in the second year.
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Fig. 3. Nutrient concentrations (A, B: nitrogen; C, D: phosphorus) in the above-ground biomass of experimental
plots (all species pooled) in relation to NPK-fertiliser addition (A, C) in 1998 and (B, D) in 1999. Fertiliser levels
were represented by the amount ofN added; P addition was 1/3 of this amount. Coefficients of determination of
linear regression shown in graphs were calculated without fertiliser level 6 (white symbols) since the latter was an
obvious outlier (cf. Fig. 1A)
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In both years, plant phosphorus concentration
responded positively to fertiliser addition,
if the outlier (fertiliser level 6) was
excluded, but the relationship was only significant
in the second year (Fig. 3C,D).
The stronger response of phosphorus
than of nitrogen concentration led
to a decline in N:P ratios with enhanced fertiliser
supply in both years (from 8.9 to 7.4 in
the first year and from 4.0 to 2.9 in the second
year). Neither nutrient concentrations nor
N:P ratios depended on the water table.
concentration

Flowering
In the first year L.

europaeus, L. salicaria, R.

flammula, S. flos-cuculi, C. angustifolia and,
sporadically, M. coerulea and M. aquatica
expressed flowers (the latter species were
excluded from statistical analyses). Production
of flower units was significantly positively
correlated with nutrient addition for S. floscuculi (Table 2). No significant effect of nutrient
addition could be detected for the other
species.

In the second year seven species produced
flowers. A. odoratum started with flower
production in early spring. Ears were not
counted exactly, but it was obvious that there
were many more inflorescences in the five
drier plots than in the heavier flooded ones
C. palustre produced
(ca. 450 m" vs. 50 m"
flowers only in the plot with fertiliser level 1,
2 and 9 (42/154/2 capitulae, respectively).
These species were not included in statistical
analysis. In three of the other species, nutrient
addition or water level significantly affected

flower production (Table 2). High nutrient
levels generally led to lower numbers of
flower units in 1999 (contrary to 1998), especially

Responses compared

to

species

distribution in the field
The species used in the experiment clearly
differed in their distribution along nutrient
gradients in the field. Carexfiava, Ranunculus
flammula and Lycopus europaeus occurred

mostly at low-productive sites (weighted average
above-ground biomass < 300 g m"2).
Filipendula ulmaria, Lysimachia vulgaris and
Anthoxanthum odoratum occurred at the most
productive sites (weighted average aboveground biomass > 350 g m"2).
To compare the occurrence of the species
along nutrient gradients in the field with the
effect of nutrient addition, this effect was
calculated by dividing biomass in the lowest
fertilised plot by biomass in the second highest.
These two plots were used for the calculation
because they were situated in the drier line
of plots, so that results based on them would
be less affected by differences in water level.
Species from more productive habitats
(weighted average biomass > 325 g m"2) tended
to respond more strongly to fertilisation
(biomass enhanced by 48% in 1998, and by
67 % in 1999) than species from less productive
habitats (+24% in 1998, +31% in 1999)
but the means did not differ significantly.

Discussion

Life histories and growth strategies
as determinants of species
responses to fertilisation
In this experiment all species survived during
the first growing season, but several had
disappeared by the end of the second growing
season. The same 18 species as used in this

AU species except C. elata
(with < 2 flower units per plot, so that data are
not very reliable), produced distinctly fewer
flowers at high water levels.

study were grown in a pot experiment without
competition under restricted nutrient supply
(Bollens 2000). All of them developed
well (with the exception of H. perforatum).
Therefore it can be assumed that in the field

66
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experiment Schoenus sp. and P. farinosa, both
being small-growing species, were inhibited
mostly by light or space competition. P.
farinosa is known to establish only successfully
where gaps loosen the vegetation (Maas
1988).

Some species like L. europaeus, L. salicaria
and A. odoratum grew very fast and obtained
high biomass in the first year. At higher fertilisation
levels the individuals of these highly

productive species interacted: A. odoratum
reached its maximum (50%) at level 4 where
both L. europaeus and L. salicaria had a
minimum in percentage of total biomass. In plots
with a high biomass of L. europaeus and L.
salicaria, the biomass of A. odoratum was
relatively smaller. The interaction between the
three species was reflected in the constant
percentage of total biomass they occupied,
which was around 80 % at high nutrient levels.
The increase of one species when another
species was harmed was found to be a process
in stabilising community biomass production
(Tilman 1996). In our experiment, different
species had an advantage when highly
productive species {A. odoratum, C. angustifolia,
M. aquatica and M. coerulea) were
impaired.

In contrast to the fast-growing species,
slower-growing but potentially tall species,
such as C. elata and L. vulgaris, had higher
biomass in the second season compared to
the first. Although production was generally

lower in the second year L. vulgaris and C.
elata increased total biomass 16- and 7-fold,
respectively, compared to the first year. C.
elata contributed less than 10% to total aboveground biomass in the first year but produced
between 36% and 65 % of total biomass in the
second year. Because C. elata grew better in
the drier plots, it is unlikely that the water factor
produced this change in dominance. C.
elata was clearly discriminated by growing
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slowly in the starting phase of the experiment,
but immediately after the first harvest, the
plants displayed a compensatory growth
response. The tussocks produced new leaves,
and even during the hot, dry late summer
1999 they tended to dominate. In contrast, L.
europaeus, which dominated until the first
harvest, did not show a compensatory growth
response. Although this species can be found
in areas flooded annually, as well as on
waterlogged soils (Neuhäuslova 1979) the percentage
of biomass produced did not exceed 6%
in the second season.
R. flammula and M. aquatica also increased
their biomass between the first and the
second
year, but probably for other reasons than
C. elata and L. vulgaris. R. flammula and M.
aquatica produced less than 5% of total
biomass in the first year. In the second year
the sward was more open due to inundation,
and these species reached light and escaped
flooding by producing runners and branches
dispersed in all directions. R. flammula is a
successful stress tolerator at nutrient-poor
sites controlled by flooding (Day et al. 1988).
However, it displays a certain "guerrilla"
strategy, being able to act as a pioneer,
colonising disturbed spots (Grootjans & Ten
Klooster 1980; M. Peintinger, pers. comm.,
Bollens 2000). Rosette plants do not display
this "guerrilla" strategy.
The experimental field had relatively high
nutrient levels even though topsoil had been
removed. Compared to other wetlands both
phosphorus and nitrogen contents in the soil
were high (Bollens 2000). During winter,
when no fertiliser was applied, nutrients were
incorporated by the vegetation and/or leached,
and in the following spring soil nutrients
showed intermediate supply. The naturally
high nutrient supply enabled species from
medium-rich stands (Landolt nutrient indicator
value 3) to dominate even the unfertilised
67
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control. With the exception of R. flammula in
the second year, species of poor soils (Landolt
nutrient indicator value of 2) never produced
more than 5% of total biomass. Nutrient
concentrations in above-ground biomass also
indicated a sufficient nutrient supply. Both
nitrogen and phosphorus concentrations, even
in the control plot, were higher than in natural
wetlands (e.g. Sackriet; Bollens 2000) and far
above the critical values (de Wit et al. 1963).
In the first year, additional nitrogen was
transferred into additional
plant biomass and plant
tissue concentrations were the same under all
treatments. In autumn, soil nutrient concentrations
indicated a nutrient surplus. Contrary
to nitrogen, phosphorus concentrations
increased with enhanced fertiliser addition and
indicated a luxury consumption of that nutrient.

In the second year, nitrogen concentration
also increased with additional fertiliser
supply which is consistent with the findings of
Vermeer (1986).

Effects of fertiliser addition
In the first year, most species increased in
biomass with fertiliser addition from 2 kg N
ha"1 a"1 + 0.7 kg P ha"1 a"1
up to an addition of
10 kg N ha"1 a"1 + 3 kg P ha"1 a"1. Field fertiliser
experiments performed by Kirkham et al.

with the successional stage (Koerselman &
Verhoeven 1992; Olff & Pegtel 1994), atmospheric
N deposition (Aerts et al. 1992;
Verhoeven et al. 1996), or changes in management
(Kirkham et al. 1996). Because of the
small amounts of fertiliser that can cause
changes in productivity and induce vegetation
change (Kirkham et al. 1996) and because
there is no general pattern for nutrient limitation,
in our opinion the "critical loads"
approach

(e.g. Bull 1992) is not applicable

for

European wetlands. An input of 20-35 kg N
ha"1 a"1 as mentioned by Bobbink & Roelofs
(1995) causes biomass enhancement according
to our first-year results. Admittedly, we
have to consider that we added not only nitrogen
but also phosphorus, which might have
led to a stronger response than nitrogen
alone, and that the response of seedlings, as
planted in this experiment, may differ from
the response of established stands of vegetation.

Indeed, in the second year of our experiment,
biomass was only enhanced by the
higher levels of fertilisation.

Effects of flooding

rarely (Egloff 1983; Zelesny 1994; van Düren
et al. 1997). At our sites the low N:P ratios in
control plots (< 10) suggested limitation by
nitrogen (Koerselman & Meuleman 1996).
However, the nature of limitation can change

Most species survived the long-lasting deep
flooding during the second growing period of
this experiment, which is consistent with
other investigations (Peintinger 1990; Lenssen et al. 1998). Flooding affected both
biomass production and flower expression.
Reduced fitness regarding production of
inflorescences due to inundation was observed
likewise by Peintinger (1990). Rosette species
and grasses were obviously more strongly
affected than other species. Water level was the
most important factor inhibiting biomass
production in the second year, and dominance
was obtained by species originating from wet,
water-soaked habitats (C. elata and M.
aquatica). Even R. flammula, a species from
nutrient-poor but wet sites, could produce a
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(1996) showed that small increases in soil
fertility (25 kg N ha" a" + P) lead to significant

changes in the composition

of the plant

community.

Biomass production in European wetlands
is mostly limited by nitrogen or phosphorus
(Aerts et al. 1992; Verhoeven et al. 1996;
Wassen & Joosten 1996; Boeye et al. 1997;
Pauli 1998). Potassium limitation is observed
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considerable percentage of total biomass in
the second year (up to 15 %). By contrast, tall
forbs are known to be inhibited by inundation
(Lenssen et al. 1998). In this experiment C.
angustifolia, F. ulmaria and S. flos-cuculi were
severely affected by flooding even at the highest
levels of fertilisation. Thus, under
wet conditions eutrophication would
not lead to the formation of tall forb stands.
sufficiently

Responses in the experiment
compared to species distribution in

the ability of species to respond to nutrient
addition may have been influenced by the high

water level in the second year. In conclusion,
our experiment has suggested that different
responses to nutrient addition may be an important
factor in vegetation change caused by
eutrophication, but that in wetlands differences
in life histories and differences in response to
high water level can play an important role in
determining which species will be able to benefit
from enhanced nutrient supply.

the field
We had hypothesised that species from more
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