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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 m®) treated with different
amounts of NPK fertiliser: 0-12 g m™ nitrogen, 0-3.9 g m” phosphorus and 0-23 g m”
potassium. Flowering was recorded during the two growing seasons following planting,
while above-ground biomass as well as nutrient concentrations were determined in Sep-
tember 1998 and July 1999.

3 Total biomass production (dry mass) ranged from 600 g m” (unfertilised plot) to
850 g m” (addition of > 1 g N m™) in the first year, and from 419 g m™ (unfertilised plot)
to 759 g m” (maximal fertiliser addition) in the second year. Higher rainfall in the sec-
ond year than in the first led to wetter conditions; the water level differed among plots
and strongly affected biomass production.

4 Carex flava 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 Silene flos-cuculi
showed maximum biomass production with intermediate fertiliser addition. All species
were negatively affected by flood except M. aguatica 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 dis-
tribution, 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 perform-
ance in dealing with harsh environmental
conditions such as anoxia caused by water-
logged soil, flooding stress or short nutrient
supply (Shaver 1983; Armstrong et al. 1994;
Weiher et al. 1996) and by their ability to com-
pete with each other (Gaudet & Keddy 1995).
Interspecific competition generally reduces
the distribution of species with respect to en-
vironmental 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 er al. 1998; but see
also Mahdi et al. 1989)

Often the effects of environmental condi-
tions and competition interact. Thus, changes
in nutrient availability can affect the competi-
tive balance of plant species with different re-
source requirements. When grown in mono-
culture, even species from nutrient-poor sites
generally increase their biomass production
with enhanced fertiliser supply (e.g. McGraw
& Chapin 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, slow-
growing, rare species adapted to nutrient-
poor 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

sedge- or Moliniac-dominated plant communi-

ties, building a narrow or extended zone of

mixed communities (Boller-Elmer 1977,

Zelesny 1994). Thus, wetland border zones

tend to constitute a steep environmental gra-

dient along which plant species show different
response curves (Zelesny 1994; Giisewell &

Klotzli 1998). Some species are mostly re-

stricted to a certain position along the gradi-

ent, whereas others are found over wide dis-
tances with changing abundance and vitality

(Zelesny 1994). It is frequently observed that

tall forb borders expand (Klétzli 1979). Since

seedling establishment is of reduced impor-
tance 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 wet-
land species change along a nutrient gradi-
ent?

» Which is the minimal amount of nutrient
addition causing marked shifts in species
performances — can a “critical load” be de-
fined?

+ Are species responses in the experiment re-
lated 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 ex-
periment with their occurrence in fen mead-
OWS.
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Methods

EXPERIMENTAL DESIGN AND PLANT
MATERIAL

A field experiment was set up in a fen drained
in 1943 and used for agricultural production
until 1995 near Hiittwilersee (Canton Thur-
gau, 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 be-
tween 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
surface. In spring 1999, plots were sur-
rounded by corrugated plastic sheets to for-
tify the walls and to prevent disturbance by
mice.

Eighteen wetland species from Central Eu-
rope were used for the experiment: Antho-
xanthum odoratum L., Carex elata All., Carex
Nlava L., Centaurea angustifolia Schrank, Cir-
sium 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., Ra-
nunculus flammula L., Schoenus sp., Selinum
carvifolia L., Silene flos-cuculi (L.)Clairv.,
Succisa pratensis Moench. Plants were grown
from seeds collected in fen meadows not fur-
ther 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 recom-
mendations of Maas (1989), and all species
were sown on 11 March 1998 in the green-
house. Seedlings were transplanted into the
experimental plots on 3-4 June 1998. Leav-
ing 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

Bollens (2000) for details. Nomenclature fol-
lows Hess ef al. (1991)

FERTILISER TREATMENTS

The ten plots were randomly attributed to
nine fertilisation treatments (different addi-
tions of fertiliser) and one control treatment
(no fertilisation). In the treatment with maxi-
mal fertilisation, nutrients were added in the
amounts recommended for meadows mown
five times per year, i.e. 12 g m” nitrogen, 3.9 g
m” phosphorus and 23 g m” potassium (Wirz-
Kalender 1995). In the other treatments, these
amounts were reduced following a geometric
series with successive levels differing by a fac-
tor of 0.6 in the first year and 0.5 in the second
year. Thus, the lowest level of addition was
0.2 g Nm™a" in the first year and 0.047 g N
m~ a” in the second year. P and K were sup-
plied in amounts proportional to those of N,
so that N:P = 3 and N:K = 0.5 in all treat-
ments.

A basic nutrient solution was produced by
dissolving 6.46 g KH,PO,, 17.76 g KNO, and
21.41 Ca(NO,),*4H,0 in 1 1 distilled Water,
resultingin5gN, 1.5gP,8.7gKand 3.6 gCa
per litre. For fertiliser application, the appro-
priate amount of nutrient solution was diluted
with 5 1 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 applica-
tions) and from early April to the end of June
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 spe-
cies per plot were pooled. Plants were dried at
60 °C and weighed. Total N and P concentra-
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tion in dried plant material was determined
by Kjeldahl digestion followed by colori-
metric analysis. P. farinosa and S. pratensis ro-
settes 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 (short-
lived inflorescences of R. flammula and S. flos-
cuculi) or once at the time of harvesting (other
species). “Flower units” were single flowers
(R. flammula, S. flos-cuculi), capitulae (C.
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angustifolia, C. palustre), ears (A. odoratum, C.
elata, C. flava, M. coerulea, M. aquatica) or
flowering shoots (L. europaeus, L. salicaria).

The mean water level was recorded during
the second growing season (measured bi-
weekly at three points within each plot) be-
cause 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
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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 of N
added; P addition was 1/3 of this 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 adjusted for water level by subtracting from original biomass values the variation

explained by water level.
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Table 1. Standardised regression coefficients and significance of the linear regression of log-transformed biomass
(g m”) against fertiliser addition (g N m” a’, log-transformed) or water level in 1998 (first year) and in 1999
(second year); *=P < 0.05;, *=P < 0.0, **=P < 0.001

1998 1999
Species fertiliser fertiliser water
Anthoxanthum odoratum 0.25 0.21 -(0.84 **
Carex elata -0.07 -0.54 -0.59
Carex flava 0.44 -0.52 -0.74 *
Centaurea angustifolia -0.14 0.08 -0.88 *#*
Cirsium palustre -0.41 0.33 -0.31
Filipendula ulmaria 0.11 0.20 -0.80 **
Lycopus europaetis 0.67* 0.87** -0.12
Lysimachia vulgaris 0.14 0.18 -0.01
Lythrum salicaria 0.05 0.46 -0.54
Mentha aquatica 0.55 0.90 **= 0.06
Molinia coerulea -0.53 -0.55 -0.69*
Ranunculus flammula -0.70 * -0.22 0.29
Selinum carvifolia 0.94 #** 0.31 -0.58
Silene flos-cuculi 0.27 0.09 -0.79 **

their occurrence in wetlands, vegetation sur-
veys were performed in 10 wetlands in Can-
ton Ziirich in August 1998 or July 1999. For
details see Bollens (2000, p. 103). The wet-
lands contained various vegetation types
(phytosociological alliances Magnocaricion,
Caricion davallianae, Filipendulion and Moli-
nion). In all wetlands transects were laid from
a eutrophicated border zone with Filipen-
dulion towards the less productive centre of
the wetland. The vegetation was surveyed in
5-8 plots per transect on an area of 2x2 m’
according to Braun-Blanquet. As a measure
of site productivity, the above-ground bio-
mass of each plot was harvested in two sub-
plots of 20x80 c¢m’, dried at 70 °C and
weighed. Each species’ optimum along the nu-
trient gradients was quantified by weighted av-
eraging (ter Braak & Looman 1986). P. farinosa
was not present at the surveyed sites.

DATA ANALYSIS

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

tion log,., was used, and for nutrient concen-
trations, log.. Flower counts were not trans-
formed. Levels of fertilisation were trans-
formed to a linear scale (with equal incre-
ments between successive levels) through
log-transformation of nitrogen supply (logy)
and extrapolation for control plots. To investi-
gate the relationship between biomass pro-
duction and nutrient addition or water level
for each species, we first fitted quadratic re-
gression 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

Plant growth was high in the first year (1998),
with plots reaching cumulated cover values
above 100%, except in the unfertilised con-
trol. L. europaeus was the dominant species
followed by L. salicaria and A. odoratum.
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ABUNDANCE OF FEN-MEADOW SPECIES ALONG A NUTRIENT GRADIENT

Table 2. Standardised regression coefficients and significance of the linear regression of the number of flower units
against fertiliser addition (g N m” a') or water level in 1998 (first year) and in 1999 (second year); *=P < 0.05;

*=P <0.01; =P <0.00]

1998 1999

Species fertiliser fertiliser water
Centaurea angustifolia 0.04 -0.32 -0.83 ik
Carex elata -0.30 0.00
Carex flava -0.67 * -0.55
Lycopus europaeus 0.29

Lythrum salicaria 0.05

Mentha aquatica -0.34

Molinia coerulea -0.24

Ranunculus flammula 0.22 -0.07 -0.32
Silene flos-cuculi 072* 0.03 -0.80 #**

In the second year (1999), plots were
dominated by A. odoratum in early spring
and by C. elata tussocks at harvest time.
Three species (H. perforatum, Schoenus sp.,
P. farinosa) could no longer be found at the
end of the second growing season, and two
species (M. coeruleaand S. pratensis) only re-
mained as a few small specimens. C. palustre
also occurred only in small numbers but
some individuals were very tall and even
produced flowers.

ABOVE-GROUND BIOMASS

Total above-ground biomass production in
the first year (1998) ranged from 602 to 896 g
m” (dry mass). It increased gradually from
600 g m™ (unfertilised control) to 891 gm”
(supply of 1 g N m™) and then levelled off
(Fig. 1A). Total biomass at nutrient level 6
was particularly low, which could not be ex-
plained by a higher loss of individuals from
productive species or higher mice activity,
nor by lower nutrient supply reflected in ex-
tractable soil nutrients after harvest. Thus,
this quadrat was treated as an outlier and ex-
cluded from data analysis.

In the second year (1999), high water levels
inhibited biomass production considerably.
Total biomass production was therefore lower
than in the first year, with values between 419
and 759 g m” (Fig. 1B), and it was negatively
related to the mean water level measured in
the plots in spring 1999 (Fig. 1C). If biomass
production was adjusted for differences in the
degree of flooding (using the residuals of a lin-
ear regression of biomass against mean water
level), a positive relationship with fertilisation
addition was found (Fig. 1D). However, in
contrast to 1998, this positive relationship was
mostly due to the two plots with highest ferti-
liser addition having higher biomass than the
others (Fig. 1D).

Only a few species responded clearly to fer-
tiliser addition (Fig. 2). In the first year, L.
europaeus and S. carvifolia increased biomass
with increased fertiliser addition, whereas R.
Sflammula decreased (Table 1). In the second
year, M. aquatica and L. europaeus increased
biomass with increased nutrients whereas M.
coerulea and C. flava tended to decrease (but
not significantly). Quadratic regressions (test-
ing for a unimodal dependence of biomass

64
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production on nutrient supply) were not sig-
nificant 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
t023 g N'm™ and from 1.8 t0 2.7 g Pm™ in the
first year and correlated well with nutrient ad-
dition (for N: * = 0.56, P< 0.05; for P: /° =
0.83, P < 0.001). Results for the second year
were similar, although the export of N was
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lower than in the first year (6 to 11 gN m? 1.5
to 3.8 g P m”).

Nitrogen concentration in plants (all spe-
cies 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 concen-
tration was not significantly related to ferti-
liser 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 in the first year
and from 3.2 to 5.0 mg g"' 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
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were represented by the amount of N 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. 14)
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In both years, plant phosphorus concentra-
tion responded positively to fertiliser addi-
tion, if the outlier (fertiliser level 6) was ex-
cluded, but the relationship was only signifi-
cant in the second year (Fig. 3C,D).

The stronger response of phosphorus con-
centration than of nitrogen concentration led
to a decline in N:P ratios with enhanced ferti-
liser 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.

FLOWERING

In the first year L. europaeus, L. salicaria, R.
fammula, S. flos-cuculi, C. angustifolia and,
sporadically, M. coerulea and M. aquatica ex-
pressed flowers (the latter species were ex-
cluded from statistical analyses). Production
of flower units was significantly positively
correlated with nutrient addition for S. flos-
cuculi (Table 2). No significant effect of nutri-
ent addition could be detected for the other
species.

In the second year seven species produced
flowers. A. odoratum started with flower pro-
duction 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
(ca. 450 m” vs. 50 m™). C. palustre produced
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), espe-
cially for C. flava. All 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.

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. Carex flava, Ranunculus
flammula and Lycopus europaeus occurred
mostly at low-productive sites (weighted aver-
age above-ground biomass < 300 g m™). Fili-
pendula ulmaria, Lysimachia vulgaris and
Anthoxanthum odoratum occurred at the most
productive sites (weighted average above-
ground biomass > 350 g m”).

To compare the occurrence of the species
along nutrient gradients in the field with the
effect of nutrient addition, this effect was cal-
culated by dividing biomass in the lowest fer-
tilised 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”) ten-
ded to respond more strongly to fertilisation
(biomass enhanced by 48% in 1998, and by
67% in 1999) than species from less produc-
tive habitats (+24% in 1998, +31% in 1999)
but the means did not differ significantly.

Discussion

LIFE HISTORIES AND GROWTH STRATE-
GIES AS DETERMINANTS OF SPECIES
RESPONSES TO FERTILISATION

In this experiment all species survived during
the first growing season, but several had dis-
appeared by the end of the second growing
season. The same 18 species as used in this
study were grown in a pot experiment with-
out competition under restricted nutrient sup-
ply (Bollens 2000). All of them developed
well (with the exception of H. perforatum).
Therefore it can be assumed that in the field
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experiment Schoenus sp. and P. farinosa, both
being small-growing species, were inhibited
mostly by light or space competition. P.
Jarinosa is known to establish only success-
fully 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 fertili-
sation levels the individuals of these highly
productive species interacted: A4. odoratum
reached its maximum (50%) at level 4 where
both L. europaeus and L. salicaria had a mini-
mum in percentage of total biomass. In plots
with a high biomass of L. europaeus and L.
salicaria, the biomass of A. odoratum was rela-
tively 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 proc-
ess in stabilising community biomass produc-
tion (Tilman 1996). In our experiment, differ-
ent species had an advantage when highly
productive species (A. odoratum, C. angusti-
Jolia, M. aquatica and M. coerulea) were im-
paired.

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 above-
ground 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 fac-
tor produced this change in dominance. C.
elata was clearly discriminated by growing

slowly in the starting phase of the experiment,
but immediately after the first harvest, the
plants displayed a compensatory growth re-
sponse. 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 har-
vest, did not show a compensatory growth
response. Although this species can be found
in areas flooded annually, as well as on water-
logged soils (Neuhduslova 1979) the percent-
age 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 sec-
ond 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, colo-
nising 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 indica-
tor value 3) to dominate even the unfertilised
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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 con-
centrations in above-ground biomass also in-
dicated a sufficient nutrient supply. Both ni-
trogen 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 ef al 1963).
In the first year, additional nitrogen was trans-
ferred into additional plant biomass and plant
tissue concentrations were the same under all
treatments. In autumn, soil nutrient concen-
trations indicated a nutrient surplus. Contrary
to nitrogen, phosphorus concentrations in-
creased with enhanced fertiliser addition and
indicated a luxury consumption of that nutri-
ent. In the second year, nitrogen concentra-
tion 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'a' + 0.7 kg Pha' a” up to an addition of
10kgNha'a' +3kgPha'a’. Field fertiliser
experiments performed by Kirkham e al
(1996) showed that small increases in soil fer-
tility (25 kg N ha” a™ + P) lead to significant
changes in the composition of the plant com-
munity.

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
rarely (Egloff 1983; Zelesny 1994; van Duren
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

with the successional stage (Koerselman &
Verhoeven 1992; Olff & Pegtel 1994), atmos-
pheric N deposition (Aerts e al. 1992;
Verhoeven et al. 1996), or changes in manage-
ment (Kirkham er 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 limita-
tion, in our opinion the “critical loads” ap-
proach (e.g. Bull 1992) is not applicable for
European wetlands. An input of 20-35 kg N
ha' a’ as mentioned by Bobbink & Roelofs
(1995) causes biomass enhancement accord-
ing to our first-year results. Admittedly, we
have to consider that we added not only nitro-
gen 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 vegeta-
tion. Indeed, in the second year of our experi-
ment, biomass was only enhanced by the
higher levels of fertilisation.

EFFECTS OF FLOODING

Most species survived the long-lasting deep
flooding during the second growing period of
this experiment, which is consistent with
other investigations (Peintinger 1990; Lens-
sen et al. 1998). Flooding affected both bio-
mass production and flower expression. Re-
duced fitness regarding production of inflo-
rescences due to inundation was observed
likewise by Peintinger (1990). Rosette species
and grasses were obviously more strongly af-
fected than other species. Water level was the
most important factor inhibiting biomass pro-
duction 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

68

Bulletin of the Geobotanical Institute ETH, 67, 57-71



U. BOLLENS & D, RAMSEIER

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 high-
est levels of fertilisation. Thus, under suffi-
ciently wet conditions eutrophication would
not lead to the formation of tall forb stands.

RESPONSES IN THE EXPERIMENT
COMPARED TO SPECIES DISTRIBUTION IN
THE FIELD

We had hypothesised that species from more
productive sites would respond more strongly
to fertiliser addition, since such a difference in
response has been observed in laboratory ex-
periments comparing the growth of species
from different habitats at high and low nutrient
supply (e.g. Fichtner & Schulze 1992; Elberse
& Berendse 1993; Garnier 1998). This differ-
ence has been used to explain shifts in species
composition occurring after eutrophication:
species that are able to benefit most from
higher nutrient supply would become domi-
nant. In our experiment, the expected differ-
ence in response to fertiliser was found as a
tendency when species were subdivided in two
groups according to the productivity of their
sites (<325 gm™ and > 325 g m™), but this was
not significant. If we assume that our hypoth-
esis was basically correct, there may be three
reasons for this lack of significance. First, even
the plot with lowest level of fertiliser addition
was rather productive due to the high nutrient
content of the unfertilised soil. Thus, our ex-
periment considered a different range of nutri-
ent conditions than the conditions prevailing at
the investigated field sites. Second, the long-
term response of species to low, but continued
nutrient inputs may differ considerably from
their response in a short-term experiment
where plants are grown from seedlings. Third,

the ability of species to respond to nutrient ad-
dition may have been influenced by the high
water level in the second year. In conclusion,
our experiment has suggested that different re-
sponses to nutrient addition may be an impor-
tant 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 ben-
efit from enhanced nutrient supply.
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