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ABSTRACT

Riparian ecosystems can harbor great diversity and

provide important ecological functions such as

improving water quality. The impact of eutrophi-

cation on riparian ecosystems, however, is unclear.

We conducted a mesocosm experiment to study the

effects of nutrient loading on riparian ecosystems.

We specifically asked whether the source of nutri-

ents in the riparian zone affects the complex

interactions that occur between surface water and

adjacent wetlands. We also studied litter decom-

position in the wetland component of the meso-

cosms, because litter accumulation in fens is

assumed to control succession toward floating

mats. Each mesocosm consisted of an upland

component, referred to as the bank, and a water

compartment. The bank and water compartments

were planted with typical riparian zone and open

water fen species prior to the addition of nitrogen

(N) and phosphorus (P) in different combinations

to either the bank or the surface water. Nutrient

addition (mainly P) resulted in increased plant

production and higher expansion rates of plants on

the bank and in the water. There were also clear

interactions in plant responses between the bank

and water. Only eutrophic species increased shoot

densities after fertilization. Nutrient addition fur-

ther resulted in higher litter production, especially

on the banks, and stimulated decomposition. Both

the plant responses and the litter experiment

indicated that eutrophication would accelerate

succession to floating mats. Such floating fen mats

are not likely to have the typical species-rich

combination of desirable species; however, as our

results suggest that they would be dominated by a

few eutrophic species.
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INTRODUCTION

The interface between upland and aquatic ecosys-

tems, the riparian zone (hereafter referred to as

bank), is an important biological and physical

transition zone (Ward and others 2002). Riparian

habitats can be considered a separate type of eco-

system that is characterized by a relatively high

floral and faunal diversity. Riparian habitats also

play a crucial role in the nutrient cycle in aquatic

systems (Nilsson and Svedmark 2002; Renöfält and

others 2005). Over the past decades, increased

nitrogen (N) and phosphorus (P) inputs to terres-

trial and aquatic ecosystems have resulted in drastic

changes in the ecological characteristics of riparian

ecosystems. Although the critical role that riparian

habitats play in reducing nutrient inputs to aquatic

ecosystems has been clearly documented, the effect

of nutrient enrichment on the riparian zone is not

well known. Neither is it known whether or not

the source of nutrients to the riparian zone is

important. In many instances, nutrients reach the

riparian zone from adjacent uplands. In other in-

stances, nutrients can reach the riparian zone as a

result of eutrophication of adjacent aquatic habitats

(Saunders and Kalff 2001).

Fens in North Western Europe, including those

in the Netherlands, often have a relatively high

proportion of riparian and shoreline ecosystems as

they consist of a complex network of streams,

ponds, and wetlands. Within this complex matrix

of upland, wetland, and open water habitats, suc-

cession within open water areas results in a se-

quence of vegetation types that historically began

with a species-rich floating fen stage. However, in

The Netherlands, characteristic species that play

key roles in the colonization of open water and the

formation of floating vegetation mats have become

very rare over the past 25 years (Verhoeven and

Bobbink 2001; Lamers and others 2002; Beltman

and others 2008). Moreover, as many of the

existing floating mats have progressed through

succession into alder forests, a large number of

mat-associated species have also become very rare

(Bakker and others 1994; Van Belle and others

2006). As these fen complexes are almost always

embedded in agricultural landscapes, it seems likely

that the loss of species is related to eutrophication

either from agricultural runoff or the supply of

nutrient-rich river water into fen complexes to

maintain appropriate water levels. Although nature

conservation agencies are concerned about the loss

of species associated with floating mats, the exact

cause–effect relationship behind species losses and

eutrophication is not clear (Van Belle and others

2006). Moreover, in spite of numerous measures to

reduce nutrient inputs in overland runoff as well as

nutrient discharged into aquatic habitats, the

diversity of typical fen species remains low and

continues to decline in Dutch fens (Lamers and

others 2002; Beltman and others 2008). As floating

fens occur at the transition between water and

land, they might be affected by the quality of both.

Therefore, a better understanding of the interaction

between enrichment of the land and the surface

water and these species is required for the devel-

opment of more effective restoration measures.

There is a growing body of evidence that nutri-

ents dissolved in surface water are available for

plants in the riparian zone (Schade and others

2002; Grimm and others 2003; Hultine and others

2008). Therefore, riparian fen plants that often

clonally expand from the bank into the water and

in this way colonize the surface water are likely to

be directly affected by nutrient availability in both

bank and surface water. However, the relative

importance of dissolved nutrients in surface water

might be small, especially when compared to the

nutrient availability in mesotrophic or eutrophic

peat soils. Therefore, we aimed at unraveling the

effects of nutrient enrichment of either the bank or

surface water on the growth of fen species and their

colonization.

Nutrient availability in water and soil might also

indirectly influence colonization of open water and

succession towards floating mats. Eutrophication

will probably affect litter accumulation, which is

generally assumed to control the succession to-

wards floating mats, for example, by providing new

substratum for the roots, affecting germination,

and by changing the hydrology (Van Wirdum and

others 1992; Van der Putten and others 1997;

Bakker and others 1997). Litter accumulation is the

net result of litter production and decomposition,

and both processes are affected by eutrophication.

First, eutrophication will increase litter production

and nutrient concentrations in litter (Shaver and

Melillo 1984). Second, eutrophication will enhance

decomposition as both enrichment of litter, and the

surrounding substrate has been shown to increase

decomposition rates (Knops and others 2002; Re-

jmánková and Houdková 2006). Hence, in a

eutrophic situation, more litter is produced, but it

may also be broken down more rapidly. However,

the net effect of eutrophication on litter accumu-

lation has seldom been assessed for freshwater

wetlands (but see Rejmánková and Houdková

2006). As it is thought to fulfill an important eco-

logical role in colonization, we also aimed at
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understanding the net effect of nutrient enrich-

ment on litter quality and breakdown.

We conducted a mesocosm experiment to ad-

dress three questions: (1) How do different com-

binations of nutrient additions (N and/or P) to the

bank and surface water affect macrophyte growth

in the surface water and on the bank? (2) How do

these nutrient additions affect the colonization

strategy of different plant species? and (3) How do

they affect tissue quality and litter breakdown? We

hypothesized that plants react to the availability of

nutrients in their direct environment, and that a

relatively high nutrient availability in the water

would increase expansion to the water. The avail-

ability of nutrients could influence plant growth

and colonization in two possible ways. First, if

nutrient availability is low, plants produce less

biomass and hence would colonize over smaller

distances. Second, plants in short supply of nutri-

ents may start to explore for better sites and would

colonize over relatively larger distances per unit of

biomass when compared to nutrient-rich situations

(Grime 1977). As a result of the last hypothesis but

not of the first, we expect a decreased shoot density

per colonized distance under nutrient-poor condi-

tions. We assume that eutrophication stimulates

both litter production and decomposition and, as a

null-hypothesis, hypothesize that these processes

balance out (Rejmánková and Houdková 2006).

METHODS

With use of a mesocosm experiment which was

divided into ‘terrestrial’ and an ‘aquatic’ compart-

ments we studied the mechanisms behind coloni-

zation of open water in eutrophic and nutrient-

poor situations. Besides, we defined the effect of

nutrient addition on litter accumulation, as this is

thought to control the succession rate.

Mesocosm Experiment

Twenty-four polyethylene mesocosms (1.0 9

1.0 m, 30 cm deep) were placed at the Radboud

University Nijmegen Botanical Gardens in March

2005. Each mesocosm was divided into a ‘terres-

trial’ compartment (40% of the surface area;

hereafter referred to as bank) and a ‘water’ com-

partment (60% of the surface area), separated from

each other by a plywood board covered with anti-

rooting cloth (Figure 1A). The terrestrial compart-

ment was filled with unfertilized Sphagnum peat

(Holland Potgrond, Poeldijk, The Netherlands) and

then shaped to create a very gradually sloping bank

(from 25 to 30 cm depth). The water compartment

was filled with demineralized water and a thin

sediment layer (<5 cm) of Sphagnum peat. During

the experiment, water depth was maintained at

25 cm (±5 cm). Because the initial pH of the peat

was low (between 4 and 5), all banks were limed

with 175-g ‘‘Dolokal’’ (75% CaCO3, 10% MgCO3,

and 5% MgO) to achieve a pH between 5 and 6

before the start of the experiment. To increase and

maintain an alkalinity of 1.5 meq l -1 (a common

value in Dutch fens; Lamers and others 2006) in

the water compartment, 20 g NaHCO3 was added

to the surface water in April, May, and August

2005. Mesocosms received a background dose of

CaPO4 in May 2006 (6.7 kg P ha-1), to avoid P-

deficiency of the oligotrophic sphagnum peat after

1 year.

In April 2005, seven emergent fen species (Ta-

ble 1), Calla palustris L., Equisetum fluviatile L., Gly-

ceria maxima (Hartm.) Holmb., Juncus effusus L.,

Menyanthes trifoliata L., Ranunculus lingua L., and

Thelypteris palustris Schott, were planted in the bank

of each mesocosm. Glyceria and Juncus are typical

for eutrophic shoreline vegetation (hereafter

named: eutrophic macrophytes), whereas the other

species are associated with mesotrophic situations
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Figure 1. Experimental design of the mesocosms. A A schematic cross-section of a mesocosm in which the planted species

are indicated. B Top view of the initial situation and the situation after the third growing season, showing the treatment

where N and P were added only to the bank. Full species names can be found in Table 1.
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and the formation of floating mats (mesotrophic

macrophytes). Four aquatic species were planted in

the water compartment. Ceratophyllum demersum L.

and Elodea nuttallii (Planch.) H. St. John are typical

of eutrophic conditions, whereas Potamogeton com-

pressus L. and Stratiotes aloides L. are associated with

mesotrophic conditions. All species were collected

in Dutch fens. Other species that colonized the

mesocosms were weeded.

The 24 mesocosms were randomly allocated to

six fertilization treatments, each with four repli-

cates. The treatments, reflecting commonly occur-

ring situations in fens, were: (1) NP–NP; N and P

added to both the bank and the water compart-

ment, (2) OO–NP; N and P added only to the bank,

(3) NP–OO; N and P added only to the water, (4)

NO–OO; only N added only to the water, (5) OP–

OO; only P added only to the water and (6) OO–

OO; no fertilization. The first two letters of the

codes indicate the nutrients added to the water and

the latter two the nutrients added to the bank.

In the NP–NP and OO–NP treatments, the bank

was fertilized each year in May with CaPO4

(70 kg P ha-1 y-1)andNH4NO3, (600 kg N ha-1 y-1;

half in the form of slow release Osmocote granules).

These applications reflect very heavily fertilized

agricultural areas (Schils and Snijders 2004). N

(NH4NO3) and P (NaH2PO4) addition to the water

occurred in three-weekly doses, resulting in a yearly

dose of 6 kg P ha-1 and 25 kg N ha-1, leading to the

concentrations that occur in polluted surface waters

in fens (Lamers and others 2006).

Seasonally, the water compartment was sampled

by collecting 100 ml of water in iodated polyeth-

ylene bottles. Simultaneously, pore water in the

bank compartment was sampled at three distances

from the water line (10, 20, and 30 cm), using a

10-cm long Rhizon soil moisture sampler (Eijkelk-

amp Agrisearch Equipment, Giesbeek, The Neth-

erlands) and vacuum glass infusion bottles (30 ml).

At the end of each growing season, plant cover of

the emergent macrophytes was estimated for both

bank and water compartments separately. Non-

destructive parameters of shoot growth and clonal

expansion were measured (Table 1). In September

2007, at the end of the third growing season, all

aquatic species and the aboveground biomass of the

emergent macrophytes were harvested and sorted

into dead (brown) and living material (green) per

species and per compartment. The samples were

dried for 24 h at 70 �C, weighed, and ground to

determine N and P concentrations (see below).

Decomposition

To estimate net litter accumulation in both en-

riched and poor situations, a litter bag decomposi-

tion experiment was conducted with litter from

Table 1. Yearly Measured, Non-destructive Growth and Colonization Parameters per Species

Initial number

of plants

planted

Initial fresh

weight (g)

per mesocosm

Growth parameter

per compartment

Clonal growth

Bank species

Calla palustris L. 3 50.6 ± 8.4 Number of leaves Distance between the two

most remote plants

Equisetum fluviatile L. 3 11.1 ± 2.1 Number of shoots Distance between the two

most remote plants

Glyceria maxima (Hartm.) Holmb. 2 14.0 ± 4.1 Number of shoots Distance between the two

most remote plants

Juncus effusus L. 4 15.8 ± 1.6 Number of shoots Tussock diameter

Menyanthes trifoliata L. 3 28.0 ± 5.3 Number of leaves Distance between the two

most remote plants

Ranunculus lingua L. 2 23.0 ± 11.7 Number of leaflets Distance between the two

most remote plants

Thelypteris palustris Schott 2 15.7 ± 4.1 Number of leaves Distance between the two

most remote plants

Aquatic species

Ceratophyllum demersum L. 10 21.9 ± 1.1 Number of shoots Total stem length

Elodea nuttallii (Planch.)

H. St. John

10 4.0 ± 0.2 Number of shoots Total stem length

Potamogeton compressus L. 2 2.7 ± 0.9 Number of shoots Total shoot length

Stratiotes aloides L. 3 55.1 ± 9.9 Number of rosettes Summed rosette

diameter
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Glyceria that was harvested in September 2006.

Glyceria was chosen because this species produced a

substantial amount of litter in the majority of the

mesocosms. Litter from fertilized banks (enriched

litter) and non-fertilized banks (poor litter) was

kept separate. The litter was air dried, cut to smaller

pieces (5 cm), and put in 10 9 10 cm mesh bags

(0.3 mm). In early November 2006, these were

inserted vertically to a depth of 5–7 cm in the bank

compartment of the NP–NP and OO–OO treat-

ments. Bags were retrieved after 3, 6, 9, and

10 months. For the poor litter, harvesting took

place after 6 and 10 months due to limited quantity

of litter type. Retrieved litter was carefully cleaned

and dry weight, N and P concentrations were

determined.

Chemical Analysis

The pH of water samples was measured directly

using a combined pH electrode with an Ag/AgCl

internal reference (Orion Research, Beverly, Cali-

fornia) and a TIM800 pH meter. Subsequently,

surface water samples were filtered through glass

microfiber filters (type GF/C, Whatman, Brentford,

UK) followed by the addition of citric acid

(0.6 mmol l-1) to prevent metal precipitation. The

samples were stored in iodated polyethylene bottles

at -20�C until further analysis. Concentrations of

NO3
- and NH4

+ in the water samples were mea-

sured colorimetrically with an Auto Analyzer-3

system (Bran and Luebbe, Norderstedt, Germany),

using hydrazine sulfate (Kamphake and others

1967) and salicylate (Grasshoff and Johannsen

1972), respectively. Total P was measured using an

ICP Spectrometer (IRIS Intrepid II, Thermo Elec-

tron Corporation, Franklin, Massachusetts). A

homogenized portion of 150-mg dried plant mate-

rial was used to determine N and P concentrations

in Glyceria using a salicylic acid thiosulfate modifi-

cation of the Kjeldahl digestion (Bremner and

Mulvaney 1982). N and P concentrations were

determined colorimetrically on a continuous flow

analyzer (SA-40, Skalar Analytical, Breda, the

Netherlands).

Data Analysis

A repeated measure ANOVA was carried out to test

the effect of treatment (between-subjects factor) on

the increase of emergent macrophyte cover in the

water compartment over time (within-subjects

factor). For all other growth and colonization

parameters (nutrient concentrations, total biomass,

species richness, diversity, evenness, colonization

parameters; see Table 1, nutrient concentrations in

the plant and nutrient use efficiencies), differences

between treatments were tested with a one-way

ANOVA. Dunnett’s post hoc tests were preformed

afterward, comparing all treatments to the control

(OO–OO) treatment. The treatment effects were

tested separately for the bank and the water com-

partment.

To test differences between nutrient concentra-

tions in the surface water and pore water samples

between the treatments, we used the overall mean

of the different sampling dates per mesocosm, log

(x + 1) transformed to improve homogeneity of

variance. Pore water concentrations from different

positions on the bank were averaged, as they were

significantly indifferent. Cover data and total spe-

cies richness of the last growing season were used

to calculate Simpson’s diversity index (D) and

evenness (E) (Appendix 2 in Supplemental Mate-

rials for formulas; Begon and others 1996). The

four aquatic species were considered one functional

group and hence their biomasses were summed per

mesocosm. N and P use efficiency (NUE and PUE,

respectively) of Glyceria were calculated under the

assumption of steady state conditions as the yearly

aboveground litter production (g) divided by the

total nutrient loss (mg) via plant litter (Vitousek

1982). All statistical analyses were carried out in

SPSS 16.0.

RESULTS

Mesocosm: Nutrients

Overall, the nutrient additions were significantly

reflected in the nutrient concentrations in the bank

pore water and surface water (Appendix 1 in

Supplemental Material). Besides, P concentration

in the water compartment increased by fertilization

of the bank (Appendix 1 in Supplemental Mate-

rial). Nutrient addition to the water compartment

did not significantly increase concentrations in

bank pore water. The pH of bank pore water ranged

from 5.4 to 5.8 and the pH of the water compart-

ment from 6.7 in the treatments where the bank

was fertilized to 7.3 in the other treatments (one

way ANOVA P < 0.001; Appendix 2 in Supple-

mental Materials).

Mesocosm: Vegetation Development

During the first year, ramets of Calla and Menyan-

thes expanded from the bank to the open water

compartment. Glyceria, Equisetum, and Ranunculus

ramets grew into the water compartment after the

second growing season. Thelypteris ramets did not

appear in the water compartment and most plants

The Response of Shoreline Vegetation to Enrichment 1279



died during the study. The percent cover of mac-

rophytes appearing in the water compartment in-

creased significantly over time (Repeated measures

ANOVA; P < 0.001; Figure 2), and the highest

values occurred in mesocoms where nutrients were

added to the bank (Dunnet’s post hoc P > 0.001).

Whereas the mesotrophic species almost doubled

their cover of the water over the last two growing

seasons (for example, NP–NP treatment; 70% in-

crease), the increase of Glyceria cover was much

higher (1400%). After three growing seasons, both

compartments of the NP–NP and OO–NP treat-

ments were completely covered with emergent

macrophytes (Figures 1B, 2). Menyanthes had the

highest cover in the water compartments

(20–60%). In the same treatment, Glyceria and

Juncus dominated the bank compartment (together

covering 30–70%). In the other treatments cover

ranged between 20–30% in the bank and 5–20% in

the water compartment (Figure 2). Besides, the

water compartments of the NP–OO, OP–OO, and

NO–OO, treatments were (partly) covered with

floating filamentous algae (data not shown).

Due to the expansion of the bank macrophytes

into the water compartment in the treatments with

nutrient addition to the bank, the number of spe-

cies and the Simpson’s diversity index significantly

increased in the water compartment (One-way

ANOVA, P < 0.001; Appendix 2 in Supplemental

Materials). There was a trend that the evenness was

lower in the treatment where nutrients were added

to the bank (one-way ANOVA P = 0.078; Appendix

2 in Supplemental Materials), indicating domi-

nance (by Juncus and Glyceria).

The differences in cover percentages were

reflected in differences in the total aboveground

biomass (Figure 3). Both eutrophic and mesotro-

phic macrophytes produced significantly more

biomass on the bank and in the water compartment

after NP addition to the bank (Figure 3; Table 2).

Aquatic species almost disappeared and the emer-

gent macrophytes growing from the bank almost

entirely filled the water compartments (Figure 2).

In the treatments where P was added only to the

surface water, total biomass increased both on the

bank and in the water. On the bank, only eutrophic

species (mainly Juncus) increased in biomass,

whereas in the water compartment, the mesotro-

phic emergent macrophytes increased (Figure 3;

Table 2). Aquatic species (mainly Elodea and Cer-

atophyllum) had the highest biomass in the OP–OO

treatment (Figure 3; Table 2). Whenever P was

available in the water compartment, between 20

and 50% of the total mesocosm biomass was

located in the water compartment.

The measures of clonal expansion were lower in

the water compartment than on the bank

(Table 1), and the highest values were associated

with fertilization of the bank compartment, except

for Ranunculus (Figure 4A). Nutrient additions to

the water only had an effect on rhizome growth of

Menyanthes in the OP–OO treatment (P = 0.05;

Figure 4A). The shoot densities of Juncus and Gly-

ceria were significantly higher when nutrients were

added to the bank in the NP–NP (P > 0.006 and

0.08) and OO–NP (P > 0.02 and 0.02) treatments.

Nutrient enrichment of the water did not result in

differences in growth structure for any species

growing on the bank (Figure 4B).

Figure 2. Mean total cover of the emergent macrophytes

in the water compartment in the different treatments.

Figure 3. Total biomass (g dry weight) of aquatic species,

eutrophic and mesotrophic emergent macrophytes on

the bank (0.4 m2) and in the surface water (0.6 m2) in

the treatments after the 3rd growing season.
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Litter Accumulation

As biomass production was stimulated by enrich-

ment of the bank (Figure 3), litter production by

Glyceria was much higher in the enriched treat-

ments, both in the water and on the bank (Ta-

ble 3). Nutrient concentration in litter increased

significantly in the NP–NP and OO–NP treatments

(Table 3) as a result of increased nutrient concen-

trations in living tissue (significant for P; Table 3).

NUE and PUE were significantly lower on the

banks of those treatments (Table 3). Nutrient

addition to the surface water did not affect the litter

quality significantly.

Litter quality did not affect decomposition rates

(Figure 5). However, both litter types decomposed

significantly faster in the NP–NP treatment, indi-

cating that there was a strong influence of site

conditions on decomposition (two-way ANOVA;

P = 0.001). The calculated net effect of increased

litter production and increased decomposition was

an increase in the amount of standing litter after

10 months in the NP–NP treatment for Glyceria lit-

ter (Table 4). During decomposition, both N and P

concentrations decreased in the litter in the NP–NP

treatment, whereas concentrations increased in the

OO–OO treatment. As a result, large amounts of

nutrients could be mobilized during decomposition

in the NP–NP treatment, whereas in the OO–OO

treatment a P immobilization occurred (Table 4).

DISCUSSION

Although the critical role that riparian habitats play

in reducing nutrient inputs to aquatic ecosystems

has been clearly documented, the effect of nutrient

enrichment on the riparian zone is not well known.

Therefore, we evaluated the importance of nutrient

enrichment of water and bank for (1) the growth of

shoreline species, (2) their colonization strategy,

and (3) the litter quality and accumulation in

shorelines of fens.

Effects on Plant Growth

The results clearly show that nutrient levels in the

surface water and in the bank both affected the

growth and clonal expansion of the plants. Species

planted in the bank compartment expanded into

and became dominant in the water compartment,

especially when nutrients were added to the bank

compartment. We only found that the addition of

nutrients in the water compartment affected plants

when nutrient concentrations in the banks were

low. Other studies that report effects of nutrient

concentrations of surface water on riparian vege-

tation were also conducted in relatively nutrient-

poor systems (Schade and others 2005; Hultine and

others 2008; Banach and others 2009; Geurts and

others 2009) and enrichment of the bank could

obscure the effects of water quality (Geurts and

others 2009). Nutrients in surface waters are

hypothesized to increase the biomass of the plants

on the bank via two mechanisms (Schade and

others 2005; Hultine and others 2008). First, by

plastically adjusting their root architecture to the

bank zone closer to the surface water (Robinson

1994; Hodge 2004), plants can directly take up

nutrients originating from the enriched surface

water (Schade and others 2005; Hultine and others

2008). Second, Schade and others (2002) found

indications that enrichment of the surface water

stimulates mineralization of organic compounds in

the whole infiltration zone, thus increasing nutri-

ent availability for plant growth in a wider zone

compared to the previous mechanism. Both

mechanisms could have occurred in our mesocosm

experiment.

Effects on Colonization

With nutrient addition, macrophyte cover in-

creased in the water compartment as the plants

expanded through increased clonal growth. Com-

paring plant performance of species characteristic

Table 2. P and F Values of the One-way ANOVAs and Dunnett’s post-hoc test on Harvested Biomasses

NP–NP OO–NP NP–OO OP–OO NO–OO F value P value

Bank

Eutrophic species <0.01 <0.01 n.s. 0.08 n.s. 34.7 <0.01

Mesotrophic species <0.01 <0.01 n.s. n.s. n.s. 12.1 <0.01

Total <0.01 <0.01 0.12 0.03 n.s. 45.8 <0.01

Water

Eutrophic species <0.01 <0.01 n.s. n.s. n.s. 26.2 <0.01

Mesotrophic species <0.01 <0.01 <0.01 <0.01 n.s. 56.3 <0.01

Aquatic species n.s. n.s. n.s. <0.01 n.s. 11.4 <0.01

Total <0.01 <0.01 <0.01 <0.01 n.s. 61.7 <0.01
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of eutrophic and mesotrophic conditions provided

insight into the eventual effects of increased

nutrient availability on species composition of

floating mats of vegetation during succession.

Eutrophic species put more biomass into shoot

production compared to mesotrophic species,

eventually resulting in the exclusion of mesotro-

phic species due their better competitive ability

(Grime 1977). Nutrient enrichment commonly in-

duces a shift from nutrient competition towards

light competition (Grime 1977; Portielje and Roi-

jackers 1995; Smith and Smith 1998; Macek and

Rejmánková 2007), in terrestrial as well in aquatic

systems (Grimm and others 2003). This trend al-

ready became visible within our 3-year study,

suggesting even stronger effects in the longer term.

As vegetation cover approached 100% after the

third year, competition will become much more

important than it was during our experiment. Al-

though the mesotrophic species Menyanthes, which

Figure 4. A Mean colonization distance (Table 1) in the water compartment and on the bank of each species separately

(±SE). B Number of plants or shoots per cm colonized distance (±SE). *P < 0.10, **P < 0.05, ***P < 0.01. Full species

names can be found in Table 1. The number of replicates was too low to perform post hoc tests for the water compart-

ments.
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is much shorter in height than the eutrophic spe-

cies, invaded and dominated the water compart-

ment rapidly after the first year, Glyceria increased

more strongly over the later years, suggesting that

eventually, Menyanthes would be outcompeted in

the water too. We therefore speculate that these

mechanisms would eventually result in a decrease

in plant diversity of floating mats in the field as

eutrophication continues over much longer periods

there. Besides, the dominating eutrophic shoreline

species such as Glyceria and Juncus invade the water

less frequently, or not at all, by floating on the

water surface (Weeda and others 1999). Instead,

these eutrophic species more often colonize surface

water with rhizomes rooting in the bottom. Be-

cause this process will usually stop at a certain

water depth due to wave action (Riis and Hawes

2003; Azza and others 2006), light limitation (Bo-

edeltje and others 2001), or herbivory (Perrow and

others 1997; E. S. Bakker unpublished), the for-

mation of floating mats becomes less likely and the

water body will remain open.

The poor performance of the aquatic species in

the NP–NP and OO–NP treatments may also relate

to competition. There, the emergent macrophytes

growing from the bank filled the water compart-

ment almost completely, outcompeting the aquatic

species.

Effects on Litter Accumulation

Decomposition rates in Glyceria were comparable to

those in other studies on Glyceria (B. P. Van de Riet

unpublished) and our finding that decomposition

was mainly determined by site conditions is in line

with several other reciprocal litter experiments

Table 3. Biomass, Nutrient Concentrations, NUE and PUE of Glyceria

NP–NP OO–NP NP–OO OP–OO NO–OO OO–OO F value P value

Bank

Biomass living (g) 20.36 18.74 1.50 0.88 0.947 0.87 2.30 0.089

Biomass dead (g) 44.58** 49.09*** 2.93 2.83 2.59 2.15 7.03 <0.01

N in living tissue (mg g-1) 23.23 22.37 14.72 15.41 17.29 17.59 4.12 0.012

N in dead tissue (mg g-1) 18.85*** 17.19*** 8.01 9.93 10.35 9.85 16.05 <0.01

NUE (g-1) 54.7*** 58.5*** 126.5 104.0 98.8 103.9 12.04 <0.01

P in living tissue (mg g-1) 2.57*** 2.02*** 0.21 0.27 0.27 0.26 20.37 <0.01

P in dead tissue (mg g-1) 2.03*** 1.56*** 0.08 0.13 0.10 0.12 22.31 <0.01

PUE (g-1) 544*** 670*** 12471 8255 10738 10117 14.14 <0.01

Water

Biomass living (g) 26.91** 16.19 3.03 0.0 0.17 0.0 3.72 0.017

Biomass dead (g) 91.92*** 60.50** 1.71 0.0 0.29 0.0 9.88 <0.01

N in living tissue (mg g-1) 14.15 12.42 12.21 16.88 0.36 n.s.

N in dead tissue (mg g-1) 13.32 10.45 7.02 9.19 3.80 0.066

NUE (g-1) 77.95 96.70 142.53 108.78 11.01 <0.01

P in living tissue (mg g-1) 1.60 1.38 0.15 0.14 4.37 0.05

P in dead tissue (mg g-1) 1.11 0.96 0.08 0.13 6.14 0.023

PUE (g-1) 987 1121 11932 7661 655.0 <0.01

Notes: F and P values were obtained from one-way ANOVAs. Asterisks indicate that the value significantly differs from the control (OO–OO). *P < 0.10, **P < 0.05,
***P < 0.01. Post hoc tests were not performed on nutrient concentrations of plants that grew in the water compartment, due to the low number of replicates

Figure 5. Weight loss through decomposition for the

different types of Glyceria litter in the different treatments

(±SE). Litter harvested from banks without fertilization

(open symbols) and litter harvested from banks with

3 years NP addition (closed symbols) was placed in the NP–

NP (solid lines) and OO–OO (dashed lines) treatments.

*P < 0.10, **P < 0.05, ***P < 0.01.

The Response of Shoreline Vegetation to Enrichment 1283



(Rejmánková and Houdková 2006; Moore and

others 2007). On the community level, decompo-

sition and litter accumulation would also depend

on species composition, as species differ in litter

production and decomposition rates (Graf and

Rochefort 2009; B. P. Van de Riet unpublished).

Like many herbs, the mesotropic species produced

less litter and are therefore likely decomposed fas-

ter compared to grasses. Given that Glyceria in-

creased dominance after fertilization, overall litter

accumulation in fen shorelines might even be more

contrasting when assessed for a whole plant com-

munity.

In the succession from open water floating fen,

carr, or brown-moss fen (Van Wirdum and others

1992), accumulation rates of organic material are

highest in the floating mat phase (1 kg m-2 y-1;

Bakker and others 1997). Results from the same

study suggested that the litter accumulation rates of

the different phases control their ‘‘turnover time’’

(that is, time needed for transition from one phase

to the next; Bakker and others 1997). Therefore,

the expanding floating mats represent the shortest

phase in the complete succession from open water

to alder forest. This implies that eutrophication

would accelerate succession also indirectly, by

increasing litter accumulation. Huotari and others

(2007) found litter accumulation to play a compa-

rable role in the succession of cut-over peat bogs. In

wetlands, litter quantity and quality have been

shown to strongly affect other processes like ger-

mination (Wilby and Brown 2001; Xiong and

Nilsson 1999), establishment (Van der Putten and

others 1997), and hydrology (Van Wirdum and

others 1992), which might induce such a vegeta-

tion change toward later succession phases (Van

der Putten and others 1997). In strongly eutrophic

situations, however, more eutrophic species might

be favored and the later succession phases, as ar-

gued before, might not be desirable (Van Wirdum

and others 1992; Verhoeven and Bobbink 2001).

Broader Perspective

With this research, we showed that nutrient addi-

tions to both surface water and bank will change

the functioning of riparian ecosystems in fens.

Nutrient addition (mainly P) resulted in increased

growth and cover of the water compartment. Plants

had larger colonization distances on the bank as

well as in the water, but only eutrophic species

increased shoot density after nutrient addition. This

may have caused their increased dominance on

enriched banks. Nutrient addition further resulted

in higher litter production and stimulated decom-T
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position. Litter accumulation was calculated to be

highest on banks with NP addition. Together, these

processes imply that eutrophication would accel-

erate succession. Compared to the very oligotrophic

control treatment in our mesocosm experiment,

this turned out to be positive, increasing the colo-

nization and plant diversity of the water compart-

ment. However, in a more mesotrophic field

situation where eutrophication continues over

prolonged periods, it is not very likely that in-

creased nutrient availability would result in the

species-rich vegetation type aimed for by nature

managers and policy makers (Van Wirdum and

others 1992; Verhoeven and Bobbink 2001). First,

given the more or less parabolic relationship be-

tween nutrient richness and biodiversity, strong

eutrophication often results in vegetation with a

lower biodiversity (Grime 1977). Second, the

eutrophic species that increase dominance are less

capable of the formation of mats (Weeda and oth-

ers 1999). Third, as the mesocosm experiment

clearly showed that succession accelerates, the

short life span of the existing mats might decrease

even further. In fact, Bakker and others (1994)

calculated that the life span of the semi-aquatic

phase decreased between 1937 and 1989 during

which time nutrient inputs into the fen have in-

creased drastically. To increase the probability of

the formation of species-rich floating mats, resto-

ration and management activities should therefore

aim at reducing the nutrient concentrations in both

water and bank. Careful monitoring of such man-

agement activities and field experiments could

successively reveal how the mechanisms observed

in our study interact in more complex situations.
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