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Summary

As a semi-natural vegetation, limestone grasslands need management in order to

maintain a high species richness including rare and endangered species. The

traditional management, which in northern Switzerland is annual hay-making in

July, is no longer economical for farmers. Therefore, they are paid subsidies by

nature conservation authorities to continue mowing these grasslands. In order to find

other, less expensive possibilities of maintenance, an experiment was set up in 1977

and 1978 with six different management types: mowing annually in July, mowing

every second year in July, mowing every fifth year in July, annual mowing in

October, abandonment (no management), and controlled burning at the end of

February or the beginning of March.

The aim of this thesis is to assess the consequences of these different managements

not only for the vegetation but also for the soil.

The vegetation changes over the whole experimental period were assessed by

correspondence analyses of vegetation records from 1977 to 1999 (including records

from previous observers). Additionally, the performance of 16 single species was

analysed separately (chapter 1).

In order to understand the mechanisms underlying the observed vegetation changes,

the impact of management on the occurrence of different plant functional traits was

investigated (chapter 2).

The effect of management on soil fertility was investigated using a bioassay to

assess nutrient availability (chapter 3).

The study site is a Mesobrometum located on a plateau near Schaffhausen called

"Gräte". In the first chapter, additional data from a second site nearby called

"Grätental" are also used. At both sites, vegetation was recorded in 18 plots of 10 m

x 5 m (three replicates for each of the six management types).

In Chapter 1, the development of plots managed in different ways for over 20 years

on "Gräte and "Grätental" was investigated by correspondence analyses. The species

composition and abundance in the plots with controlled burning and with no

management showed the highest variation between the replicate plots. In a separate

analysis, the responses to the different managements of 16 selected species (with

high cover, high frequency and/or importance for nature conservation) was

determined
.
For the most abundant typical limestone grassland species the response

to management was consistent on the two different sites. The long experimental

period allowed annual fluctuations from the directional changes due to management

to be distinguished for the whole vegetation and for single species. Moreover, the
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assessment of changes over time allows the reliability of the data after an

experimental period of at least 21 years to be determined. Within 13 years a

vegetation typical of each management had established itself. These distinctive types
of vegetation persist up to the present day, indicating that the more recent data of the

experiment are reliable. The same holds true for single species.

In Chapter 2, the extent of vegetation changes after 21 years of different

managements is described in terms of above ground-phytomass and species

composition. To explain these changes the role of particular plant traits in the

different management types was analysed. For a total of 91 species, the following
traits were considered: plant height, growth form, capacity of below-ground nutrient

storage, below-ground lateral spread, leaf persistence, and start of flowering. As

expected, on the extremely nutrient-poor soil of the study site, traits that help to

retain nutrients in the plant biomass proved to be decisive for the occurrence of

particular species. Such traits include low growth and rosettes, probably because

they minimise the loss of the above-ground phytomass caused by mowing. In the

management types with less frequent mowing or management later in the vegetation

period, plants profit from their ability to withdraw nutrients in autumn. A potential
threat to the rare species of limestone grassland vegetation, especially if it is burnt or

not mown are tall-growing species with fast lateral spread and large nutrient storage

capacity.

In a bioassay, the availability and limitation of nitrogen and phosphorus was

assessed in soil of plots mown annually in July and in that of plots not mown for 21

years (abandonment) on "Gräte" (chapter 3). The phytometer species were Galium

mollugo s.str. L. and Raphanus sativus ssp. oleiferus (DC) Metzg. The bioassay was
carried out in a nutrient omission design enabling the assessment of nutrient

availability and nutrient limitation within the same experiment. Both nitrogen and

phosphorus limited plant growth, but phosphorus was slightly more limiting. The

availability of nitrogen and phosphorus was generally extremely low in the soils on

our study site. However, in the soil of the unmown plots, the nitrogen availability
was slightly higher than in the soil of the plots mown annually in July; this

difference probably has only a small effect on the vegetation because of the

prevailing phosphorus limitation. No significant differences were found for

phosphorus availability when soil from abandoned plots was compared with that of

plots mown annually in July. Overall, the two management types caused only small

changes in soil N and P.



7

Consequences for nature conservation

The results from this long-term study can be used as a basis for developing

management plans for conservation of species richness in limestone grassland. The

best strategy for achieving and maintaining a high species diversity is probably a

mosaic of different management types. Mowing every second year in July is the

management resulting in the most similar vegetation after 22 years compared with

the traditional management. Under certain conditions, annual mowing in October

can also be recommended within a mosaic of different managements. However, if

the area is exposed to a seed rain of thermophilous forest fringe forbs, these species

can become dominant under this management especially on less nutrient-poor sites.

Such a mosaic of managements would prevent the whole of the grassland being
mown at the same time, and thus maintain a highly diverse habitat for animal species
too.
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Zusammenfassung

Um den Artenreichtum sowie die seltenen und gefährdeten Arten in Halbtrocken¬

rasen zu erhalten ist eine Bewirtschaftung notwendig, da es sich um eine halb¬

natürliche Vegetation handelt. Die traditionelle Bewirtschaftung mit jährlicher Mahd

im Juli, ist jedoch für die Bauern nicht mehr rentabel. Deshalb erhalten sie

Ausgleichszahlungen von den Naturschutzbehörden, damit sie die Flächen weiterhin

mähen. Um günstigere Pflegemassnahmen zu finden, mit deren Hilfe die

Halbtrockenrasen erhalten werden können, wurde 1977 bzw. 1978 ein Experiment

mit sechs verschiedenen Bewirtschaftungen eingerichtet. Folgende Bewirt¬

schaftungen wurden seitdem angewendet: jährliche Mahd Anfang Juli, Julimahd alle

zwei Jahre, Julimahd alle 5 Jahre, jährliche Mahd im Oktober, Brache und

kontrollierter Brand Ende Februar oder Anfang März.

Es ist das Ziel dieser Arbeit die Auswirkungen zu untersuchen, die die

verschiedenen Bewirtschaftungstypen sowohl auf die Vegetation als auch auf den

Boden haben.

Die Vegetationsveränderung während des gesamten Experiments wurde anhand von

Vegetationsaufnahmen von 1977 bis 1999 (einschliesslich Aufnahmen von früheren

Beobachtern) mittels Korrespondenzanalysen untersucht. Zusätzlich wurde die

Änderung der Deckungswerte von 16 verschiedenen Arten innerhalb des Zeit¬

verlaufs untersucht (Kapitel 1).

Um die Mechanismen zu verstehen, die den beobachteten Vegetationsveränderungen

zugrunde liegen, wurde untersucht, welchen Einschluss die verschiedenen Bewirt¬

schaftungen auf das Vorkommen bestimmter funktioneller Pflanzeneigenschaften

haben (Kapitel 2).

Der Einfluss der Bewirtschaftung auf die Nährstoffe im Boden wurde mit einem

Bioassay untersucht, um mit dessen Hilfe Aussagen über die Nährstoffverfügbarkeit

machen zu können (Kapitel 3).

Bei dem Untersuchungsgebiet handelt es sich um ein Mesobrometum, dass in der

Nähe von Schaffhausen auf einem Plateau liegt und "Gräte" genannt wird. Im ersten

Kapitel werden zusätzlich Daten aus einem zweiten, in der Nähe gelegenen Gebiet,

verwendet, dass als "Grätental" bezeichnet wird. In beiden Gebieten wurde die

Vegetation auf 18 Untersuchungsflächen, Grösse 10 m x 5 m, aufgenommen (je drei

Wiederholungen der sechs verschiedenen Bewirtschaftungen).

In Kapitel 1 wurde die Entwicklung der verschieden bewirtschafteten Flächen auf

der "Gräte" und im "Grätental" mit Hilfe von Korrespondenzanalysen (CA) in einem

Zeitraum von über 20 Jahren verfolgt. Die Artenzusammensetzung und die
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Artmächtigkeit wiesen in den Flächen mit kontrolliertem Brand sowie in den

brachliegenden Flächen die höchste Variation zwischen den Wiederholungsflächen
auf. In einer weiteren Analyse wurde die Reaktion von 16 ausgewählten Arten (mit
hoher Abundanz, häufigem Vorkommen und/oder Bedeutung für den Naturschutz)

bezüglich der verschiedenen Bewirtschaftungen bestimmt. Solche Arten, die in

typischen Halbtrockenrasen höchste Abundanzwerte erreichen, zeigten in beiden

Untersuchungsgebieten eine übereinstimmende Reaktion auf die verschiedenen

Bewirtschaftungen. Die lange Dauer des Experiments ermöglichte eine Unter¬

scheidung zwischen den gerichteten Vegetationsveränderungen, die ihre Ursache in

den verschiedenen Bewirtschaftungen haben und den jährlichen wetterbedingten

Schwankungen; das gilt sowohl für die gesamte Vegetation als auch für die

untersuchten Einzelarten. Ausserdem kann eine solche Untersuchung der

Vegetationsveränderung im zeitlichen Verlauf Auskunft darüber geben, wie

zuverlässig die Daten nach einer Zeitspanne von mindestens 21 Jahren sind.

Innerhalb von 13 Jahren hat sich für jede Bewirtschaftung eine für sie typische

Vegetation eingestellt. Die weitere Entwicklung bis heute fand innerhalb dieser

bewirtschaftungsspezifischen Vegetationstypen statt; das weist darauf hin, dass die

aktuellen Daten unseres Experiments zuverlässig sind. Das gleiche gilt auch für die

Einzelarten.

In Kapitel 2 wird das Ausmass der Vegetationsveränderungen nach 21 Jahren unter¬

schiedlicher Bewirtschaftung anhand von Biomassedaten und anhand der

Artenzusammensetzung beschrieben. Um diese Veränderungen zu erklären, wurde

die Rolle von bestimmten Pflanzeneigenschaften in den verschiedenen Bewirt¬

schaftungen untersucht. Für insgesamt 91 Arten wurden die folgenden

Eigenschaften berücksichtigt: Pflanzenhöhe, Wachstumsform, Kapazität unterirdisch

Nährstoffe zu speichern, unterirdische horizontale Ausbreitungsfähigkeit,
Blattausdauer und Blühbeginn. Wie aufgrund des extrem nährstoffarmen Bodens

unserer Untersuchungsflächen zu erwarten war, erwiesen sich solche Eigenschaften

als entscheidend für das Auftreten bestimmter Arten, die dazu beigetragen haben

Nährstoffe in der pflanzlichen Biomasse zu erhalten. Zu solchen Eigenschaften

gehörigen niedrige Pflanzenhöhe sowie Rosettenwuchs, weil diese vermutlich den

durch Mahd bedingten Verlust an oberirdischer Phytomasse minimieren können. In

den Bewirtschaftungen mit seltener Mahd oder bei einem späteren Bewirt¬

schaftungszeitpunkt innerhalb der Vegetationsperiode, profitieren die Arten von

ihrer Fähigkeit Nährstoffe zurückzuziehen. Eine potenzielle Gefahr für seltene Arten

der Halbtrockenrasen, vor allem bei Brand oder Brache, bedeuten hochwüchsige
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Arten mit schneller unterirdischer Ausbreitungsfähigkeit sowie mit einer hohen

Nährstoffspeicherkapazität.

In einem Bioassay wurde die Verfügbarkeit und Limitierung von Stickstoff und

Phosphor im Boden von jährlich im Juli gemähten Flächen und in über 21 Jahre

brachliegenden Flächen der "Gräte" untersucht (Kapitel 3). Als Phytometer wurden

folgende Arten verwendet: Galium mollugo s.str. L. and Raphanus sativus ssp.

oleiferus (DC) Metzg. Für das Bioassay wurde ein Versuchsdesign gewählt, in dem

die zu untersuchenden Nährstoffe nicht in der Nährlösung enthalten sind (omission

design). Dieses Design ermöglicht die Untersuchung von Nährstoffverfügbarkeit

und Limitierung im selben Experiment. Die Verfügbarkeit von Stickstoff und

Phosphor war in den Böden unserer Versuchsfläche allgemein sehr gering. Im

Boden der Bracheflächen war jedoch die Stickstoffverfügbarkeit etwas höher als im

Boden der jährlich im Juli gemähten Flächen. Dieser Unterschied hat vermutlich nur

einen sehr geringen Einfluss auf die Vegetation, aufgrund der stärkeren Limitierung

durch Phosphor. Für die Phosphorverfügbarkeit wurde kein signifikanter

Unterschied zwischen Boden aus den jährlich im Juli gemähten Flächen und dem

aus den Bracheflächen festgestellt. Insgesamt betrachtet hatten die beiden

verschiedenen Bewirtschaftungen nur geringfügige Änderungen bezüglich des

verfügbaren Stickstoffs und Phosphors im Boden zur Folge.

Konsequenzen für den Naturschutz

Die Ergebnisse dieser Langzeituntersuchung können als Grundlage für die

Erstellung von Pflegeplänen für artenreiche Halbtrockenrasen verwendet werden.

Die optimale Bewirtschaftung um Artenreichtum und seltene Arten zu erhalten wäre

sicherlich ein Mosaik mit verschiedenen Bewirtschaftungen. Die Arten¬

zusammensetzung und die Deckungsverhältnisse einzelner Arten bei Julimahd in

jedem zweiten Jahr sind der Vegetation bei traditioneller Bewirtschaftung am

ähnlichsten. Unter bestimmten Voraussetzungen kann auch die jährliche Mahd im

Oktober innerhalb eines Mosaiks mit verschiedenen Bewirtschaftungen empfohlen

werden. Ist das Gebiet jedoch dem Sameneintrag von wärmeliebenden Krautsäumen

ausgesetzt, könnten diese Arten, insbesondere unter weniger nährstoffarmen

Bedingungen, bei Oktobermahd dominant werden. Ein solches Mosaik

verschiedener Bewirtschaftungen, könnte die gleichzeitige Mahd der gesamten

Wiese verhindern und damit eine hohe Diversität des Habitats auch für Tierarten

erhalten.
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General introduction

Limestone grasslands are among the most species rich vegetation types in Europe
and contain many rare and endangered plant and animal species (Wolkinger & Plank

1981). Because of their anthropogenic origin (Studer-Ehrensberger 1995; Pott 1996)

these grasslands need a continuing management for their maintenance: annual hay

making in July with no or only very little fertiliser application, or extensive grazing
with occasional cutting or eradication if shrubs start to encroach (e.g. Hegg et al.

1992; Schumacher et al. 1995). For the farmers, the management of these nutrient-

poor sites, with their low productivity, is no longer economical. As a consequence

the area of limestone grassland has diminished in recent years because of changed

land use or abandonment. To maintain the remaining limestone grassland remnants -

and in recognition of their high value for nature conservation - farmers receive

subsidies from government agencies or NGOs to continue the traditional

management.

In this context, the question arose whether there are less expensive ways of

maintaining high species richness, rare and endangered species, and for preventing

shrub encroachment. To answer this question, several experiments have been

established in various countries including Switzerland, reflecting the large interest

and need for data on the effects of different managements on limestone grassland

vegetation (e.g. Zimmermann 1979; Schreiber & Schiefer 1985; Willems 1985;

Hansson & Fogelfors 2000).

One of the longest established management experiments is the one dealt with in this

thesis. It was set up in 1977-1978 by Dr. Bertil Krüsi (Krüsi 1977; Krüsi 1981) and

has been maintained ever since (Ryser et al. 1995; Langenauer et al. 2000). The

effects on vegetation structure, individual species and many other parameters are

investigated in the following six different management types: mowing annually in

July (traditional management), mowing every second year in July, mowing every

fifth year in July, annual mowing in October, abandonment (no management), and

controlled burning at the end of February or beginning of March. The study site is

located in the "Schaffhauser Randen", the eastern part of the Swiss Jura mountains.

There, the traditional management has always been annual mowing in July (included

in the experiment). Grazing, which was used in other regions and countries

(Wilmanns & Müller 1976; Rosén 1982; Eckert 1992; Fischerei/. 1996), was not

very important in the "Schaffhauser Randen". Reasons for this are that the areas are

too small and too scattered in the landscape, and are mainly located on rather

inaccessible plateaus.
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A particularly valuable feature of our management experiment is its long duration of

over 20 years. Such long-term field experiments are very rare, particularly in

limestone grasslands. However, they are indispensable for detecting processes of

natural or anthropogenic ecological change which are, in many cases, very slow and,

moreover, for revealing the mechanisms behind the detected changes (Leigh &

Johnston 1994; Southwood 1994). In nutrient-poor limestone grasslands, the

changes are particularly slow, which can be illustrated by the pronounced longevity
of typical limestone grassland species, e.g. Salvia pratensis with a half-life of 44

years and Bromus erectus with 22 years (Marti 1994). As stated by Southwood

(1994) and many others, only long-term experiments allow the separation of a trend

from a variable background. This means that e.g. the annual fluctuation of the cover

of a particular species can be distinguished from a directional change due to

management (Stampfli 1992). Moreover, long-term observations are important in

respect of rare events (Southwood 1994) like the exceptional drought described by
Lüdi& Zoller (1949).

The present thesis has three major aims, which are dealt with in three chapters and

papers:

Detection and analysis of the changes over time of the overall species

composition and of the behaviour of 16 selected species caused by 21 years

of different managements (chapter 1)

Understanding the mechanisms of these changes by the definition of special

plant functional traits and analysing their percentage occurrence in the plant
communities resulting from 21 years of different managements (chapter 2)

Investigating by means of a bioassay the influence of management on soil

fertility (chapter 3)

In chapter 1, the vegetation changes due to the different managements are assessed

using phytosociological relevés for a total of 36 plots in two experimental sites

("Gräte" and "Grätental") in the years 1997, 1998 and 1999, and by the compilation
of the data from previous investigators: Kriisi recorded vegetation data from 1977-

1991 in "Grätental" and from 1978-1979 on "Gräte" (Kriisi 1977; Kriisi 1981;

Lüscher 1997); André Lüscher in 1994 on both sites (Liischer 1997), Regula

Langenauer in 1991 (Langenauer 1991), 1993 and 1996 on "Gräte". A great effort

was needed to ensure that the data were comparable, as they were recorded by many
different investigators over several years. With correspondence analyses of



13

végétation records from 1977-1999 the pattern of vegetation changes over time was

depicted. Because of this long period, annual fluctuation in species cover can be

distinguished from changes due to management (Stampfli 1992). Furthermore, the

question is addressed of how long it takes for a vegetation typical for a particular

management to develop. This can also inform us whether an experimental period of

22 years is enough to achieve reliable data. Additionally, the performance of 16

selected species in the different managements over time was analysed separately.
The selected species included dominant species typical for limestone grasslands and

also other species important in regard to nature conservation. This analysis revealed

the direct influence of the different management types on the most important

species. Furthermore it contributed to a better understanding of the changes within

the whole vegetation.

The functioning of typical limestone grassland communities has already been

investigated in many studies (e.g. van der Maarel & Sykes 1993; Gigon & Leutert

1996; Thompson et al. 1996; Huovinen-Hufschmid & Körner 1998). However, only
few studies focused on mechanisms responsible for particular management effects,

for example by examining the role of growth forms (Willems 1985) and functional

groups (Barbara et al. 2000). An understanding of the mechanisms of vegetation

change due to the different management types is essential as a basis for developing

management concepts for different limestone grassland nature conservation reserves.

Only if the mechanisms of changes are understood, is a prediction of the

consequences of a planned management possible. To achieve generally applicable

results, i.e. results which are independent from the particular species composition of

the site, the study in the second chapter of this thesis focuses on particular plant
functional traits. These traits can be defined as "any characteristic of the plant that

may have 'functional' (i.e. adaptive or 'strategic') significance" (Semenova & van der

Maarel 2000). The aim of this chapter was to examine whether the observed

vegetation changes could be understood as the result of selection for particular plant
traits in the differently managed plots. We focused on traits that seemed most likely
to undergo differential selection. In nutrient-poor soils, as in our study site, such

traits include those related to minimising nutrient losses under a given management

(Eckstein et al. 1999). Furthermore, traits correlated to competition for light are

expected to be important because in the course of the vegetation period the various

managements differ strongly in standing crop. Finally, we expected selection for

traits that would enable species to reproduce in spite of the periodic disturbance

caused by the different managements.
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Of course, different managements can influence the amount of available nutrients in

the soil. But the soil and its nutrient status can also be influenced by the dominant

plant species growing on it, as shown by (Wedin & Tilman 1990) for grass species.

These relationships are dealt with in chapter three. For obtaining an insight into

these mechanisms, and their importance for species composition of the limestone

grasslands, the availability of N and P was investigated in the soil of plots mown

annually in July and compared to that of the unmown plots. On such nutrient-poor

soils, it is important to know which nutrient most limits plant growth. In previous

studies, contrasting results for nutrient limitation on limestone grassland were

obtained. In northern Switzerland these grasslands are mostly considered to be N-

limited (Stöcklin & Gisi 1989; Niklaus et al. 1998). To assess nutrient availability
and nutrient limitation the bioassay method was used since it generally provides a

better insight into nutrient availability than soil chemical analyses (e.g. Marrs 1985;

van Düren & Pegtel 2000). The bioassay included different nutrient treatments in an

omission design: the phytometer plants Galium mollugo s.str. L. and Raphanus

sativus ssp. oleiferus (DC) Metzg. were supplied with nutrient solutions lacking

either N or P. Thus, plant growth was limited only by the omitted nutrient, which the

plant could take up solely from the soil, whereas all other nutrients were available in

abundance in the supplied solution (Olff& Pegtel 1994).

The investigations of this thesis are closely connected with the thesis of Bettina R.

Kahlert (in prep.) within a joint project for investigating the same long-term

experiment. The thesis of Bettina R. Kahlert has its focus on the seasonal nutrient

cycling as influenced by dominant species. Special attention is paid on the role of

mycorrhizal symbiosis.
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Abstract

At two limestone grassland sites in northern Switzerland vegetation changes were

investigated after 22 years of six different managements: mowing annually in July

(traditional management), mowing every second in July, mowing every fifth year in

July, annual mowing in October, abandonment and annual burning at the end of winter.

At each site each management is replicated three times within 18 plots. The vegetation

changes were depicted by correspondence analyses based on 306 vegetation records with

totally 124 species. The changes in cover values were assessed in detail for 16 species

with high cover, high frequency or importance for nature conservation. The changes

were mainly in the relative abundance of species, whereas species composition hardly

changed at all. For each management, a typical vegetation could be determined within 12

years, and the change continued to year 22 in the same direction. The reaction of the

most abundant limestone grassland species in respect to management was, in most cases,

consistent for both sites. The implications for management are discussed. Mowing every

second year in July can be recommended for being of additional use within a mosaic

concept of different management. The same goes for annual mowing in October, but

with the stipulation that the soil has to be nutrient-poor and the site must be isolated from

seed rain of herbaceous forest fringe species (e.g. from Origanetelid), which otherwise

could become dominant. The results of this study provide a useful basis for developing

new management concepts for the conservation of limestone grassland.

Keywords: long-term experiment, management, calcareous grassland, vegetation

changes, nature conservation, species richness, Mesobrometum, Bromus erectus,

Brachypodium pinnatum, Salvia pratensis

Nomenclature: Lauber & Wagner (1998)
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Introduction

Limestone grasslands are of great interest to nature conservation because of their high

species richness, including many rare species (Wolkinger & Plank 1981) of nutrient-poor
habitats. As semi-natural vegetation, limestone grasslands need a management such as

mowing or grazing for their maintenance (e.g. Hegg et al. 1992; Schumacher et al.

1995). The traditional management in northern Switzerland, which was mowing

annually in July, is no longer economical for farmers. This has resulted in a large loss of

typical habitats for limestone grassland vegetation because of changed land use or

abandonment (Klein & Keller 1982). Farmers are now paid by nature conservation

authorities to maintain the remaining limestone grasslands. This has necessitated

management concepts with a minimum outlay in expense and effort to maintain diversity
in these meadows. In several European countries, field experiments have been set up to

investigate the influence of different managements on limestone grasslands over an

experimental period of 10-15 years (Schiefer 1981; Dierschke 1985; Willems 1985;

Hansson & Fogelfors 2000). The experiment presented in this study was set up in 1977

and 1978 (Kriisi 1981 ) and has continued for over 22 years. Such long-term experiments

are important in providing a reliable base for elaborating management recommendations.

In this study we analysed the vegetation changes under six different types of

management including four different mowing regimes, abandonment and burning. The

questions addressed were: (1) What is the extent of vegetation change due to

management? (2) What time-scale is necessary in order to have reliable data; are 21

years enough? (3) Are the results applicable to other regions? (4) Which management is

the most similar to the traditional one and can be used as an alternative?

To answer these questions, we analysed vegetation relevés recorded at different time

points during the experiment with Correspondence Analysis and also the changes in

cover of single species during the experiment.

Study sites and methods

Study sites

Two limestone grassland sites were studied in northern Switzerland, 7.5 km north of

Schaffhausen. One study site is located on the plateau "Uf der Gräte", (47°45'58" N and

8°37'03" E) at 720 m a.s.l. on a S.E.E. facing slope (20°). The vegetation type is a

Medicago falcatae-Mesobrometum erecti (Zoller 1954) with a high species richness of

almost 40 species per m"2 (Gigon & Leutert 1996) surrounded by typical limestone

grassland and forest. The soil is a nutrient-poor marly rendzina; plant growth is co-

limited by N and P (Köhler et al. 2001). The second study site is on a S.E.E. facing slope
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(30°) at 580 m a.s.l. in "Grätental" (47°45'46" N and 8°37'10" E). The vegetation at the

start of the experiment was a Dauco-Salvio-Mesobrometum (Zoller 1954; see also Kriisi

1981). The study site is surrounded by abandoned limestone grassland, trees and shrubs,

together with thermophilous herbaceous forest fringe species mainly from Origanetalia

vulgaris Th. Müller. There are also agricultural grassland and fields nearby. The

conditions surrounding the site in "Grätental" are more heterogeneous than those of the

other site. The soil is a rendzina on limestone scree with a lower soil density and a high
content of stones, which makes the soil more permeable to water in comparison to the

"Gräte" site and with a slightly higher nutrient content (Brunner 1987).

The annual precipitation in the nearby village of Merishausen is 950 mm and the mean

temperature is 9°C in Schaffhausen (average from 1970-1999, data MeteoSwiss). These

two sites are referred to in the text as "Gräte" and "Grätental". More details on the two

study areas can be found in Kriisi (1981) and in Brunner (1987) where "Gräte"

corresponds to area 1 and "Grätental" to area 2.

Experimental design

During 1977 and 1978, an experiment was set up to investigate the influence of six

different management types on the vegetation (Kriisi 1981). The management types were

as follows: mowing annually in July (traditional management), mowing every second

year in July, mowing every fifth year in July, mowing annually in October, controlled

burning annually at the end of February or the beginning of March, and abandonment

(no management). The cut material was always removed immediately after mowing.
Each management type was replicated three times in plots of 5 m x 10 m. The

experimental treatment started on "Gräte" in 1978 and in "Grätental" in 1977 and has

been regularly maintained ever since (Ryser et al. 1995; Langenauer et al. 2000). For the

traditional management, the mowing date in summer was at the beginning of June from

1977 to 1986, but since 1986, it has been changed to the beginning of July to adjust the

experimental management to the management-guidelines for limestone grasslands in

Canton Schaffhausen. Management schedule see Table 1.

Vegetation relevés

The vegetation was surveyed by recording the abundance of all phanerogam species -

including seedlings of woody species - in June of 1997, 1998 and 1999 and checking for

additional early- or late-seasonal species in May and September of each year. Only the

inner 4 m x 9 m of each plot were surveyed to exclude trampling or edge effects.
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Table 1. Management schedule from 1977-1999, study sites 'Uf der Gräte' and Grätental. JUl mown

annually in July, JU2 mown every second year in July, JU5 mown every fifth year in July, ABN
abandonment, OCT mowing annually in October, CBR controlled burning annually in March.

Gräte (area 1)

78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99

JU1 xxxxxxxxxxxxxxxxxxxxxx

JU2 xxxxxxxxxxx

JU5 x x x x

ABN

OCT xxxxxxxxxxxxxxxxxxxxxx

CBR xxxxxxxxxxxxxxxxxxxxx

Grätental (area 2)

77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99

JU1 xxxxxxxxxxxxxxxxxxxxxxx

JU2 xxxxxxxxxxx

JU5 x x x x

ABN

OCT xxxxxxxxxxxxxxxxxxxxxxx

CBR xxxxxxxxxxxxxxxxxxxxxx

Table 2. Overview of used datasets of vegetation relevés

Year Gräte

(area 1)

Grätental

(area 2)

Observer Used scale Source

1977 X1 B. Krüsi Braun-Blanquet Krüsi (1977)
1978 x« X B. Krüsi Londo partly enlarged unpublished in Lüscher (1997)
1979 X X B. Krüsi Londo partly enlarged unpublished in Lüscher (1997)
1991 X2 B. Krüsi Londo strongly enlarged unpublished in Lüscher (1997)
1991 X* R. Langenauer Londo strongly enlarged Langenauer (1991)
1993 X R. Langenauer Londo strongly enlarged unpublished
1994 X X A. Lüscher Londo strongly enlarged Lüscher (1997)
1996 X R. Langenauer Londo strongly enlarged unpublished
1997 *3 X' B. Köhler Londo strongly enlarged unpublished
1998 X X B. Köhler Londo strongly enlarged unpublished
1999 X X B. Köhler Londo strongly enlarged unpublished

Datasets with gray shading were used in an ANOVA with repeated mesurements regarding three points in time:
'

beginning
of the experiment,

2
intermediate (average of 1991 and 1993 for area 1),3 end of the experiment (average 1997-1999).

The plant cover was estimated on a strongly enlarged Londo scale with the following

cover classes: r (1-5 small individuals, coded as 0.01%), 0.5, 1, 2, 3, 4, 5, 7.5, 10,

12.5,15, 17.5, 20, 25, 30, 40, 50, 60, 70, 80, and 90% cover. To investigate the

development of the differently managed plots as a time-series, all available vegetation

data from preceding years were included (Table 2). The method for assessing cover has

varied during the course of the experiment; in 1977 the Braun-Blanquet scale was used

in Grätental, while in 1978 and 1979 an extended Londo scale was used (Londo 1975).

Since 1991 (Langenauer 1991) a version of the Londo scale strongly extended to give

more details of the lower cover values was used, as described above. Despite the

different estimation scales the data are still comparable, though the precision increased
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with the use of a more finely graded scale. To see if such a precise estimation of

vegetation cover is actually possible, we looked at the frequency of the used cover

classes. A continuous distribution of the used cover classes indicates that experienced

observers are able to use a fine differentiated scale such as this.

Analysis of vegetation data

Correspondence analyses (CA) were run using CANOCO version 4 (ter Braak &

Smilauer 1997) to show the similarities and differences in species composition of

differently managed plots over 22 years. First a CA was run with the whole dataset of

"Gräte" and "Grätental", and then the two areas were analysed separately by further

CA's. The data were log-transformed, and the option "downweighting of rare species"

within CANOCO was used to avoid rare species distorting the analysis. With this option,

species are given a weight proportional to their frequency, unless this frequency is lower

than one fifth of that of the most common species (ter Braak & Smilauer 1997).

Additionally, species with a frequency lower than 5 were omitted from the analysis. To

make up for yearly fluctuation in species abundance due to fluctuations in precipitation,

a covariable with the sum of precipitation from March to June was included. Figure 1

shows the values of this covariable for all years between 1977 and 1999.

600

79 81 83 85 87 89 91 93 95 97 99

Figure 1. Sum of precipitation between March 1 to June 30 in Merishausen, shown for all years of the

experiment. The filled bars are the years of the vegetation survey and indicate the data used as a

covariable in the correspondence analysis.
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Changes in species number over the 22 years are given as a percentage, where for each

year the number of species in the traditional management is set as 100%. Thus the data

recorded by different observers who found a different species total were better

comparable.

To explain changes in the differently managed plots, the increase or decrease of

characteristic species in the different managements is depicted by their average value for

the 3 replicate plots. Criteria for the choice of these species were a high frequency, high

cover values or importance in the sense of nature conservation.

The effects of management, study area and time were tested by two-way ANOVA with

repeated measurements. To reach normal distribution, arcsine transformation was used

for the cover data of single species. Three time-points - beginning, intermediate and end

- were included in the analysis as a repeated measurement, represented as far as possible

by average values of two or three years to control the annual variation in species cover

due to annual climatic differences (datasets used for the ANOVA are indicated in

Table 2).

Results

Vegetation composition by correspondence analysis

A correspondence analysis (CA) with all datasets of both areas "Gräte" and "Grätental"

resulted in two separate groups of plots in the ordination diagram (Fig. 2). This means

that species composition and abundance differ strongly between the two areas. In

Grätental, species related to Origanetalia (thermophilous forest fringe species) attain

high cover values e.g. Seseli libanotis, Origanum vulgare, Fragaria vesca and Thesium

bavarum, whereas the vegetation composition of "Gräte" contains more species

characteristic of Mesobrometum, such as Anacamptis pyramidalis, Dianthus

carthusianorum, Gentiana ciliata and Prunella grandiflora. Because of these differences

in species composition the two areas were subsequently analysed separately.

The correspondence analysis of "Gräte" shows a clear "time-gradient" (Fig. 3). The data

from 1978 and 1979 form a distinct group with a gap to the subsequent data set of 1991.

The data from 1991 show a temporal sequence in the form of an arch (an additional

analysis with DCA resulted in an arch shape too). This time-gradient is obvious despite

interfering effects of different observers and relevé techniques. That the data from the

start of the experiment were separated from that collected from 1991 onwards is not

surprising, because this is the longest gap in the record (12 years). An unexpected result

is that the plots managed traditionally also show a clear time gradient i.e. there is a clear
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Figure 2. CA ordination of the whole dataset showing samples from 1977-1999 of "Gräte" and

"Grätental" (covariable: sum of precipitation from March-June). The samples of the two different areas

form distinct groups. (Total inertia 1.167, eigenvalue first axis 0.266, second axis 0.107)
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Figure 3. CA ordination of vegetation data from 1978-1999 on "Gräte" (covariable: sum of precipitation
from March-June). Samples are labelled according to the year of data collection. The data from 1978/79,
1991 and 1999 are enclosed by gray lines. (Total inertia 0.708, eigenvalue first axis 0.13, second axis

0.065).
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Figure 4. CA ordination of vegetation data from 1978-1999 on "Gräte" (covariable: sum of precipitation
from March-June). Same analysis as in Fig. 3 but samples labelled according to the six different

management types. Abbreviations for management types see Tablel. (Total inertia 0.708, eigenvalue first

axis 0.13, second axis 0.065, third axis 0.043).
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difference between data recorded at the beginning of the experiment and that from 1991

onwards.

Figure 4a shows the same ordination diagram as Figure 3 but the plots are depicted by

symbols of the different management. In the records of 1978-1979, no clear changes due

to management can be observed; the variance in cover data from 1978 and 1979 is

relatively high. In the data since 1991, the different management types can be recognised

as distinct groups following a gradient of decreasing mowing frequency, starting with

the traditional management and leading over the group of plots mown every second year,

mown every fifth year and ending with abandonment. The vegetation of the burnt plots

and those mown in October differentiate from the other management types on the third

axis of the ordination diagram (Fig. 4b). The fact that the different managements form

separate groups in the ordination indicates that after only twelve years (or even earlier) a

distinctive vegetation has developed for each management type. Within each group of

different management there is a time-gradient in an outward direction.
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Figure 5. CA ordination of "Grätental" with all data collected from 1977 to 1999 (covariable: sum of

precipitation from March-June). Samples are labelled according to the year of data collection. (Total
inertia 0.865, eigenvalue first axis 0.112, second axis, 0.089, third axis 0.061)
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different management types. The different development of the replicate plots with abandonment and

annual mowing in October is shown by connecting the samples of the same plot beginning with 1977 and

ending with 1999. Abbreviations for management types see Tablel. (Total inertia 0.865, eigenvalue first

axis 0.112, second axis, 0.089, third axis 0.061)
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The plots mown annually in July are the most homogenous group (concerning data since

1991) compared to the other management types. Especially in the burned plots and the

unmown plots (abandonment) the variation between the replicate plots becomes very

high.

The plots mown every second year in July have the highest similarity to the vegetation in

the traditional management followed by those mown yearly in October.

The correspondence analysis of "Grätental" also show a time gradient in the vegetation

composition (Fig. 5), but it is less clear than on "Gräte" (Fig. 3). The traditionally

managed plots (since 1991) form a distinct homogenous group (Fig. 6a and 6b). Most

similar to this management type is again the management with bi-annual mowing, which

also forms a relatively homogenous group. The plots with other management types show

a shift in different directions for each replicate plot. This becomes obvious especially for

the abandoned plots (in one of the plots Fraxinus excelsior trees of 3m height

established), but even the plots mown annually in October developed in two directions

(Fig. 6a). In "Grätental" the records of traditional management after 1991 are not

separated from the records at the beginning of the experiment. This can be explained by
the overall higher variation between the vegetation in all the plots in "Grätental"

compared to that of "Gräte".

Changes in species numbers

On "Gräte", the number of species decreased continuously throughout the experiment in

relation to the traditional management which has on average 50 species per 36 m2.

Management with non-frequent mowing and burning caused the highest species loss

(Fig. 7a; see also Köhler & Gigon in prep.). In "Grätental", where in the traditional

management 42 species per 36 m2 were found, the situation is different (Fig. 7b). The

starting point is already more heterogeneous in "Grätental" than on "Gräte" and species

number only decreased in the burned or unmown plots.

Changes in cover values of selected species

Figure 8 shows changes in abundance of the four most important species of "Gräte"

compared to their development in "Grätental". The differences in species abundance at

the starting point indicate a heterogeneous distribution in the different plots. Ideally the

species start with the same cover values. Statistical significance of the effects of area,

management and time is given in Table 3.

Bromus erectus has, on the whole, the best performance in the traditionally managed

plots (mown annually in July) in both areas. But on "Gräte" the cover of Bromus erectus
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Figure 7. Number of species in all management types relative to the number of species in the traditional

management (mowing annually in July) at the particular dates from 1977/78-1999 for both areas. On

"Gräte" 100% means on average 50 species in the present vegetation and in "Grätental" 42 species. For

the significance of effects see Table 3. Abbreviations for management types see Table 1.

decreases during the experiment, whereas in "Grätental" the cover stayed more or less

constant when mown annually in July. The decrease of Bromus on "Gräte" was

continuous. Burning had the most adverse effect on Bromus, followed by cutting in

October.

Brachypodium pinnatum had an opposite reaction to Bromus in the different

management types. Brachypodium benefits most from burning but hardly if ever from

mowing. On "Gräte", Brachypodium always reached the highest cover values in the

burned plots, with a maximum of 60% in 1994. In "Grätental", abandonment or mowing

every fifth year in July was, until 1994, the best management, but since 1997 the best

performance was in the burned plots, where the percentage of Brachypodium has

continuously increased since the beginning of the experiment. The traditional

management has allowed only very low cover values of Brachypodium pinnatum

between 1.6 and 0.3%. Mowing annually in October increased the cover to about 5%;

this value has remained more or less constant over the 22 years.

Salvia pratensis shows generally low abundances in the traditional management

compared to the other management types. The best performance was reached in the plots

mown in October with cover values of between 25 and 30%. Also burning and

abandonment benefit Salvia.

On "Gräte" Trifolium medium had only a subordinate role between 1978 and 1993 with a

slight preference for the plots mown in October, burned or unmown. Since 1994 the

cover values greatly increased to almost 40%, especially in the burned plots. In

"Grätental" Trifolium medium had an extremely low occurrence, but the management
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type where it occurred regularly (with values around 1%) are burning or mowing in

October, which are also the preferred management types on "Gräte".

Figure 9 shows the development of four typical limestone grassland species which have

important cover values on "Gräte" and in "Grätental".

Anthyllis vulneraria was dependent on annual mowing in July; in all the other

management types the cover values hardly exceed 1% at both sites, except for annual

mowing in October in "Grätental" where higher values were reached.

For Hieracium pilosella the most beneficial management type was mowing annually in

July. The pattern for the other managements is similar in both sites.

Scabiosa columbaria belongs to the group of species, which benefit from frequent

mowing, but mowing in October or every second year in July is even more favourable to

the performance of Scabiosa than traditional management.

Primula veris belongs to the group of species, like Salvia pratensis, which benefit if

mown less often in July, or if the plots are burned in late February/early March. For

Primula the management type which is most favourable changed with time. Primula was

most enhanced by abandonment until 1996, but since 1997 mowing annually in October

is most favourable.

Figure 10 shows species which occur either in only one area, or have such a low

frequency in the second area that an analysis for both areas is not possible.

On "Gräte", Leucanthemum vulgare benefits from mowing annually in July or October,

whereas the cover values decreased continuously under burning or abandonment.

Prunella grandiflora had constantly low cover values with abandonment or mowing

every fifth year in July. For the other management types there were wide fluctuations.

Aster amellus has a constant low performance (< 1% cover) under traditional

management. Burning was always the most favourable management with maximum

3.5% cover, and mowing every five years, or never, was also positive for this species.

Centaurea scabiosa is favoured by abandonment. The benefit to this species is limited if

the plots are mown regularly. In the traditional management it occurs only sporadically.

In "Grätental" Thesium bavarum was apparently enhanced by burning, but the effect is

not statistically significant (see Table 3) because of the absence of this species in one

replicate plot. The same holds true for Origanum vulgare and Clinopodium vulgare

which are abundant in "Grätental", though there are often large differences between

replicate plots of the same management. Origanum even reached 40-50% cover in one

plot mown annually in October. Lathyrus heterophyllus seems to be a species which

increases or decreases sporadically in different plots; thus, for this species no most

favourable management can be identified.
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Figure 8. Most dominant species of "Gräte". Cover values in the different management types in the two

areas from 1977/78-1999. For the significance of effects see Table 3. Abbreviations for management

types see Table 1.
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Figure 9. Typical limestone grassland species with important abundance in both areas. Cover values in the

different management types from 1977/78-1999. For the significance of effects see Table 3.

Abbreviations for management types see Table 1.
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Figure 10. Selected species occurring only in one of the two areas (or having negligible occurrence in the

other area). Cover values in the different management types from 1977/78-1999. For the significance of

effects see Table 3. Abbreviations for management types see Table 1.
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Table 3. The significance of the effects "area" (Gräte or Grätental), "management", "time" and their

interactions were tested in a two-way-ANOVA with repeated measurement (three points in time:

beginning, intermediate and end of experiment; see Table 2).

Data of Fig. 7

Source

Number of species (% of JU1 )
DF F p

Area

Management
Area x Management
Residual

Time

Time x Area

Time x Management
Time x Area x Manage.
Residual

1 32.23 ***

5 3.641

5 3.153

24

2 44.14 "*

2 10.52 "*

10 5.593 *"

10 1.013 n.s.

48

Data of Fig. 8

Source

Bromus erectus

DF

Brachypodium
pinnatum

F P

Salvia pratensis

F P

Trifolium medium

F P

Area 1 35.88 ***

5.955 * 0.151 n.s. 380.2

Management 5 4.119 **

7.456 *** 3.296 * 10.96

Area x Management 5 0.985 n.s. 0.286 n.s. 0.871 n.s. 7.407

Residual 24

Time 2 115.8 ***

38.85 *** 9.171 *** 59.58

Time x Area 2 9.395 ***

3.204 * 222.6 *** 38.21

Time x Management 10 8.219 ***

6.725 *** 1.52 n.s. 11.39

Time x Area x Manage. 10 1.131 n.s. 0.614 n.s. 2.212 * 8.559

Residual 48

Data of Fig. 9

Source

Anthyllis vulneraria

s.l.

DF F p

Hieracium pilosella

F P

Scabiosa

columbaria

F P

Primula veris s.l.

F P

Area 1 3.772 n.s. 2.964 n.s. 1.295 n.s. 39.31 ***

Management 5 3.862 * 2.392 n.s. 0.644 n.s. 5.883 **

Area x Management 5 1.418 n.s. 0.249 n.s. 0.543 n.s. 2.129 n.s.

Residual 24

Time 2 7.342 **

28.77 *** 9.472 *** 53.87 ***

Time x Area 2 4.783 * 8.823 ** 2.612 n.s. 1.023 n.s.

Time x Management 10 4.006 **
8.858 *** 2.358 * 7.331 ***

Time x Area x Manage. 10 1.2 n.s. 0.539 n.s. 1.433 n.s. 3.708 **

Residual 48

Data of Fig. 10

Source

Leucanthemum

vulgare
DF F p

Prunella

grandiflora
F P

Aster amellus

F P

Centaurea scabiosa

F P

Management 5 9.216 ** 4.077 *

1.83 n.s. 1.083 n.s.

Residual 12

Time 2 60.42 ***
12.08 *** 10.34 ** 2.571 n.s.

Time x Management 10 2.681 * 3.216 ** 1.337 n.s. 1.032 n.s.

Residual 24

Thesium bavarum

Source DF

Lathyrus
heterophyllus

F P

Clinopodium
vulgare

F P

Origanum vulgare

F P

Management 5 0.554 n.s. 1.698 n.s. 1.975 n.s. 0.671 n.s.

Residual 12

Time 2 5.405
*

7.015
**

18.63
*** 12.86 ***

Time x Management 10 0.876 n.s. 0.982 n.s. 4.307 ** 2.125 n.s.

Residual 24

"p<0.00\, **><0.01, *p<0.05,n.s.notsignificant
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In summary, for the most abundant species, the main trends are mostly already visible in

1991 i.e. after 13, respectively 14, years of different management. In most cases the

species react in a similar way in the two areas (shown by the fact that the interaction of

"area" and "management" was almost never significant, see Table 3). Variation in

species data due to weather and different observer or other exogenous influences can

increase cover by the factor 2 to 3, or in single cases 10. The management effect is less

clear in "Grätental" and replicate plots of the same management type sometimes

developed in different directions.

Discussion

Management induced vegetation changes in a typical limestone grassland

The results of the correspondence analysis show clearly distinct vegetation changes for

each of the six management types since 1991 (after 13 and 14 years) or even earlier. This

means that 21 and 22 years of recording are sufficient for obtaining reliable data on

vegetation changes, and also changes in abundance of single species. For the species

with a high frequency and/or high cover values, a trend can be recognised in most cases

as to which management is most favourable for a particular species.

Regarding the groups of plots with different managements (1991-1999) in the ordination

diagram (Fig. 4a), it was unexpected that the plots mown annually in July (i.e. the

traditional management) diverge from the plots at the beginning of the experiment with

the same management. Thus succession has taken place in the traditional management

also. Long-term studies such as those of Dodd et al. (1994) and Berlin et al. (2000)

reveal successional changes despite unchanged management. In our case the

successional change is possibly due to climate change. If we compare the average

climate data for the last 30 years (MeteoSchweiz) with those from 1901-1960 (Uttinger

1965), the temperature increased from 8°C to 9°C in Schaffhausen and the average

yearly total of precipitation increased from 866 to 917 mm in Schaffhausen and from

910 to 965 mm in Merishausen. Another reason could be an impoverishment in available

nutrients in the soil (perhaps related to climate change) due to the annual export of

nutrients by mowing. Moreover, during the first ten years of the experiment, the annual

mowing in summer took place sooner in June, which meant a still higher nutrient export

compared to mowing in July (seasonal nutrient content of above ground biomass see

Kahlert in prep.). A further reason for the observed changes in the traditionally managed

plots could be the decline of cover of Bromus erectus from 37% in 1987 to 23% in 1999.

The decline of such a keystone species can certainly entail changes in cover of many

other species. However, the reasons for the decline are unclear and further investigations

are needed.
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Superimposed upon the change in the "control" plots was the change in vegetation due to

changes in management. In the traditional management, the vegetation of the replicate

plots is very similar, in contrast to abandonment and controlled burning, where the plots

have a tendency to individual development with large fluctuations. That the vegetation

records between 1991 and 1999 form a more homogenous group compared to the

records of the two years 1978 and 79, is partly the result of the use of a more detailed

Londo scale since 1991 (Langenauer 1991), which allowed the documentation of

similarities and changes in this vegetation type with a higher accuracy. Moreover, in the

first years following a management change, fluctuations of species' frequencies tend to

be larger than 10-15 years after the change (see data of van den Bergh 1981).

The trend observed up to 1991 (i.e. after 13 and 14 years) was continued in most cases,

which is shown by the clear time-gradient within the group with the same management

type. The continuity is also shown regarding most of the individual species. But there are

also some species whose response to management changed (such as Primula veris).

Until 1991, Primula was favoured by abandonment, but when the litter layer reached a

certain thickness, mowing annually in October became more favourable. This

corresponds with the results of Tamm (1972) who observed a decreasing half-life of

Primula veris with decreasing light intensity. However, unexpected developments, such

as the sudden exponential growth of Trifolium medium in the burned plots after 1994

also took place. Strong fluctuation in the abundance of Trifolium medium have also been

found by Schreiber & Schiefer (1985) and Hansson & Fogelfors (2000).

Comparison of the two study sites

The behaviour of the most characteristic limestone grassland species with regard to

management is mainly similar at the two sites, but the tendency that non-traditionally

managed plots have an individual development among the replicate plots of the same

management is more emphasized in "Grätental". Furthermore, in "Grätental" the three

replicate plots of each treatment can differ in some of their dominant species. Therefore

the treatment effects regarding such species are statistically not significant (Fig. 10,

Table 3). For example Origanum vulgare reaches the high value of 50% cover in one of

the plots mown annually in October and only 1%, and 2% in the two other plots

respectively. One can therefore not rely on the response of individual species for

manifesting a consistent pattern for the development of the overall vegetation structure

in "Grätental". It is necessary to look at particular plant traits which can enhance the

performance of certain species in the different managements. For example, in the less

frequently mown and in the burned plots, the decisive traits for species dominance are
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tall growth, fast lateral spread and a large nutrient storage capacity below ground

(Köhler & Gigon in prep.; Willems 1984; Barbara et al. 2000).

Since the beginning of the experiment, the plots on "Gräte" have been more homogenous

in respect to species distribution in the different plots (Fig. 7). One of the main reasons

for this is the surroundings of the two areas. The "Gräte" is surrounded by typical

limestone grassland and by forest but without forest fringe vegetation. In contrast, in

"Grätental" the site is surrounded by very heterogeneous vegetation with neighbouring

shrubs and trees and thus the site is influenced by shading, root competition and litter

fall. There is only a small strip of regularly mown grassland between abandoned

grassland and, on the other side, agriculturally used grassland and fields. On "Gräte",

seeds from a typical limestone grassland can enter but meet a relatively dense vegetation

making establishment of seedlings difficult (Hillier 1990; Ryser 1990); especially

seedlings of certain woody species require gaps with bare soil (Ellenberg 1996). In

"Grätental" the seed rain is much more diverse, including seeds from shrubs and trees

(e.g. Fraxinus excelsior which do not occur on Gräte) and from forest fringe forbs.

These species (e.g. Seseli libanotis, Pastinaca sativa, Fragaria vesca) profit from less

frequent mowing or abandonment. Furthermore, a high number of different shrub

species enter the experimental plots when abandoned. This explains why the number of

species does not decline with changed management in "Grätental" in contrast to "Gräte"

(Fig. 7).

The progress of vegetation change is very slow in such nutrient-poor limestone

grasslands, because of the pronounced longevity of many of the characteristic species.

According to Marti (1994) the half-life of Salvia pratensis cohorts on "Gräte" is 44 years

and that of Bromus erectus 22 years. Also Grubb (1990) and Tamm (1972) calculated a

half-life of some limestone grassland species of up to 100 years. This means that even

after 22 years in our experimental plots, some species from the vegetation prior to the

experiment still remain. Probably, over the years, an overall decrease in the number of

species will take place in the infrequently mown or burned plots as those species still

remaining from the original species composition eventually vanish (see Hansson &

Fogelfors 2000).

Management most similar to the traditional management and aspects of

nature conservation

An aim of nature conservation is to find alternative managements which can maintain

the typical vegetation and structure of limestone grasslands to the same extent as the

traditional management.
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On "Gräte" and in "Grätental", the plots mown every second year in July are the most

similar to those traditionally managed. On "Gräte" the vegetation on plots mown every

year in October is also similar to that of the traditional management; however in

"Grätental", the development of the plots mown in October differs, with a high

dominance of various species. Therefore, from the nature conservation point of view,

only the management type of mowing every second year can be regarded as an

alternative management in "Grätental". On the other hand, on sites such as "Gräte"

(surrounded by typical limestone grassland, protected from outside influences and with

very poor soil-nutrient conditions), mowing yearly in October is also suitable.

Despite 21 years of abandonment on "Gräte", shrub encroachment is not a problem

(consistent with Müller 1966; Schreiber & Schiefer 1985). However abandonment has

negative consequences for typical limestone grassland species because of the thick litter

layer and an increase of grass cover; this conclusion corresponds to the findings of

Hansson & Fogelfors (2000). On the other hand, abandoned areas can be particularly

valuable in the sense of nature conservation, for example as habitats for butterflies

(Balmer & Erhardt 2000).

Mowing only every fifth year at our site removes biomass too infrequently, and therefore

does not prevent the negative consequences of abandonment.

Controlled burning can not be recommended, despite rare species as e.g. Gentiana

ciliata or Thesium bavarum being promoted by this management: The cover of

Brachypodium pinnatum - well known as benefitting from burning (e.g. Zimmermann

1979; Schreiber & Schiefer 1985; Keel 1995) - increases to such an extent that species

richness clearly declines sharply.

The results from this long-term study can be used as a basis for developing management

plans for conservation of species richness in limestone grassland. The best strategy for

achieving and maintaining a high species diversity is to have a mosaic of different

management types, as each management type tends to promote different species.

Therefore, for the central part of a grassland, we suggest the traditional management

(mowing annually in July) and, on the fringe, large strips should be mown only every

second year. Annual mowing in October can also be recommended on fringe strips if the

site factors are comparable to "Gräte" i.e. very nutrient-poor and, additionally, with

careful consideration of the species set in regard to potentially dominant species. In

limestone grasslands of several hectares in size, strips or islands mown only every two

years (or annually in October) may prove to be important as a refuge for animals in need

of shelter or particular food plants during the summer (Volkl et al. 1993). Such a mosaic

concept would prevent the whole of the grassland being mown at the same time, and

would thus maintain a highly diverse habitat for animal species too.
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The two sites, "Gräte" and "Grätental", differ, as described above, in soil conditions and

in sourroundings but overall are similar in regard to climate, geology and flora. Despite

this, they differed in the initial species composition of the management experiment and

also in the subsequent dynamics of several individual species. This means that the

described effects of the different managements cannot easily be used to predict

corresponding vegetation changes in other regions. The special situation, including the

surroundings of each site has to be carefully examined and taken into account every

time. On the other hand, the varying responses of the same species in different sites to

the same management contributes to diversity on a landscape scale.
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App. 1. Species included in the correspondence analyses for "Gräte" and "Grätental" (Species occuring at

least five times in the data set of one site over the whole experimental period). Site 1 = "Gräte", Site 2 =

"Grätental".

Site 1 2

Acer pseudoplatanus X X

Achillea millefolium X X

Anthylhs vulnerana s 1 X X

Arabis hirsuta X X

Arrhenatherum elatius X X

Asperula cynanchica X X

Aster amellus X X

Brachypodium pinnatum X X

Bnza media X X

Bromus erectus X X

Buphthalmum salicifohum X X

Campanula rotundifoha X X

Carex caryophyllea X X

Carex flacca X X

Carex ornithopoda X X

Centaurea jacea X X

Cerastium fontanum ssp vulgare X X

Cornus sanguinea X X

Dactylis glomerata X X

Daucus carota X X

Euphorbia cypanssias X X

Euphorbia verrucosa X X

Festuca ovina agg X X

Galium album X X

Hehctotrichon pubescens X X

Hieracium pilosella X X

Hippocrepis comosa X X

Hypericum perforatum X X

Knautia arvensis X X

Lathyrus heterophyllus X X

Lathyrus pratensis X X

Leontodon hispidus X X

Leucanthemum vulgare X X

Lmum catharticim X X

Lotus corniculatus X X

Medicago falcata X X

Medicago lupuhna X X

Onobrychis vicnfolia X X

Ononis repens X X

Picns hieracioides X X

Pimpinella saxifraga X X

Plantago lanceolata X X

Plantago media X X

Poa angustifoha X X

Potentilla heptaphylla X X

Primula vens s 1 X X

Ranunculus bulbosus X X

Rhmanthus minor X X

Rumex acetosa X X

Salvia pratensis X X

Sanguisorba minor X X

Scabiosa columbaria X X

Silène vulgaris X X

Taraxacum officinale X X

Thymus froehchianus X X

Site 1 2

Thymus pulegioides X X

Tragopogon onentalis X X

Trifolium campestre X X

Trifolium medium X X

Trifolium pratense X X

Trifolium repens X X

Tnsetum flavescens X X

Veronica chamaedrys X X

Vicia cracca X X

Viola hirta X X

Anacamptis pyramidalis X

Anthoxanthum odoratum X

Belhs perennis X

Carlina acaulis X

Centaurea scabiosa X

Crataegus laevigata X

Dianthus carthusianorum X

Fagus sylvatica X

Festuca pratensis X

Galium verum X

Gentiana ciliata X

Hieracium piloselloides X

Ligustrum vulgare X

Listera ovata X

Ophrys insectifera X

Orobanche caryophyllacea X

Orobanche lutea X

Orobanche spec X

Peucedanum cervana X

Pinus sylvestris X

Platanthera bifolia X

Platanthera chlorantha X

Polygala amarella X

Polygala comosa X

Prunella grandiflora X

Quercus robur
XRosaspecXTragopogonminorXAcercampestreXAlliumvmealeXCampanularapunculoidesXCarexpairaeXClinopodiumvulgareXCorylusavellanaXEuphorbiadulcisXFestucarubraXFraganavescaXFraxinusexcelsiorXGaliumpumilumXGeraniumpyrenaicumXGlechomahederaceaXHeracleumsphondyliumXInulaconyzaXMedicagosativaXMelittasmehssophyllumX



Site 1 2

Myosotis arvensis X

Origanum vulgare X

Pastinaca sativa X

Prunus spinosa X

Quercus petraea X

Sedum acre X

Seseli libanotis X

Silène nutans X

Solidago virgaurea X

Teucrium chamaedrys X

Thesium bavarum X

Thiaspi perfoliatum X

Trifolium dubium X

Vicia sepium X

Total 93 96
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2. Role of particular plant traits determining vegetation

changes in limestone grasslands differently managed
for 21 years

Köhler, Barbara & Gigon, Andreas

Geobotanisches Institut ETH, Gladbachstr. 114, CH-8044 Zürich, Switzerland;

Fax +4112610595; E-mail koehler@geobot.umnw.ethz.ch

Abstract

As semi-natural vegetation, limestone grasslands need management to conserve

species richness and diversity. In a long-term experiment, the influence of six

different management types was surveyed: annual mowing in July (traditional

management), mowing every second year in July, mowing every fifth year in July,

mowing annually in October, abandonment, and controlled burning after winter. The

approach of this study is not floristic but one of functional ecology. The role of

particular plant traits in the different management types are analysed in order to

explain the vegetation changes. For a total of 91 species, the following traits were

considered: plant height, growth form, capacity of below-ground nutrient storage,

below-ground lateral spread, leaf persistence and start of flowering. In the traditional

management, traits that were especially important were those that helped retain

nutrients in the system by minimising the loss of above-ground phytomass through

mowing. It is argued that the multiple growth restrictions plants experience in a

traditionally managed limestone grassland, enhance the coexistence of a high

number of species. Competition increases with decreasing mowing frequency and

especially when burned because species with a large nutrient storage capacity, fast

lateral spread and tall growth gain advantage. No new species could emerge in the

different managements other than those of the traditional management because only

typical limestone grassland and forests surround the study site.

Keywords: semi-natural vegetation, management experiment, functional traits,

species richness, species coexistence, plant competition, nutrient conservation,

nutrient withdrawal, long-term experiment, calcareous grassland.

Nomenclature: Lauber & Wagner (1998)
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Introduction

Various long-term experiments have been established in the past to investigate the

impacts of different management types on the conservation of species-rich limestone

grassland (e.g. Schiefer 1981; Dierschke 1985). The floristic changes due to

management observed in these experiments have only limited validity for other sites

because of differences in initial species composition. For generalisations it is

indispensable to understand the mechanisms that determine the management effects

on community structure. Many studies have already investigated various aspects of

the functioning of limestone grassland communities (e.g. van der Maarel & Sykes

1993; Gigon & Leutert 1996; Thompson et al. 1996; Huovinen-Hufschmid &

Körner 1998). However, only few studies focused on mechanisms responsible for

management effects, for example by examining the role of growth forms (Willems

1985) and of functional groups (Barbaro et al. 2000).

The present study investigates management effects on the plant species composition

of a calcareous grassland in northern Switzerland in an experiment established 21

years ago with 6 management types differing in frequency, date and method of

biomass removal (Kriisi 1981). Our aim was to examine whether the vegetation

changes observed in this experiment could be understood as the result of selection

for particular plant traits in the differently managed plots. We focused on traits that

seemed most likely to undergo differential selection. In nutrient-poor soils, as in our

study site, such traits include those related to minimising nutrient losses under a

given management (Eckstein et al. 1999). Furthermore, traits correlated to

competition for light are expected to be important because in the course of the

vegetation period the various managements differ strongly in standing crop. Finally,

we expected selection for traits that would enable species to reproduce in spite of the

periodic disturbance caused by the different managements. Thus, our hypothesis was

that these various plant traits would be differently represented in differently

managed plots. The long-term detailed records of vegetation change in our

experiment provided a unique opportunity to test this hypothesis by examining

whether the number or the total abundance of species with given traits differed

among management types. Since the results of such an analysis are not related to

particular species they are likely to apply also to other sites, and thus to provide an

important predictive tool for nature conservation. Indeed, if our hypothesis is

confirmed, it would be possible to predict which species have a potential to increase

and which might disappear under a certain management on the basis of their

particular traits.
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Material and Methods

Study site

The study site "Uf der Gräte" is a limestone grassland in northern Switzerland,

7.5 km north of Schaffhausen (47°45'58" N and 8o37'03" E). The site is situated at

720 m a.s.l. on a S.E.E. facing slope (20°). The annual precipitation in the nearby

village of Merishausen is 950 mm and the mean temperature is 9°C in Schaffhausen

(average from 1970-1999, data MeteoSwiss); at the site we assume that it is 1-2 °C

colder. The vegetation type is a Medicago falcatae-Mesobrometum erecti, (Zoller

1954) with a high species richness of almost 40 species m"2 (Gigon & Leutert 1996).

The soil is a nutrient-poor marly rendzina; plant growth is co-limited by N and P

(Köhler et al. 2001).

Experimental design

In 1978, an experiment was set up to investigate the influence of six different

management types on the vegetation (Kriisi 1981), and has been regularly

maintained ever since (Ryser et al. 1995; Langenauer et al. 2000). The management

types were: mowing annually in July (traditional management), mowing every

second, respectively every fifth year in July, mowing annually in October, controlled

burning annually at the end of February or the beginning of March, and

abandonment (no management). Each management type was replicated three times

in plots of 5 m x 10 m. The plant material was immediately removed after the

mowing.

Harvest of above-ground biomass

On July 1st 1998, biomass was harvested in the field. Per single plot, 8 strips of

7.7 cm x 50 cm were cut with electrical scissors at soil surface level. The cut plant

material was sorted to the following groups: grasses, forbs (without legumes),

legumes, mosses, litter, and woody species. The plant material was dried for at least

48 h at 70°C and weighed.

Vegetation relevés

The vegetation was surveyed by recording the abundances of all phanerogam species

- including seedlings of woody species - in June of 1997, 1998 and 1999 and

checking for additional early- or late-seasonal species in May and September of each

year. Only the inner 4 m x 9 m of each plot were surveyed to exclude trampling or

edge effects. The plant cover was estimated on an enlarged Londo scale with the
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following cover classes: r (1-5 small individuals, coded as 0.01%), 0.5, 1, 2, 3, 4, 5,

7.5, 10, 12.5, 15, 17.5, 20, 25, 30, 40, 50, 60, 70, 80, and 90% cover.

The data collected over the three consecutive years were averaged to control the

yearly variation caused by meteorological differences and stochastic factors and thus

to obtain a clearer picture of management effects on species composition. Fig. 1

shows that the three years do not contain extreme meteorological values.

Precipitation in Merishausen

Oct Jan Apr Jul Oct Jan Apr Jul Oct Jan Apr Jul Oct

Monthly total Sep. 1996 - Dec. 1999

— 30-year average of monthly total 1970-1999

b) Temperature in Schaffhausen

30-year average 1970-1999

Fig. 1. Meteorological data (SwissMeteo) for the study period.

Plant traits

To investigate our hypothesis that traits would be differently represented in

differently managed plots we considered six plant traits: plant height, growth form,

capacity of below-ground nutrient storage, below-ground lateral spread, leaf

persistence, and start of flowering (Table 1). Each trait was described by two or
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Table 1. The analysed plant traits, trait states, their description and source of information.

Trait Trait state Trait description Source of information

Plant height Low Minimum growth height <10cm Lauber& Wagner (1998)

Medium-high Minimum growth height > 10 cm

Growth form Rosette, Halfrosette,

Procumbent

Main part of above-ground biomass

- near soil surface

Lauber& Wagner (1998)

Tuft-grasses Main part of above-ground biomass

- near soil surface

Leafy stems Main part of above-ground biomass

- on the stems

Below-ground nutrient

storage capacity

Small-medium No special below-ground storage organs Hessetal (1976), Rothmaler

(1995) and personal observationsLarge Special storage organs as thick rhizomes,

tubers, especially high below-ground biomass

Below-ground lateral

spread

Slow By rhizomes or roots only a few cm/year Database CLOPLA1 groups 1,2,

4-8,11,12(Klimesetal 1997)

Fast By rhizomes or roots up to several m/year Database CLOPLA1 groups 3,9,

10,13(Khmesetal 1997)

Leaf persistence Winter-green Overwintering of green leaves Database Phanart

(Lindacher1995)Summer-green Green leaves only in summer

Start of flowering Earlier than June Early-flowering Database Phanart

(Lindacher1995)From June onwards Late-flowering

more categories referred to as "trait states", as suggested by Semenova & van der

Maarel (2000) following Pillar (1999). Some of the traits analysed were, of course,

related to others, e.g. of the 26 winter-green species, 17 are early-flowering. Still,

each trait state has its own ecological significance. For plant height, the minimum

values reached by adult plants at suboptimal sites were considered because they

seemed most representative for the restricted growth of plants on the nutrient-poor

soil of our site. Medium and tall-growing species were combined in one group, after

preliminary testing had shown that their abundance followed the same pattern. Small

and medium capacities to store nutrients below-ground were combined to one trait

state because only few species with small storage capacity occurred at our site,

which confirmed the importance of nutrient storage capacity on such a nutrient-poor

soil. For the assignment of trait states to species see App. 2.

The representation of each trait state in each experimental plot was expressed in two

ways: (a) as the sum of the cover of the species with the trait state relative to the sum

of the cover values of all species in the plot (expressed as percentage), and (b) as the

number of species with that trait state. Analyses based on percentage cover (a) allow

us to compare the relative importance of trait states among management types

independently of differences in total plant cover. Analyses based on the number of

species (b) help us to identify which traits were mostly responsible for the loss of

species under a certain management. All calculations were first carried out
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separately for each of the three years and then averaged. Only herbaceous species
were included in this analysis because the investigated traits may have a different

ecological significance for woody species.

Statistical analysis

The significance of differences among managements in the representation of

individual trait states was tested by one way ANOVA (App. 1). Differences between

traditional management and other management types were tested with the Dunnett

test (App. 2). The analyses were carried out with the statistical package JMP version

3.2.2 (SAS Institute 1995).

Similarities or differences in the species composition of differently managed plots

were analysed with correspondence analysis (CA) using CANOCO version 4 (ter

Braak & Smilauer 1997). The complete data set with all vegetation relevés and all

species was included in this analysis. The cover values of species were averaged

over the three years of observation for each relevé and then log-transformed.

Additionally, the transformation "downweighting of rare species" within CANOCO

was used to avoid rare species distorting the analysis. With this option, species are

given a weight proportional to their frequency, unless this frequency is lower than

one fifth ofthat of the most common species (ter Braak & Smilauer 1997). To

interpret patterns in species composition in terms of plant traits, trait states were

"passively" included as arrows in the CA biplot. "Passively" means that these

variables were not involved in the extraction of ordination axes; rather, their scores

on these axes were calculated post hoc as correlation coefficients between sample

scores and the representation of trait states (expressed as percentage cover). Thus,

the arrows pointed into the direction of samples having high cover of species with

the corresponding trait state.

Results

Extent of vegetation changes in the six different managements

Biomass and litter

The total above-ground phytomass in July 1998 amounted to 520 g/m2 (drymass) in

the annually mown plots, whereas abandonment yielded 644 g/m2 (Fig. 2).

The less frequent the mowing, the more the amount of litter increased: from

155 g/m2 mown annually in July to 380 g/m2 in the unmown plots. The quantity of

living above-ground phytomass of the grasses, legumes and forbs (261 g/m2 in the

plots annually mown in July) also increased with decreasing mowing frequency;
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Grasses Forbs

JU1 H

JU2 I- H

JU5 r H

ABN h H

OCT I

CBR f I

I

H

H

B

Legumes

3«

:

i

J D

D

Mosses Litter Woody sp. Living* Total

3«

i

261 ±31 520 ± 79M H

Ü1

1

^

268 ± 26 455 ± 31

306 ± 40 512 ±71H

235 ± 45 644 ± 82H

1—1 D 317 + 31 513 ±63

! 280 ±19 303 ±19

o -* roo -* roo -* roo -* ro o ro ^.o-'iow
oo oo oo oo oo
oo oo oo oo oo

drymass [g/m2]

Fig. 2. Above-ground biomass from the different management types on the 1st July 1998 at study
site "Uf der Gräte" (average, n=3, ± SE, for statistic see App. 1). JU1 mown annually in July, JU2

mown every second year in July, JU5 mown every fifth year in July (the date of all management

types with mowing in July coincided in 1997), ABN abandonment, OCT mowing annually in

October, CBR controlled burning annually in March.

Living biomass includes grasses, legumes, and additional forbs

only the value of 235 g/m2 in the unmown plots was unexpectedly low, compared

with results from the same plots in 1991 (Ryser et al. 1995) and 1999 (Kahlert,

unpublished data). In 1998, a high proportion of the living phytomass had already

died off in July; which explained the rather high value for litter in that year.

The highest living biomass was yielded by mowing annually in October. Mosses

decreased from 105 g/m2 in the plots mown annually in July to 90 g/m2 in those

mown in October and then to 30 g/m2 in the unmown plots. In the burned plots,

there were hardly any mosses.

The percentage of grasses is generally higher in unmown plots and the percentage of

forbs is significantly higher in plots mown in October compared to those mown

annually in July. For the legumes, a significantly higher percentage was found in the

plots mown in October and in the burned plots in comparison to the other

management types. The highest amount of woody species was found in the unmown

plots, with 1,5 g/m2, a very small amount considering the time period of 21 years of

abandonment. In the other management types only seedlings of woody species were

found.
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Species richness

The species richness of phanerogams is highest in the traditional management with

an average of 50 species per plot, i.e. 36 m2 (Fig. 3a). The number of species

decreases to 37 (including woody species) in the unmown plots and to 36 in the

burned plots. Annual mowing in October yielded nearly the same high species

richness as mowing annually in July. The Shannon diversity index shows nearly the

same pattern as the species number (Fig. 3b); only the value for the burned plots is

proportionally lower, because of the relatively low evenness value (Fig. 3c).

Figure 3d shows the average sum of the estimated cover values in July. The cover of

the annually or bi-annually mown plots amounts on average to 86% and that of the

rarely mown or unmown plots to 80%. A slightly higher plant cover with 95% was

calculated for the plots mown in October and a clearly higher cover with 120% in

the burned plots.

a)
60

m

.2 50
ü

8.40
(0

o30

I 20

E
= 10

Number of species b) Shannon diversity
3.5

x
3

3 2.5
c

>
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'I 1.5

I 1

Q0.5

JU1 JU2 JU5 ABN OCT CBR JU1 JU2 JU5 ABN OCT CBR

c) Evenness

1

0.8
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S 0.6
c

| 0.4
m

0.2

0

as.

9Kr

JU1 JU2 JU5 ABN OCT CBR

d) Total cover (calculated)

120

—

90

60

30

0

JU1 JU2 JU5 ABN OCT CBR

Fig. 3. Species number, Shannon diversity index, Evenness and summed total cover calculated from

the data of vegetation relevés from 1997-1999 recorded at the site "Uf der Gräte"; woody species
included. (Average for 3 replicate plots ± SE, for statistic see App. 1). Abbreviations of management

types see Fig. 2. Plot size 36 m2.
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Plant traits in the 6 different managements

In the following sections, the sum of the cover values of the species in every

management type has been set to 100%, i.e. the proportions (of the cover values) of

the trait states are expressed on a relative basis. This is necessary because the

managements differ up to one-third in the total cover values of the vegetation in the

field (Fig. 3d). For distinguishing the percentage cover values of the vegetation in

the field from the cover percentages of the different trait states, for the latter

percentages we used the expression relative cover.

Plant height

The cover of low-growing plants (e.g. Prunella grandiflora, Hippocrepis comosa,

Leucanthemum vulgare, Polygala comosa) decreased with decreasing mowing

frequency (Fig. 4a). Mowing annually in October has the same positive effect on

low-growing plants as mowing annually in July. The lowest percentage of low-

growing plants was found in the unmown and in the burned plots with 11%. The

opposite is true for the cover of the tall-growing species; in traditional management

their cover percentage is 50%. The percentage oftall growing species increases with

decreasing mowing frequency (e.g. Salvia pratensis, Galium album). The

complementary pattern of the second trait state is, of course, due to the

normalisation of total plant cover to 100%. The number of species declined,

especially in the low-growing group under decreasing mowing frequency from 20

species in the traditional management to 9 species on the unmown plots. In contrast,

the number of tall-growing species only experienced a small decline (Fig. 4b).

Growth form

Plants which have the main part of their biomass near the soil surface (e.g. Plantago

media, Potentilla heptaphylla, Anthyllis vulneraria), have an advantage when mown

regularly in July (Fig. 4c). The cover percentage of the plants with rosettes, half-

rosettes and procumbent stems in the plots mown in October, or unmown, is only a

third of the cover compared to that of plots mown annually in July; on the burned

plots it is actually only one-seventh. This applies also to the tuft grasses which are

generally low-growing (Bromus erectus, Festuca ovina agg.); their relative cover of

33% with yearly mowing in July dropped to 4% with burning. Plants having the

main part of their leaf-mass on the stem (e.g. Brachypodium pinnatum, Salvia

pratensis, Aster amellus, Centaurea scabiosa) have a relative cover of 50% in the

plots mown annually in July, 70% in the unmown plots, 80% in the plots mown in
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a) Plant height

JU1 JU2 JU5 ABN OCT CBR

D Low;
**

Medium-tall;
*

b)

JU1 JU2 JU5 ABN OCT CBR

Low;
***

Medium-tall; n.s.

c) Growth form

100

JU1 JU2 JU5 ABN OCT CBR

D Rosette, half-rosette, procumb.;
**"

H Tuft-grass;
***

Leafy stems;
***

JU1 JU2 JU5 ABN OCT CBR

D Rosette, half-rosette, procumb.;
***

Tuft-grass;
***

Leafy stems;
**

e) Below-ground nutrient storage capacity f)

_Q

E
3

JU1 JU2 JU5 ABN OCT CBR

D Small-medium; n.s.

Large; n.s.

35

30

25

20

15

10

5

0

JU1 JU2 JU5 ABN OCT CBR

D Small-medium;***

Large;**

-fis
fi

Mill

Fig. 4. Plant traits with their cover percentage and number of species in the different management

types on the basis of vegetation relevés from 1997-1999 at the study site "Uf der Gräte" (n=3, ± SE;

significance tested by one-way ANOVA
*** p<0.00\, ** p<0.0l, * p<0.05, n.s. not significant;

results of Dunnett-test see App. 1). Abbreviations of management types see Fig. 2.
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October and even 95% in the burned plots. The pattern for the number of species is

different; the three groups - rosette plants, tuft-grasses and plants with leaves on

stems - were all equally affected by the decrease of species, if plots were left

unmanaged or were burned (Fig. 4d).

Storage of nutrients below-ground

Plants with a small or medium storage capacity (e.g. Bromus erectus, Medicago

lupulina, Daucus carota) cover two-thirds of the surface in the plots mown annually

in July (Fig. 4e). The proportion of plants with a large storage capacity increased

with decreasing mowing frequency in July (e.g. Brachypodium pinnatum, Ononis

repens, Primula veris, Galium album). Plants with a large or a small-medium

storage capacity have both nearly the same percentage of cover in the plots mown in

October, in the unmown, and in the burned ones. In the burned plots the cover of

plants with a large storage capacity even exceeded the cover of plants less capable of

storing nutrients. The species, which disappeared with decreasing mowing frequency

and with burning were mainly those having a small capacity for storing nutrients

below-ground (Fig. 4f). In this group there were 31 species in the plots mown

annually in July, but their number decreased to 19 in abandonment, whereas the

group with a large nutrient storage capacity only lost 4 species.

Below-ground lateral spread

The relative cover of plants with slow below-ground lateral spread (e.g. Bromus

erectus, Trifolium pratense, Leucanthemum vulgare, Onobrychis viciifolia, Dianthus

carthusianorum) was nearly 90% in the plots mown annually in July, but decreased

considerably when mowing was less frequent (Fig. 4g). In abandoned plots the

percentage dropped to 50%. Mowing annually in October still resulted in a relative

cover of 70% for the species with slow lateral spread. Plants with fast lateral spread

(e.g. Brachypodium pinnatum, Trifolium medium, Galium album) were promoted

best by the controlled burning; their relative cover in this management type was

60%. The number of species with fast lateral spread is, on average, only 12 and

scarcely changes with the different management types. In contrast, the group of

species with slow lateral spread diminishes by 17 species from annually mowing in

July to abandonment (Fig. 4h).
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Leaf persistence

Winter-green species make up 30% of the plant cover when mown annually in July

(e.g. Prunella grandiflora, Hippocrepis comosa, Trifolium pratense, Hieracium

pilosella); this percentage decreases in the unmown plots to 10%; in the burned plots

the percentage amounts to 15% (Fig. 4i). The summer-green species (e.g. Salvia

pratensis, Trifolium medium, Aster amellus, Lotus corniculatus) have their lowest

value with a relative cover of 70% in the plots mown annually in July or October. It

is interesting to note that the pattern for the number of species in the different

managements is quite different from that just described. The number of winter-green

and of summer-green species both declined in a similar way with decreasing

mowing (Fig. 4j). This indicates that the described loss of species is not influenced

by the trait leaf persistence.

Start of flowering

Species which start flowering earlier than June (e.g. Ranunculus bulbosus, Anthyllis

vulneraria, Tragopogon orientalis) have their highest cover when mown annually in

July (Fig. 4k). Cover percentage then decreased when less frequently mown, in the

unmown plots to 50%, and its lowest percentage was reached in the burned plots

with 25%. Only in burned plots is the cover of late-flowering species (e.g. Aster

amellus, Centaurea jacea, Lotus corniculatus, Gentiana ciliata, Asperula

cynanchica) higher than that of early-flowering ones. Regarding the number of

species, the number of late-flowering species is always higher except in the plots

mown annually in July. The number of early-flowering species decreases to a larger

extent with decreasing mowing frequency than that of the species which start

flowering at the beginning of June (Fig. 41).

Correspondence analysis (CA) of all plant traits

In an ordination diagram based on correspondence analysis (Fig. 5), the plots mown

annually in July formed a well-defined group; closest to this were the plots mown

every second year in July, followed by those with annual mowing in October.

Abandoned and burned plots were farthest away from plots with traditional

management and also from each other, meaning that they differed strongly in species

composition.

The position of the plots in the ordination diagram suggests that plant species

composition responds to two main gradients. One of them corresponds to decreasing

mowing frequency and increasing amount of litter. This gradient leads from the plots
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Fig. 5. Correspondence analysis (CA) of vegetation data after 21 years of different management in a

limestone grassland. Averaged vegetation data from relevés in 1997, 1998 and 1999 were used.

(Total inertia 0.543, eigenvalue 1st axis 0.167, 2nd axis 0.082). The plant traits - as cover percentage
of the different trait states at each plot - were included by an indirect gradient analysis (black

arrows). Explanations and interpretations are depicted by grey arrows.

Abbreviations of management types see Fig. 2.

mown every second year in July via the plots mown every fifth year in July to

abandonment. The second gradient corresponds to the season of management, and

leads from plots mown in July via those mown in October to those burned in March.

Summarising the effects of mowing frequency and the season of biomass removal,

the first axis in Fig. 5 can be interpreted as a gradient of decreasing nutrient export

by management. This indicates that the loss of nutrients by mowing annually in

October is smaller than the loss if mown every second year in July. Annual burning

in the beginning of March leads to a lower export of nutrients than mowing in
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October, because the period for the withdrawal of nutrients is longer and an

additional part of the nutrients from the removed biomass becomes available for the

plant with the ashes.

The arrows depicting plant trait states indicate their association with management

types. According to this analysis, annual mowing (traditional management)

promoted species with the main part of biomass near soil surface, with early-

flowering as well as slow lateral spread, and with a relatively small capacity to store

nutrients below-ground. Both annual and bi-annual mowing promoted species with

low height and leaves persisting during the winter. The opposite trait states i.e. tall

growth and summer-green leaves were promoted in plots mown less frequently or

burned. Finally, fast lateral spread, late-flowering, large nutrient storage capacity,

and leafy stems is promoted in the plots mown every second year in July, mown

annually in October and especially in the burned plots. These trait states also have an

important influence in abandonment although to a lesser extent than burning. No

trait states were specifically associated with abandonment. However, if woody

plants had been included in the trait analysis, "woodiness" would certainly have

been associated with the abandonment treatment.

Discussion

Importance of particular plant traits within the different management

types

Mowing annually in July (traditional management)

When mown, low-growing plants, and plants having the main part of their biomass

near the soil surface (e.g. Hippocrepis comosa, Leontodon hispidus) lose a smaller

proportion of their biomass than tall-growing plants. The same applies to tuft grasses

(Bromus erectus) which are, in general, of lower size than other grasses. This

morphological adaptation to regular mowing promotes nutrient retention in the

living biomass by minimising the loss through mowing. Consequently, tall-growing

species are more restrained in their growth by regular mowing, which ensures in turn

optimal light conditions for low-growing species, particularly rosette plants (Harper

1977).

In this management type with the highest yearly export of nutrients, species with

only a small or medium below-ground nutrient storage capacity have their best

performance compared to all other management types. Species with a large nutrient

storage capacity - their number is more or less constant for all management types -

cannot increase their cover when mown annually in July. But the nutrients stored
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below-ground ensure the survival of the species by enabling resprouting after

mowing.

Species which have only limited abilities to spread laterally can attain a high cover

value and a high number of species in plots mown in July. This is partly because the

few fast-spreading species have no special advantage in these plots. A high

percentage of winter-green species can also be interpreted as an adaptation to

nutrient conservation, giving the possibility of additional photosynthetic activity

during winter. Of course, early-flowering species have a high probability of

producing mature seeds before being mown at the beginning of July, and therefore

their cover percentage is highest in the plots mown annually in July. Raking of hay

after mowing can also promote the reproduction of species through mature seeds,

because the raking produces little gaps (promoting seedling establishment, see

Hillier 1990; Ryser 1990) by partially removing moss and raising seed dispersal.

Abandonment

Species, such as Salvia pratensis, Brachypodium pinnatum and Primula veris, with a

large below-ground nutrient storage capacity reached a high cover in the unmown

plots. Here the species never experienced a loss of phytomass due to management.

Therefore, each year a relatively high amount of nutrients can be withdrawn from

the above ground phytomass and stored below-ground (Stöcklin & Gisi 1989). This

enhances their competitive ability relative to species with a small or medium storage

capacity and contributes to a continuous nutrient accumulation in the biomass, in

turn enlarging the competitive advantage of such species and thus endangering

species richness. The high cover percentage of species with summer-green leaves

can also be explained by the optimal conditions for nutrient withdrawal in this

management type, whereas the light conditions for the photosynthetic activity of

winter-green species are unfavourable because of the accumulated litter.

Species with the ability of fast lateral spread increased their cover in comparison to

the traditional management. This is related to the litter layer which had increased

during the experiment to a thickness of about 10 cm (data not shown). This means

that the probability of reproduction by seeds is very low, because the thick litter

layer is unfavourable for seedling establishment (Goldberg & Werner 1983; Fowler

1988). Therefore long rhizomes or horizontal roots become more and more

important for vegetative reproduction, corresponding with the observations from

Schiefer (1981).
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Tall growing species (e.g. Galium album) and species with most of the leaves on the

stem (e.g. Centaurea scabiosa, Peucedanum cervaria) are favoured, because they

are not restrained by mowing. This causes a significant loss of low-growing species

and rosette plants due to light competition.

In abandonment, the cover percentage of early and of late-flowering species is equal

because there is no advantage in flowering early if the plots are not mown at all.

Mowing every second respectively fifth year in July

The results for the plots mown in July every second or every fifth year are always

intermediate between those for plots annually mown in July and those for plots not

mown at all (abandonment). Therefore, these results are not further discussed here.

Annual mowing in October

Low-growing species reach the same high cover value as in the traditional

management (e.g. Linum catharticum, Leucanthemum vulgare) and also the number

of species is comparably high. As in the traditional management, the species with

this morphology lose less of their biomass than tall growing species. Moreover,

mowing in October means that nearly no dead plants from the preceding season

remain, thus low-growing plants have enough light in spring-time. These favourable

light conditions after mowing in October also favour winter-green species which

have the same high cover values as when mown annually in July. For the group of

the rosette plants, mowing in October is not advantageous. During summer, with

increasing total plant cover, the light conditions become more and more

disadvantageous (Bobbink & Willems 1988) until the October mowing.

Species with a large below-ground nutrient storage capacity can benefit from

nutrient withdrawal (e.g. Salvia pratensis, Primula veris). Up to October a

significant amount of the nutrients are already withdrawn as shown for wetlands by

Morton (1977) and Ganzert (1986) and for our site Kahlert (unpublished data). The

number of late-flowering species increased compared to the traditional management

(e.g. Aster amellus, Knautia arvensis), because these species can produce mature

seeds before being mown. The importance of fast lateral spread is smaller compared

to abandonment but larger than in the traditional management. The better conditions

for nutrient withdrawal strengthen the established plants, so that they can produce

more rhizomes enhancing lateral spread.
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Controlled burning

The total plant cover reached the highest values in the burned plots. In this

management type species with the following trait states had their highest cover

values: tall-growing species, species with their main leafmass on stems, with a large

nutrient storage capacity below-ground, and fast lateral spread. In contrast, the

number of species with these traits is more or less the same for all management

types. The enormous gain of these species can be explained by their ability to

withdraw nutrients during the whole of autumn and winter which especially

enhances those plants with a large below-ground storage capacity. Additionally,

these species (and those with expanded rhizomes or horizontal roots) are enhanced

by the effect of burning, especially Brachypodium pinnatum and Trifolium medium.

Their main phytomass is protected below-ground whereas species with lower below-

ground storage capacities - especially the winter-green species - lose an important

part of their phytomass through burning. The remaining nutrients in the ashes

provide an additional advantage to these plants which become more and more

dominant. The nutrient supply from the ashes probably allows tall-growing species a

faster start in spring, which means that low-growing species and rosette plants do

not have enough light. Burning is the most unfavourable management for early-

flowering species. As can be imagined, such species also begin to sprout earlier than

late-flowering ones, therefore the nearly total removal of above ground biomass by

fire at the beginning of March may be more destructive to the early-flowering

species.

A special role of the phosphorous and of the legumes?

The correspondence analysis (Fig. 5) produced the following sequence of the plots:

cut annually in July -> cut every two years in July -> cut annually in October ->

annually burned in March. This sequence can be interpreted as a gradient ranging

from annual (or bi-annual) biomass removal early in the season to late in the season,

and may be related to increasing amounts ofphosphorus in the system.

This assumption is supported by the fact that the percentage of legumes in the

biomass increases significantly (especially Trifolium medium) from mowing

annually in July towards mowing in October and burning (Fig. 2). Because N is not

limiting for legumes, their abundance can be regarded as an indicator of phosphorus

availability within an ecosystem which is limited by phosphorus and nitrogen

(Köhler et al. 2001). A continuous accumulation of phosphorus with burning is very

likely because proportionally more P than N remains in the ashes (Keel 1995); in

contrast, in the mown plots phosphorus is removed.
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General pattern of management-induced mechanisms of vegetation

changes in limestone grasslands

As hypothesised, plant traits have an important influence on the changes in species

composition under different managements. Of course, simultaneously with the

management, additional factors other than species traits can influence plant species

composition. In our grasslands such factors (not dealt with here) are: plant diseases

(Ryser 1990), drought (Lüdi & Zoller 1949), small rodents (Leutert 1983) and

stochasticity (Gigon 1997).

In such a nutrient-poor ecosystem, plant morphological traits that promote nutrient

conservation in the living biomass proved to be very important in confirming our

hypothesis. These traits reduce the loss of nutrients by minimising the loss of

biomass. Also storage capacities become important if less nutrients are exported

from the system due to management.

In principle, the trait states with the highest proportion in the traditional management

can not be regarded as advantageous per se for the species. Rather, each trait means

avoiding, as far as possible, the restrictions of annual mowing in July by adaptations

to this management. For example, early-flowering species avoid losing their

inflorescences before seed maturity and low growth minimises the loss of nutrients

by biomass removal. These traits only provide an advantage as long as the grassland

is mown annually in July. There is another group of trait states also typical for the

species in the traditional management but without an advantage for the species in

this management type e.g. the lack of fast growing rhizomes or horizontal roots as

well as a limited capacity for nutrient storage. Plants with these traits can only

coexist in the traditional management with plants having the ability of fast lateral

spread and a large nutrient storage capacity because these species can not benefit

from their traits when mown annually in July. On the other hand, the trait states

assigned to abandonment or burning such as tall-growth, fast lateral spread, and

large nutrient storage capacity means real advantages for the species (after cessation

of annual mowing in July). Thus the species cumulatively gained a higher

competitive ability.

The high species richness in the traditionally managed limestone grassland can be

seen as a result of the multiple restrictions the plants are undergoing: the co-

limitation of growth by N and P (Köhler et al. 2001) which itself is under discussion

in enhancing species richness (Tilman & Pacala 1993; Braakhekke & Hooftman

1999), and additionally the annual loss of biomass in July (Grime 1979; Huston

1979). In this management every type of plant strategy has only little scope for
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increasing the cover of the species in question because of the multiple restrictions.

This prevents the species from becoming too dominant and enhances coexistence.

This statement is indirectly supported by the vegetation changes caused by the other

types of management. With decreasing mowing frequency (and thus less nutrient

export) an increase in the proportion of species with tall growth, large nutrient

storage capacity, and a pronounced ability for fast lateral growth can be observed.

These traits can be associated with increased interspecific competition. Therefore it

is not surprising that with decreasing mowing frequency the number of species in the

plots decreases. A similar trend also holds true for the controlled burning

management.

At the start of the experiment all the plots had a similar species composition,

adjusted to the traditional management which had been practised for a long time,

probably over a century. The changes of management usually led to an initial loss of

species, because those with less advantageous traits were outcompeted. The

colonization by new, more competitive species in one of the five experimental

management types is very unlikely at our site because the grassland is located on a

plateau surrounded by forest. Indeed, all species which became dominant in one of

the experimental management types were already present in the species-pool of the

traditional management.

The longevity of limestone grassland species (Grubb 1990) is characteristic for this

habitat because longevity means the conservation of nutrients in the living biomass.

This explains why annuals occur only rarely compared to perennials. The longevity

of species may also have an influence on the actual species composition of the

different management types. In similar grasslands, the half life of, e.g. Salvia

pratensis cohorts is 44 years (Marti 1994). It is possible that parts of the actual plant

cover in the plots of the five other management types still remain from the species

composition at the beginning of the experiment. Continuing with the different

management types is likely to mean a further decrease of the number of species,

especially in the abandonment. Here, free space created by the death of a plant from

the initial species composition will, presumably, be occupied by a competitive

neighbouring plant preferably with fast growing rhizomes, because the new rammet

can be supplied by the neighbouring established plant (Sutherland & Stillman 1988;

Dong & Alaten 1999) and therefore cope with the unfavourable light conditions due

to the thick litter layer. The longevity of species surely decelerates the process of

vegetation change due to management and means that the process is still continuing.
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App. 1. Statistical tests for the data in Figure 2-4. Abbreviations of management types see Fig.
2. If the condition of normal distribution was not fulfilled, a chi-square test was used, which was

the case for woody species in biomass. ***p<0 001, **p<0.0\, *p<0.05, n.s. not significant

Figure 1-wayANOVA Dunnett-Test (comparison of JU1

with all other management types)

P F-Ratio JU2 JU5 ABN OCT CBR

Fig 2 Biomass Grasses (G) ns 1 ns ns ns ns ns

Forbs (no legumes, F) ns 16 ns ns ns ns ns

Legumes (L)
*** 9 ns ns ns

* *

Mosses
*** 9 * * *

ns
*

Litter
*** 281 ns ns

*

ns
*

Woody species (shrubs + trees) ns Chi - - - - -

Living (I G+F+L) ns 08 ns ns ns ns ns

Total
* 32 ns ns ns ns ns

Fig 3 Number of phanerogam species
*** 98 ns

* *

ns
*

Shannon diversity
*** 143 ns

* *

ns
*

Evenness
*** 101 ns ns ns ns

*

Total cover
*** 153 ns ns ns ns

*

Fig 4 Plant height Cover Low
** 54 ns ns

*

ns
*

Medium-tall * 41 ns ns ns ns
*

Species
number

Low
*** 49 7 ns

* *

ns
*

Medium-tall ns 28 ns ns
*

ns ns

Growth form Cover Rosette, Halfrosette,

Procumbent

*** 64 8 * * * * *

Tuft grass
*** 219 ns ns

* * *

Leafy stems
*** 37 * * * * *

Species
number

Rosette, Halfrosette,

Procumbent

*** 416 * * * * *

Tuft grass
*** 124 ns

* *

ns
*

Leafy stems
** 59 ns ns

*
ns

*

Below-ground
nutrient storage

capacity

Cover Small-medium n s (p=0 08) 26 ns ns ns ns
*

Large ns 22 ns ns ns ns
*

Species
number

Small-medium *** 166 ns
* *

ns
*

Large
** 6 ns ns

*

ns
*

Below-ground
lateral spread

Cover Slow *** 119 ns
* *

ns
*

Fast
*** 128 ns

* *
ns

*

Species
number

Slow *** 22 9 ns
* *

ns
*

Fast ns 15 ns ns ns ns ns

Leaf

persistence

Cover Winter-green
** 58 ns ns

*

ns ns

Summer-green
* 4 ns ns

*

ns ns

Species
number

Winter-green
*** 21 ns

* * * *

Summer-green
*** 109 ns ns

*

ns
*

Start of

flowering

Cover Earlier than June *** 28 4 ns
* * * *

From June onwards *** 384 ns
* * * *

Species
number

Earlier than June
*** 137 ns

* *
ns

*

From June onwards
**

55 ns ns
*

ns
*
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App. 2. Assignment of the different trait states to the investigated limestone grassland species

Plant height Growth form Below-ground
nutrient storage
capacity

Below-ground
lateral spread

Leaf

persistence

Start of

flowenng

Trait states definitions

see Table 1

Species
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Achillea millefolium X X X X X X

Agnmonia eupatona X X X X X X

Anacamptis pyramidalis X X X X X X

Anthoxanthum odoratum X X X X X X

Anthyllis vulnerana X X X X X X

Arabis hirsuta X X X X X X

Arrhenatherum elatius X X X X X X

Asperula cynanchica X X X X X X

Aster amellus X X X X X X

Bellis perenms X X X X X X

Brachypodium pmnatum X X X X X X

Bnza media X X X X X X

Bromus erectus X X X X X X

Buphthalmum salicifolium X X X X X X

Campanula rotundifolia X X X X X X

Carex caryophyllea X X X X X X

Carex flacca X X X X X X

Carex ornithopoda X X X X X X

Carlma acaulis X X X X X X

Centaureajacea X X X X X X

Centaurea scabiosa X X X X X X

Cephalanthera longifolia X X X X X X

Cerastium fontanum ssp vulg X X X X X X

Convolvulus arvensis X X X X X X

Dactylis glomerata X X X X X X

Daucus
carotaXXXXXXDianthuscarthusianorumXXXXXXEuphorbiacypanssiasXXXXXXEuphorbiaverrucosaXXXXXXFestucaovmaaggXXXXXXFestucapratensisXXXXXXGaliumalbumXXXXXXGaliumverumXXXXXXGentianaciliataXXXXXXGentianagermanicaXXXXXXGymnadeniaconopseaXXXXXXHelictotnchonpubescensXXXXXXHieraciumpilosellaXXXXXXHieraciumpiloselloidesXXXXXXHippocrepiscomosaXXXXXXHypericumperforatumXXXXXXKnautiaarvensisXXXXXXLathyrusheterophyllusXXXXXXLathyruspratensisXXXXXXLeontodonhispidusXXXXXXLeucanthemumvulgareXXXXXXLinumcatharticumXXXXXX
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Plant height Growth form Below-ground
nutrient storage
capacity

Below-ground
lateral spread

Leaf

persistence

Start of

flowering

Trait states definitions

see Table 1

Species
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Listera ovata X X X X X X

Lotus corniculatus X X X X X X

Medicago falcata X X X X X X

Medicago lupuhna X X X X X X

Onobrychis vicufolia X X X X X X

Ononis repens X X X X X X

Ophrys msectifera X X X X X X

Orchis militans X X X X X X

Orobanche caryophyllacea X X X X X X

Orobanche lutea X X X X X X

Peucedanum cervana X X X X X X

Picns hieracioides X X X X X X

Pimpinella saxifraga X X X X X X

Plantago lanceolata X X X X X X

Plantago media X X X X X X

Platanthera bifolia X X X X X X

Platanthera chlorantha X X X X X X

Poa angustifolia X X X X X X

Polygala amarella X X X X X X

Polygala comosa X X X X X X

Potentilla heptaphylla X X X X X X

Potentilla neumanmana X X X X X X

Primula vens s / X X X X X X

Prunella grandiflora X X X X X X

Ranunculus bulbosus X X X X X X

Rhinanthus minor X X X X X X

Rumex acetosa X X X X X X

Salvia pratensis X X X X X X

Sanguisorba minor X X X X X X

Scabiosa columbaria X X X X X X

Seseli libanotis X X X X X X

Silène vulgaris X X X X X X

Taraxacum officinale agg X X X X X X

Thymus froehchianus X X X X X

Thymus pulegioides X X X X X

Tragopogon minor X X X X X X

Tragopogon onentalis X X X X X X

Trifolium medium X X X X X X

Trifolium pratense X X X X X X

Trifolium
repensXXXXXXTnsetumflavescensXXXXXXVeronicachamaedrysXXXXXXViciacraccaXXXXXXViolahirtaXXXXXXWoodyspeciesAcercampestre,Acerpseudoplatanus,Cornussanguinea,Crataeguslaevigata,Fagussylvatica,Ligustrumvulgare,Pinussylvestris,Prunusspinosa,Quercuspetraea,Quercusrobur,Rhamnuscathartica,Rosa

spec
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Abstract

Management is necessary for the conservation of limestone grasslands. However,

the traditional management of hay-making every year in July is no longer profitable

for farmers. Hence many species-rich grasslands have become abandoned. The aim

of this study is (a) to investigate the consequences of abandonment (as compared

with annual mowing) on the availability of soil nutrients, and (b) to determine the

type of nutrient limitation. The soil was taken from a long-term experimental site set

up 22 years ago in northern Switzerland. The availability of soil N and P was

assessed in a bioassay where soil from mown and unmown plots was supplied with

different nutrient solutions or deionised water as control. Seedlings of Galium

mollugo s.str. L. and Raphanus sativus ssp. oleiferus (DC) Metzg. were used as

phytometer plants. Their growth in the control treatment was limited by N and P

almost to the same extent, indicating that the availability of both elements was very

low in this soil. P limited plant growth slightly more, but was overcome in the case

of Raphanus by a high P content in the seeds. The N and P availability responded

differently to management. The availability ofN was slightly higher in soil from the

abandoned plots, whereas the P availability did not differ significantly.

Accumulation of nitrogen in the soil after abandonment did presumably not have

any decisive effect on the vegetation because the amount was small and because the

vegetation seemed primarily P-limited. The direct effect of mowing or abandonment

on plants is therefore likely to be much more important for species composition than

the minor changes in soil nutrients.

Keywords: grassland management, limestone grassland, nature conservation,

nitrogen, phosphorus, soil nutrients
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Introduction

Limestone grasslands are among the most species-rich vegetation types in Europe

with many rare and endangered species (Wolkinger and Plank, 1981). As a semi-

natural vegetation they need management for their maintenance (e.g. Hegg et al.,

1992; Schumacher et al., 1995), which for low-productive grasslands in northern

Switzerland has traditionally been annual hay-making in July. This type of landuse

is no longer profitable for the farmers, but there is an attempt to continue the

management in order to preserve the high species diversity in these meadows.

Cessation of mowing causes changes in plant species composition and reduces the

species diversity (Ryser et al., 1995). The absence of biomass removal directly

influences the vegetation especially through reduced light penetration and changed

light quality and through the physical effects of litter. Abandonment may also have

an indirect effect at the ecosystem level, e.g. by influencing nutrient availability in

the soil. As nutrients are no longer exported regularly with the hay, nutrient content

in the soil can be expected to increase since the input of nutrients into the ecosystem

continues. Atmospheric deposition of nitrogen, for example, amounts in Switzerland

to 20-35 kg ha'V1 (Hesterberg et al., 1996). Symbiotic fixation of atmospheric

nitrogen by legumes also represents an input of N into the system. A tendency for

N-mineralisation rates to increase with ongoing succession in abandoned nutrient-

poor meadows has been found e.g. by Schiefer (1981), Hartmann and Oertli (1984)

and Rizand et al. (1989), even if the total N content in the soil may decrease after

abandonment (Gisi and Oertli, 1981). Less is known about the influence of

abandonment on availability of P in the soil than for N and the results do not allow

general conclusions (e.g. Stöcklin and Gisi, 1989).

When several nutrients are considered, it is important to know which one primarily

limits plant growth, since the information is needed to predict if increased

availability of a given nutrient will enhance plant biomass production. Limestone

grasslands in Switzerland are mostly considered to be N-limited (Stöcklin and Gisi,

1989; Niklaus et al., 1998). In the UK, Unkovich et al. (1998) also found N-

limitation, but other studies showed co-limitation by N and P (Morecroft et al.,

1994) or P-limitation (Rorison, 1990). In the Netherlands Bobbink (1991) and

Willems et al. (1993) found both N and P to be limiting, depending on the functional

groups; thus, grasses were N-limited and legumes P-limited. Overall, it seems that

limestone grasslands with similar vegetation can experience different types of

nutrient limitation, as is also known for other vegetation types (e.g. Koerselman and

Verhoeven, 1995). While the reasons for such differences are fairly well understood
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for wet grasslands (Verhoeven et al., 1996), they are still not clear for limestone

grasslands.

The aim of this study was to determine how abandonment affects the availability of

N and P in the soil of a dry nutrient-poor limestone grassland. In addition we were

interested to know which nutrient was more limiting to plant growth. To this end we

investigated the soil of a long-term experimental site where different management

regimes had been implemented in 1977 (Krüsi, 1981). We compared the availability

ofN and P in soils from plots mown annually in July and from those abandoned for

22 years, expecting to find higher availability in the soil from unmown plots.

A bioassay was used for this study since this method generally provides a better

insight into nutrient availability than soil chemical analyses (e.g. Marrs, 1985; Van

Düren and Pegtel, 2000). The bioassay included different nutrient treatments in an

omission design, i.e. the phytometer plants were supplied with nutrient solutions

lacking either N or P. Thus, plant growth was limited only by the omitted nutrient,

which the plant could take up solely from the soil, whereas all other nutrients were

available in abundance in the supplied solution (Olff and Pegtel, 1994). The growth

of the phytometer plants could then be taken as a measure for the availability of the

omitted nutrient, and the comparison of different treatments indicated which nutrient

was the most limiting. In this way, both nutrient availability and nutrient limitation

could be assessed in a single experiment, providing a more comprehensive view on

management effects than previous studies (e.g. Schiefer, 1981; Hartmann and Oertli,

1984; Stöcklin and Gisi, 1989).

Materials and methods

Site description

The soil used for this bioassay was taken from the site "Uf der Gräte" in a limestone

grassland in northern Switzerland, 7.5 km north of Schaffhausen (47°45'58" N and

8°37'03" E). The site is situated at 720 meters a.s.l. on a S.E.E. facing slope (20°).

The annual precipitation is 910 mm and the mean temperature 7°C (Data by Swiss

Meteorological Institute, in: Ryser, 1990). The soil is a nutrient-poor marly rendzina

(Table 1). The vegetation type is a Mesobrometum erecti, sub-association with

Medicago falcata (Zoller, 1954). The productivity of the site is very low with an

average 250 g m"2 year"1 above-ground biomass production (dry mass). An

experiment comparing six different management regimes was set up here in 1977

(Krüsi, 1981) and has since been regularly maintained (Ryser et al., 1995;

Langenauer et al., 2000).
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Table 1. Soil chemistry (g kg"1 soil) of samples taken "Uf der Gräte" on March 27,1999 from topsoil
(1-6 cm) sieved at 4 mm (mean ± SD, n=3). No significant differences between soil from unmown

plots and plots mown annually using t-test.

mown annually abandonment

Total N1 4.323 ± 0.58 4.795 ± 0.201

Total P1 0.567 ± 0.034 0.558 ± 0.026

Extractable K2 0.45 ± 0.071 0.365 ± 0.026

PH3 7.2 ± 0.05 7.17 ± 0.04

1 2 3

Kjeldahl, extraction with ammoniumacetate at pH 4.6, CaCl2

Soil samples

Soil was taken on 25 March 1999 from those plots which had either been mown

annually in July, or left unmown for over 22 years. The management types were

each replicated with three plots of 10 m x 5 m. Blocks of soil, 22 x 22 x 15 cm3,

were taken from 16 randomly selected points in each plot. The top layer, rich in

partly decomposed litter (0-1 cm), was removed and the subsequent layer (1-6 cm)

was used for the experiment. We assume that this layer contains the highest nutrient

concentration in the shallow soil of the study site. The layers below 6 cm were

discarded. The fresh soil was passed successively through three sieves (mesh width:

1 cm, 0.7 cm and 0.4 cm). All soil samples originating from the same replicate plot

were pooled and carefully mixed. With each soil replicate we filled 72 pots, nine

pots for each nutrient treatment and phytometer species. The 0.4 1 pots were filled

each with 345 ± 5 g soil (fresh mass).

Phytometer species

The species used as phytometers in the bioassay were Galium mollugo L. s.str. and

Raphanus sativus ssp. oleiferus (DC) Metzg. Hereafter species will be referred to by

their generic names. The species were chosen because of their different growth traits

in order to control the range of possible growth responses. Galium mollugo is a

perennial grassland species, which can be mycorrhizal. In contrast, Raphanus is a

fast-growing annual species of agriculture which, like other Brassicaceae, is

normally not infected by mycorrhizal fungi (Allen, 1991).

The seeds of Galium were germinated on Perlite. After 12 days, four seedlings of

1 cm length were transferred to each of the 216 pots. Raphanus was germinated for

1 day between two layers of wet paper, after which four seeds, with a radicula of

4 mm, were placed in each of the remaining 216 pots. The soil in the pots was
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covered with 30 g of coarse-grained quartz sand to prevent the surface from drying

out. The experiment was carried out between April and June 1999 in a greenhouse.

Nutrient treatment

Four nutrient treatments were applied: deionised water as a control, a complete

nutrient solution (Hoagland, N 350 mg l"1 and P 155 mg l"1) and two modified

Hoagland solutions, one lacking N and the other lacking P. CI- replaced N03_ in the

N-deficient solution and P043_ in the P-deficient solution (Olff and Pegtel, 1994).

The pH of the solution was adjusted to 5.5 with 5 M KOH. A K-deficient treatment

was not included because a preliminary experiment had shown that K was not a

limiting factor. Nutrient supply began after seedlings had been established, i.e. after

13 days for Raphanus, and after 26 days for Galium.

Each pot with Raphanus was given 55 ml of the nutrient solution twice weekly,

whereas Galium was fertilised with 55 ml only once a week on account of its

smaller size and slower growth. The pots were arranged randomly on trays within

the greenhouse. To prevent any nutrient solution which may have leached out from

reaching the neighbouring pots we placed them on plastic doormats with bristles of

15 mm. Between fertiliser applications, the plants were watered with deionised

water at least every two days. Each week the position of the pots was shifted

systematically to counterbalance any differences in light intensity in the greenhouse.

Harvest and measurements

Raphanus was harvested after 36 days of growth, and the slower-growing Galium

after 61 days. The shoots were clipped at soil surface and dried for at least 48 h at

70°C to measure the dry mass. The roots were washed out from soil using a sieve

(mesh width 1.5 mm). Because the procedure was very time-consuming, only the

roots of Galium were harvested. To analyse the N and P content of the shoots, the

harvested dry matter was pooled from the nine pots with same nutrient treatment and

soil. After grinding, the plant material was digested with the Kjeldahl method. N and

P concentrations of digests were measured colorimetrically with a Flow Injection

Analyser (FIA, Tecator). The N and P content of germinated seeds from Galium and

Raphanus was also determined.

To know whether the phytometer plants had mycorrhizal infection, additional

unfertilised pots of Raphanus and Galium were harvested weekly from the third

week of growth onwards.
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Roots were washed and stored at -18°C. At the end of the experiment they were

stained with trypan blue to detect mycorrhiza. As expected, Raphanus was never

infected, whereas after just three weeks Galium showed infection by arbuscular

mycorrhizal fungi in all samples.

Statistical analysis

Data from the nine pots within the same nutrient treatment and containing soil from

the same replicate plot in the field were averaged before further analysis. The dry

mass data were log-transformed to obtain normal distribution. In a two-way-within-

subject-ANOVA (subject = plots) the following effects were tested: management as

the between-subject factor, nutrient treatment as the within-subject factor, and their

interaction. Separate analyses were carried out for Galium and Raphanus. The whole

data set was included in the analysis of the dry mass data (Table 2). The analysis of

N and P-uptake was carried out with a reduced data set containing only the two

treatments where the investigated nutrient was not supplied by the nutrient solution

(Table 4).

More detailed comparisons were carried out with one-way ANOVA and the Dunnett

test, as indicated in the tables. Statistical analyses were carried out with JMP

Version 3.2.2.

Results

Shoot dry mass of Galium and Raphanus

The growth of both species was higher on soil from unmown plots compared to that

of those mown annually, though for Galium the difference just failed to be

significant (p = 0.07, Table 2). The nutrient treatments had a highly significant

effect on the growth of both phytometer species. The interaction of management and

nutrient treatment was statistically significant only for Raphanus.

In pots supplied with the complete nutrient solution, Galium produced on average 42

x and Raphanus 17 x more shoot dry mass than plants in the control pots. In

contrast, treatments with a full nutrient solution but lacking either N or P increased

plant growth at most only three-fold. This comparatively small difference within the

three nutrient-deficient treatments indicates that growth of Galium and Raphanus

was strongly limited by both N and P.

For Galium, the shoot dry mass in the P-deficient treatment, which reflected

available P in the soil, did not differ significantly from that of the control (Figure
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Figure 1. Shoot dry mass (mean ± SE) of Galium mollugo (A) after 8.5 weeks and of Raphanus
sativus (B) after 5 weeks; root dry mass of Galium mollugo (C). Plants grown in pots containing
limestone grassland soil from unmown plots (n=3) and from plots annually mown (n=3) and

supplied with three different nutrient solutions or deionised water as control (9 pots per field plot
and nutrient treatment). Effects of management on soil within the single nutrient treatments were

tested by one-way ANOVA. Control treatment vs. the other nutrient treatments was tested with

Dunnett-test. * P<0.05, n.s. not significant.

1 A). In contrast, in the N-deficient treatment shoot dry mass was 160% higher than

in the control. Thus, Galium was able to take up more N from the soil when supplied

with additional P, but it could not take up more P from the soil even when supplied

with additional N (besides all other nutrients). We conclude that the most limiting

element for Galium was P.
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Table 2. Effects of management and nutrient treatments on the shoot and root dry mass of Galium

and the shoot dry mass of Raphanus analysed with two-way ANOVA within subject after log-
transformation.

Species Source DF F Ratio Significance

shoots management 1 5.66 n.s (P=0.07)

Galium mollugo residual between plot [management] 4

nutrient treatment 3 728.33 ***

management x nutrient treatment 3 2.05 n.s.

residual within nutrient treatment x plot [management] 12

shoots management 1 32.18 **

Raphanus sativus residual between plot [management] 4

nutrient treatment 3 1296.64 ***

management x nutrient treatment 3 4.95 *

residual within nutrient treatment x plot [management] 12

roots management 1 0.24 n.s

Galium mollugo residual between plot [management] 4

nutrient treatment 3 424.53 ***

management x nutrient treatment 3 4.00 *

(P= 0.03)

residual within nutrient treatment x plot [management] 12

***p<0.001, **p <0.01, "p <0.05, n.s. not significant

In Raphanus the lowest dry mass was produced in the N-deficient treatment where it

was even lower (25%) than in the control treatment (Figure 1 B). This was due to

leaf mortality, probably a physiological damage from the rather unbalanced nutrient

supply. In the P-deficient treatment, Raphanus produced a significantly higher dry

mass (60%>) than in the control treatment. Thus the most limiting nutrient for

Raphanus was N.The dry matter produced in the N-deficient treatment on soil from

unmown plots was 75% higher for Galium and 62% higher for Raphanus than on

the soil from plots mown annually (Figure 1 A, B). Overall, soil from the unmown

plots contained significantly more available N than that of plots mown annually. In

contrast, a significant effect of management on available P in the soil could not be

detected. Comparing the soil from the two managements in the control treatment

(only water), which shows the productivity of the soil, the growth of Galium did not

differ significantly. Thus, because of P-limitation, Galium could obviously not use

the additionally available N in the soil from abandoned grassland. In contrast,

Raphanus produced a significantly higher dry mass on soil from abandoned

grassland also in the control treatment.
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Figure 2. N-uptake in 4 shoots of Galium mollugo (A) and total P-uptake (B) after 8.5 weeks, re¬

uptake in 4 shoots of Raphanus sativus (C) and total P-uptake (D) after 5 weeks on soil from plots
mown annually in July and on soil from unmown plots (mean ± SE). Effects of management on soil

within the single nutrient treatments were tested by one-way ANOVA, effects of nutrient treatment

by two-way ANOVA (see Table 4). * P<0.05, n.s. not significant.

Root dry mass of Galium

Root dry mass of Galium showed a pattern of response similar to that of the shoot

dry mass (Table 2, Figure 1A, 1C). In the P-deficient treatment root dry mass did

not differ from the control, whereas in the N-deficient treatment it was on average

230% higher compared to the control (Figure 1C). The same effect of management

that was observed in the shoots was also found. In the N-deficient treatment, the root

dry mass was 50% higher on soil from unmown plots while for P there was no

significant difference. The variation between the root dry mass of the nine pots of

the same treatment and soil was higher (coefficient of variation 0.32) than that of the

shoot dry mass (coefficient of variation 0.19). Possible losses of fine root material

during washing out from the very loamy soil may be one reason for the increased

variation.

N and P content of Galium and Raphanus

Plant tissue N and P concentrations were used to calculate the amount of N and P

taken up by the test plants (Table 3). We were interested in knowing how much N,

respectively P, the plant could take up from the soil when there was no limitation by
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the other nutrients and to compare this with the values of the control treatment with

deionised water (Figure 2).

Galium grown in the N-deficient treatment took up more N than the plants in the

control treatment (Figure 2 A). No such effect was found with the P-deficient

treatment (Figure 2 B). These results were consistent with those for the dry matter

indicating P-limitation of Galium.

The N-uptake by Raphanus in the N-deficient treatment was lower than in the

control treatment (Figure 2 C) which concurred with the results for dry matter. In

contrast, the P-uptake in the P-deficient treatment did not differ significantly from

that of the control treatment (Figure 2 D), even though a higher P-uptake might have

been expected because of the N-limitation indicated by the results on the dry mass of

Raphanus.

The management effect found for the plant dry matter was confirmed by a higher

uptake of N on soil from abandoned grassland (Figure 2 A, C) but no statistically

significant difference in P uptake was found between managements (Figure 2 B, D).

Table 3. N and P-uptake of four shoots (one pot) ofGalium ( in 8.5 weeks of growth) and Raphanus

(in 5 weeks of growth) on soil from plots mown annually and on soil from plots unmown for 22

years.

Galium mollugo

management nutr. treatment N[mg] ±SE P[mg] ±SE

mown annually control 1.18 ±0.29 0.045 ±0.015

mown annually N-deficient 1.45 ±0.20 0.361 ± 0.059

mown annually P-deficient 1.46 ±0.17 0.018 ± 0.006

mown annually complete 35.36 ±1.55 4.010 ±0.120

abandonment control 1.78 ±0.15 0.047 ±0.012

abandonment N-deficient 2.18 ±0.08 0.428 ±0.017

abandonment P-deficient 1.92 ±0.33 0.038 ±0.016

abandonment complete 37.03 ±3.61 3.904 ± 0.540

Raphanus sativus

mown annually control 2.79 ±0.08 0.113 ±0.016

mown annually N-deficient 1.82 ±0.10 0.637 ± 0.032

mown annually P-deficient 10.19 ±0.14 0.078 ± 0.002

mown annually complete 62.43 ±2.99 12.140 ± 0.546

abandonment control 3.69 ±0.33 0.069 ± 0.005

abandonment N-deficient 3.37 ±0.43 1.054 ±0.127

abandonment P-deficient 10.92 ±0.90 0.077 ± 0.009

abandonment complete 71.05 ±6.20 14.646 ±1.782
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Table 4. Effects of management and nutrient treatments on N and P-uptake of shoots of Galium and

Raphanus analysed with two-way ANOVA within subject. Reduced dataset (for N-uptake control

and N-deficient treatment; for P-uptake control and P-deficient treatment)

Species Source DF F Ratio Significance

nutrient uptake

Galium mollugo management 1 6.66 n.s (P=0.06)

N-uptake residual between plot [management] 4

nutrient treatment 1 8.78 *

management x nutrient treatment 1 0.35 n.s.

residual within nutrient treatment x plot [management] 4

Galium mollugo management 1 0.45 n.s.

P-uptake residual between plot [management] 4

nutrient treatment 1 5.54 n.s.

management x nutrient treatment 1 1.34 n.s.

residual within nutrient treatment x plot [management] 4

Raphanus sativus management 1 10.32 *

N-uptake residual between plot [management] 4

nutrient treatment 1 35.82 **

management x nutrient treatment 1 8.99 *

residual within nutrient treatment x plot [management] 4

Raphanus sativus management 1 4.26 n.s.

P-uptake residual between plot [management] 4

nutrient treatment 1 2.86 n.s.

management x nutrient treatment 1 6.79 n.s.

residual within nutrient treatment x plot [management] 4

*p <0.001, **p <0.01, *p <0.05, n.s. not significant

N and P content of the seeds

Four seeds of Raphanus (in one pot) with an average dry mass of 47 mg contained

in total 2.6 mg N and 0.4 mg P. If we assume that a third of the total N content of a

Raphanus plant is located in the roots (based on results of a preliminary study)

Raphanus still took up 0.1- 2 mg N/pot from soil during the growth experiment, but

did not need to take up any P from the soil because the amount initially present in

the seeds exceeded the demand during the whole growth period.

Four seeds of Galium weighed in total only 2.2 mg; their average nutrient content of

0.08 mg N and 0.01 mg P could not influence the growth results because it was

much lower than the amounts taken up from soil.
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Discussion

Type of nutrient limitation

The most limiting element for plant growth in our limestone grassland soil was P, as

shown by our bioassay with Galium. Like most species in limestone grasslands

Galium mollugo is mycorrhizal and it was infected during our experiment. Thus, the

primary limitation of Galium by P can, with some reservations, be considered

representative for the whole vegetation at the study site, because almost 90% of its

species are mycorrhizal (Gigon and Ryser, 2000). In contrast, the N-limitation of

Raphanus was related to the particular traits of this species, and therefore did not

reflect nutrient availability in soil, as will be discussed further below.

Even though our experiment indicated P to be the primary limiting element, the

availability ofN and P was so low in the studied soils that, in fact, both nutrients can

be regarded as limiting plant growth almost to the same extent - quasi a co-

limitation. Plant growth hardly differed between the two treatments where the

limitation by either N or P was lifted. For example, the dry mass of Galium in the P-

deficient treatment represented only 2% of the dry mass in the complete nutrient

treatment, but in the N-deficient treatment it was also only 5%, i.e. still very low (for

the soil of plots mown annually).

The co-limitation which we postulate for our sites may be the result of long-term

regular nutrient export by mowing (Olff and Pegtel, 1994). Let us assume that sites

were initially limited by a single nutrient. Mowing would then remove the other,

non-limiting nutrients to a higher extent (relative to the plants' physiological

requirements) from the system because of luxury uptake by the plants. This may

eventually result in co-limitation, provided that exports of non-limiting nutrients are

not counterbalanced by inputs. The fact that at our site "Uf der Gräte" P was only

slightly more limiting may be a result of the moderate N-deposition in this region

amounting to 20-25 kg ha"1 y"1 (Eugster et al., 1998). This approximately

counterbalances the losses due to mowing (24 kg ha"1 y"1, calculated for our site in

1998, B Kahlert, unpublished data). High atmospheric N deposition together with

mowing may result in P-limitation (Koerselman et al., 1990; Verhoeven and

Schmitz, 1991). Mowing after long-term P fertilisation may result in N-limitation

because large P stocks in soil act as a steady source of available P (Olff and Pegtel,

1994) but, in our case, the site had never been supplied with mineral fertiliser.

Overall, many decades of annual mowing at our site had been sufficient for the

development of co-limitation.
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Earlier studies on nutrient limitation in limestone grassland show different

possibilities for growth limitation. Our finding that both N and P were limiting for

plant growth is consistent with results of Morecroft et al. (1994). The P-limitation

found by Rorison (1990) agrees with our data in that P was, after all, primarily

limiting. However, our results are in contrast with the generally held opinion that N

is the main limiting element in limestone grasslands of northern Switzerland (e.g.

Stöcklin and Gisi, 1989; Niklaus et al., 1998). Different types of nutrient limitation

in limestone grassland can originate from the historical use of these sites, like

fertilisation in former times, or from different geology, but they may also be an

artefact due to different methods used for detection (Aerts and Chapin, 2000). The

bioassay design used in this study is primarily a straightforward way of detecting the

relative nutrient supplying capacity of soil (Van Düren and Pegtel, 2000). Results

can only be interpreted in terms of limitation if no nutrients other than N or P are

limiting in the control treatment. This condition was most probably fulfilled in our

case, since a preliminary experiment excluding limitation by K, and Ca was surely

not limiting in a limestone grassland with a soil pH of 7.2.

Influence of management on available soil N and P

It is well known that cessation of management, i.e. of biomass removal, leads to an

increase in available nutrients in nutrient-poor grasslands. Our data indicate that

such an effect depends on the element considered. At our site, abandonment

enhanced the availability of N, but not of P. This agrees with Rizand et al. (1989)

who found a slightly higher N mineralisation rate after 22 years of abandonment in

comparison to annual mowing of chalk grassland. Also Hartmann and Oertli (1984)

and Schiefer (1981) measured slightly higher N mineralisation rates on unmown

limestone grassland. These studies used chemical methods to detect changes in N-

availability. Chemical analysis ofN mineralisation with incubated soil from our site

in November 1994 (Güsewell, unpublished) and in March 1997 (Gerster, 1997), did

not detect any statistically significant differences due to management. This indicates

that the effect of management on the soil of our site was marginal; only a very small

amount of nitrogen had actually accumulated in the soil from abandoned plots,

detectable only by the sensitive phytometer approach of this study. Possibly the N

availability had been enhanced less at our site because the process of succession on

the unmown plots advanced very slowly, nearly no bush encroachment having taken

place. Indeed the presence of woody species tends to enhance N mineralisation in

dry grasslands (Hodgkin, 1984; Sanchez et al., 1997).
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In contrast to N, which has a regular input due to atmospheric deposition, the main

source of available P for our grassland is weathering of soil parent material;

atmospheric deposition is generally considered less important (Aerts and Chapin,

2000). With0.57g kg1 the total amount of P in the topsoil (Table 1) is quite low

compared with a normally fertilised agricultural soil with about 1 g kg"1. This

suggests that also P availability must be quite low, so that even if P accumulated

over 22 years, the resulting pool of available P in the soil was insufficient for

detecting a significant increase. It can be assumed that P was taken up by the plants

as soon as it became available because this element was primarily limiting.

Moreover, species of nutrient-poor habitats are adapted to conserve nutrients once

taken up (Aerts and Chapin, 2000), so that intrabiotic cycling of P might also have

contributed to the absence of detectable changes in the soil.

Even though we could only detect minor changes in the soil, a more significant

accumulation of nutrients surely took place in the plant biomass of the abandoned

plots. Total above-ground biomass in July 1998 amounted to 400 g m"2 (dry mass) in

annually mown plots and to 590 g m"2 in the plots unmanaged for 22 years (Köhler,

unpublished).

Different responses of Galium and Raphanus

The growth response of Galium and Raphanus clearly indicated that there was a

nitrogen accumulation in the unmown plots. However, the type of nutrient limitation

for the two species was different. Galium was most limited by P and Raphanus by

N. How did the two species differ in their P-supply? Galium had been infected by

arbuscular mycorrhizal fungi almost from the beginning of the experiment, but this

probably had no great effect on the growth of Galium because of the relatively short

duration of the experiment. As expected, Raphanus was never mycorrhizal; it had

other ways of enhancing its P-supply in a manner more effective than Galium, at

least in the short term. Of greatest importance was the high amount of P in the large

seeds of Raphanus, which was even higher than the amount of P in the shoots at the

end of the experiment. Raphanus was not P-limited because it had enough P in its

seeds. In addition, because of its faster growth Raphanus could fill the pots with its

roots in a very short time and reach more of the relatively immobile phosphate than

Galium. Furthermore Hoffland (1991) showed that Raphanus sativus is able to

mobilise rock phosphate, as is the case for other Brassicaceae too (Hoffland et al.,

1989).
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The end of the experiment for Raphanus (after 5 weeks) and for Galium (after 8.5

weeks) was determined by their respective growth rates. The experiment came to an

end when the plants from the complete nutrient treatment would have needed more

nutrient solution for their maintenance than the regularly given 55 ml. If the

experiment would have lasted longer, Galium would certainly have stayed P-limited,

but possibly the P-limitation would have been less because of a better established

mycorrhiza which might have provided access to new pools of P in the soil. For

Raphanus, it is likely that the N-limitation would have changed into P-limitation as

soon as the P-reserves of the seeds had been depleted.

The reaction of further species occurring in limestone grasslands can be deduced

from phytometer experiments conducted in 1997 and 1998 with Galium mollugo,

Bromus erectus, Arabis hirsuta, Plantago lanceolata and Trifolium pratense

(Gerster, 1997; Köhler, unpublished). The plants were grown on soil from the same

study plots, but they were only watered with tap water and received no nutrient

addition - an experiment which is comparable to the control treatment of this study.

The rankings of the growth response on soil of the different plots within the

managements were consistent with the present study, but growth did not differ

significantly between soils from unmown plots and from plots mown annually. This

is an indication that all the species mentioned above were primarily P-limited.

Relevance for the vegetation in the field

In applying the results to vegetation in the field, it must be considered that plant

species differ in their abilities to take up nutrients (Neitzke, 1999). Thus, within one

site, nutrient limitation can differ among species or functional groups. For example

legumes are mostly P-limited, even at generally N-limited sites (Bobbink, 1991;

Niklaus et al., 1998) because of their symbiosis with micro-organisms capable ofN-

fixation. The grass Brachypodium pinnatum is able to benefit more from enhanced

N-supply than most other species (Bobbink et al., 1989). In limestone grasslands,

arbuscular mycorrhizal fungi (AMF) are very important for nutrient supply, with

effects depending on the AMF species plants are associated with (Streitwolf-Engel

et al., 1997; Van der Heijden et al., 1998). Thus differences in nutrient supply

between plant species can be intensified by infection by different AMF species. A

competitive advantage of single species resulting from mycorrhizal infection which

lifts P limitation and enables benefiting from enhanced N supply might trigger

changes in species composition after abandonment. AMF infection is probably of

major importance for changes in dominance in relation to N and/or P limitation

(Bobbink, 1998) and may be changed by N inputs.
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The co-limitation by N and P, may be one of the reasons for the especially high

species richness at our field site, such a relationship has been suggested by Tilman

and Pacala (1993) and by Braakhekke and Hooftman (1999).

Consequences for nature conservation

The minor accumulation of available N and P in the topsoil (and presumably also in

deeper soil layers) and its effect upon plant growth on soil of the abandoned

grassland were much smaller than expected after a 22 year long period of no nutrient

export through mowing. Thus, regarding N and P contents in soil, letting a limestone

grassland unmanaged for 22 years is not an irreversible process (as long as shrub

encroachment has not taken place). Since the above-ground biomass in our

unmanaged plots is 40 to 50% larger than in the plots cut annually (see above and

Ryser et al., 1995) one must assume that nutrients are accumulated within the plants

themselves, particularly in some tall-growing grasses and forbs as well as woody

species. All these plants crowd out many low-growing plants, leading to a decrease

in diversity, particularly of some endangered plant species (Langenauer et al., 2000).

Thus, the direct effects of mowing or abandonment, i.e. mechanical damage,

respectively changed light conditions and encroachment of woody species, have a

much greater influence on the "conservation value" of the studied limestone

grasslands than the indirect effect of nutrient availability in the soil.
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