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Abstract The vegetation composition of calcareous

grasslands in Central Europe is mainly determined by the

applied management treatments and the nutrient status of

the ecosystems, but these factors cannot clearly be sepa-

rated. Recently several authors reported a shift in growth-

limiting plant nutrients from nitrogen to phosphate.

Therefore, we tested the interaction between management

and plant available phosphate in a long-term experiment in

Southern Germany with different management treatments

applied to calcareous grassland. We measured mycorrh-

ization rates, which are assumed to be high at low

phosphate availability, to explore the interaction between

management, phosphate availability and vegetation com-

position. By correlating mycorrhization rates to vegetation

and soil data we found that treatments involving nutrient

removal show a greater degree of mycorrhization than

treatments leading to nutrient enrichment. According to

decreasing suitability for grassland conservation, the six

different management treatments could be ranked as

mowing, followed by mulching (twice a year, once a year

and every second year), burning and undisturbed succes-

sion. It was shown, that mycorrhizal infection rates (1) can

be used to evaluate different management treatments for

their suitability to conserve the initial vegetation compo-

sition, and (2) may provide information about the processes

of adaptation to the current management, namely to dif-

ferences in plant available phosphate. However, as

discussed for the undisturbed succession treatment, it might

not be sufficient to look at the degree of mycorrhization

only. These are related to phosphate availability, but to

detect adaptation processes to management, the degree of

mycorrhization should be analysed together with plant’s

internal nutrient relocation patterns.

Keywords Mulching � Nutrient limitation � Phosphate �
Undisturbed succession

Zusammenfassung Die typische Vegetationszusammen-

setzung von Kalkmagerrasen in Mitteleuropa wird vor

allem durch Unterschiede im Management und der

Nährstoffversorgung bestimmt, wobei sich allerdings die

Auswirkungen dieser zwei Faktoren nicht klar abgrenzen

lassen. In jüngeren Publikationen wird berichtet, dass

Stickstoff als wachstumslimitierender Faktor zunehmend

von Phosphat abgelöst wird. Daher wurden in dem vor-

liegenden Artikel die Auswirkungen verschiedener

Managementvarianten auf die Erhaltung der typischen

Vegetationszusammensetzung und -struktur sowie auf

den Phosphathaushalt untersucht. Hierzu wurden die

Mykorrhizierungsraten von drei Pflanzenarten verglichen.
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Die Mykorrhizierungsraten sind eng mit der Fähigkeit zur

Phosphataufnahme verknüpft: sie sind hoch bei geringer

Phosphat-Verfügbarkeit. Die Mykorrhizierungsraten wur-

den mit Vegetations- und Bodendaten korreliert und ein

positiver Zusammenhang zwischen Managementvarianten,

die zu einem Nährstoffentzug (vor allem Phosphat) führten

und den Mykorrhizierungsraten gefunden. So war es

möglich die sechs Managementvarianten nach Ihrer Eig-

nung für die Erhaltung der ursprünglichen Vegetation zu

bewerten: Mähen, gefolgt von Mulchen (zweimal jährlich,

einmal jährlich, alle zwei Jahre), Brennen und freier

Sukzession.

Mykorrhizierungsraten können genutzt werden um (1)

verschiedene Managementvarianten hinsichtlich Ihrer

Eignung zur Erhaltung der ursprünglichen Vegetation zu

bewerten, und (2) Informationen über die den Vegetat-

ionsveränderungen und Anpassungen zugrunde liegenden

Prozesse, also die Unterschiede in der Phosphat-

verfügbarkeit, zu erlangen. Allerdings wurde am Beispiel

der Sukzession gezeigt, dass neben den Mykor-

rhizierungsraten auch Prozesse der pflanzeninternen

Nährstoffverlagerung eine Rolle spielen. Um die Bedeu-

tung von Phosphat für die Vegetationsentwicklung zu

bewerten, sollten Mykorhizierungsgrade und Nähr-

stoffverlagerungsprozesse gemeinsam analysiert werden.

Introduction

Human land-use is one of the most important drivers

influencing the vegetation composition of non-alpine

grasslands. In the cultural landscape of central Europe

human impacts are of particular importance as the potential

natural vegetation would be forest (Bohn and Neuhäusl

2004). Since the beginning of agriculture the landscape was

opened and in many places grassland ecosystems evolved

due to extensive sheep or cattle grazing (Küster 1996).

These semi-natural grasslands are of major importance for

nature conservation as they often harbour a diverse flora

and fauna containing rare species (WallisDeVries et al.

2002). However, these species assemblages are specifically

adapted to management and therefore strongly endangered

by changes in management (Quétier et al. 2007). Since the

beginning of the last century traditional land-use practices

were often altered due to economical reasons since agri-

culture was intensified or sites were abandoned (Watkinson

and Ormerod 2001; Poschlod and WallisDeVries 2002;

Poschlod et al. 2005). In addition to changes in manage-

ment, the nutrient status of an ecosystem is important, as it

is well known that vegetation composition of grasslands is

related to nutrient availability (Garcia 1992; Myklestad

2004; Schmidt 2006b).

To keep grassland sites in good ecological conditions,

practical nature conservation needs management treat-

ments that mimic traditional land-use at low costs while

being suitable to maintain the characteristic species com-

position. A recent EU-Directive (CC: Cross Compliance)

even regulates the ‘minimal’ management for this goal: it

specifies that either mulching once a year (=mowing

without removal of the phytomass) or alternatively mowing

every second year must be applied. As shown by several

studies (Moog et al. 2002; Kleijn and Sutherland 2003;

Römermann et al. in press) at least for dry grasslands the

proposed management treatments do not seem to be ade-

quate. Therefore, in the current study we aim at comparing

different management treatments to evaluate their value for

nature conservation goals. For this comparison we used one

site (St. Johann) of the fallow-land experiments Baden-

Württemberg, where plots with different management

practices like mulching, mowing, grazing, burning and

natural succession exist since 1975. Such management

treatments have different effects on vegetation composition

(Schreiber 1995; Moog et al. 2002; Kahmen 2004;

Schreiber et al. 2009a) as well as on soil nutrient contents

(Werth et al. 2005; Lorenzo et al. 2007).

In many studies nitrogen was found to be the growth-

limiting factor in calcareous grasslands (e.g. Willems et al.

1993; Neitzke 2001), but today nearly every ecosystem in

central Europe is highly affected by nitrogen deposition

(Bobbink and Roelofs 1995); for most ecosystems it thus

seems unlikely that plant growth is any longer limited by

nitrogen. Consequently, different authors stressed the

importance of phosphate (or the co-limitation of nitrogen

and phosphate) for vegetation development in semi-dry

grasslands (Morecroft et al. 1994; Wilson et al. 1995;

Grime et al. 2000; Köhler et al. 2001; Carroll et al. 2003).

However, it is difficult to estimate the effect of phosphate

as a growth limiting factor from simple soil analyses, as

plants may take up phosphate in very low concentrations

with the help of mycorrhizal fungi. As proposed by Titus

and Leps (2000), one way of estimating the extent, to

which an ecosystem is limited by phosphate is the analysis

of the degree of mycorrhization. Mycorrhization generally

enhances phosphorus uptake (Koide 1991; Mullen and

Schmidt 1993) because mycorrhizal fungi can take up

phosphorus in lower concentrations than plant roots (Smith

and Read 1997).

As already mentioned, vegetation composition and

nutrient availability are connected: the aim of a suitable

management treatment for nature conservation should be a

reduction (or at least not an increase) of plant growth

limiting soil nutrients. Thus we assume greatest mycor-

rhizal infection rates for those treatments with greatest

potential for maintaining initial vegetation composition.

Based on the results of Titus and Leps (2000) that in
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ecosystems with low phosphate supply mycorrhizal infec-

tion rates are enhanced, we study a set of six different

management treatments describing a gradient from high

impact to undisturbed succession to answer the following

questions:

– Do we find differences in mycorrhizal infection rates

between the six analysed management treatments?

– Is it possible to relate infection rates and the potential

of the six treatments to preserve a stable vegetation

composition?

– Thus, can we use mycorrhization rates for the evalu-

ation of different management treatments with respect

to nature conservation aims?

Materials and methods

Study site

The study was carried out at the grassland site St. Johann

in SW Germany (Baden-Württemberg; 48.5�N, 9.4�E,

760 m a.s.l.). The area is characterized by a mean annual

temperature of approx. 6.0–6.5�C, an average annual

rainfall of about 1,000 mm, and a growing season length

of 165–172 days. Because of its location on the Swabian

Alb the parent material for the rendzic leptosols is

limestone of the White Jura (Schreiber et al. 1997;

Schreiber et al. 2009a). The site is part of the fallow-

land experiments Baden-Württemberg (Schreiber 1977;

Schreiber et al. 2009a). Following a period with exten-

sive sheep-grazing, in 1975 the following management

treatments were established and continuously applied

until today: (1) mulching twice a year in June and late

August (2 M), (2) mulching once a year in late August

(1 M), (3) mulching every second year in late August

(M2), (4) mowing with removal of the cut grass once a

year in late August (1MO), (5) burning once a year

outside the plant growing season (1B), and (6) undis-

turbed succession (S). The different management

treatments were applied without replication on neigh-

bouring plots of about 900 m2 (15 9 60 m) separated by

a small buffer zone.

Vegetation composition

To describe the present vegetation composition, we used

the results of a vegetation survey carried out in 2000

(which is the latest available vegetation data, Moog et al.

2002). The vegetation sampling was carried out on tran-

sects of eight 2 9 2 m plots in the centre of each treatment

plot, using the method of Braun-Blanquet (1964) with

abundance classes following Schmidt (1974).

Soil sampling

Soil samples were taken in early spring 2005, air-dried

(1 week at 20�C), and sieved using a 2 mm sieve. In each

treatment plot two soil samples were taken, consisting of

35 sub-samples to 8 cm depth. The sieved samples were

analyzed for plant available phosphorus and plant available

potassium contents using the ICP-OES (Jobin Yvon Ultima

2) following an extraction using the CAL method (calcium

lactate); pH was determined on a 1:5 soil:0.01 M CaCl2
suspension using a pH meter (glass electrode). An aliquot

was ground with an ultracentrifugal mill, and total C and N

of the ground soil were analyzed with a Euro EA 3000

(Euro Vector, Italy). Carbonate (IC) was analyzed con-

ductometrically with a Wösthoff-apparatus (Wösthoff

Messtechnik GmbH, Germany). Organic C (Corg) was

calculated as the difference of total C and IC.

Mycorrhiza

In a pilot study, we detected three suitable species for our

analyses as forming exclusively either ecto- or endomy-

corhiza (to reduce mistakes when estimating the degree of

mycorrhization) and occurring frequently on all examined

treatments (without a strong preference for one treatment):

Brachypodium pinnatum (L.) P. Beauv. (Tor Grass),

Helianthemum nummularium (L.) Mill. s. l. (Common

Rockrose) and Galium verum L. s. str. (Lady’s Bedstraw or

Yellow Bedstraw). We found that H. nummularium and

B. pinnatum were forming endomycorrhiza (AM—arbus-

cular mycorrhiza) and G. verum ectomycorrhiza only in our

study site, although H. nummularium and G. verum may

form both kinds of mycorrhiza types.

Mycorrhizal infection rates were measured on 15 plants

per species and management treatment. They were har-

vested every third meter along a 45 m transect on each

treatment plot. In the field the roots of each single plant up

to a depth of 15 cm, representing one sample, were dug

out, retained and stored in 50% ethanol.

We stained the roots according to the method of Koske

and Gemma (1989): Roots were washed and heated for

30 min in 2.5% KOH at 90�C in a water bath for tissue

clearing. After rinsing the roots in water, they were

bleached in alkaline H2O2 for 20 min. Because the tissues

have to be acidic for good dye retention, the roots were

acidified by soaking for at least 12 h in a 1% HCl solution.

The acidified roots were then heated in an acidic glycerol

solution (50% glycerol, 45% H2O, 5% HCl (1%)) con-

taining 0.05% methylene blue (VWR) and at 90�C in a

water bath for 30 min. Finally they were stored in acidic

glycerol solution to allow excess stain to leach from roots.

To estimate the degree of mycorrhization the stained

roots were cut into segments of approximately 1 cm length.
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Per plant 10 randomly chosen root segments were mounted

in a line on microscope slides with coverslips. Using a

dissecting microscope at 409 magnification the slides were

moved in vertical direction (Brundrett et al. 1994). Each

time a root segment was hit, the degree of mycorrhization

was estimated for the visible part of the root according to

the following classes, based on which a mean degree of

mycorrhization for each plant was calculated.

0 No infection (calculated as 0)

1 Less than 25% of the visible cells infected (calculated

as 12.5%)

2 Between 25 and 50% of the visible cells infected

(calculated as 37.5%)

3 More than 50% of the visible cells infected (calculated

as 75%)

Data analysis

To avoid overestimation of common species, species abun-

dances were transformed following the formula y = x0.25

(Wildi 1986) prior to multivariate vegetation analyses. Due

to the unimodal structure of the analyzed data, a detrended

correspondence analysis (DCA, Hill and Gauch 1980) was

carried out to determine differences in vegetation composi-

tion between treatments. Plots and species abundances were

ordinated and, to present a bi-plot, the degree of mycorrh-

ization of the three study species correlated with the axes.

Ordinations were performed with the program PcOrd 5.21

(McCune and Mefford 1999). All correlations between soil

parameters and degrees of mycorrhization were tested for

significance. As the number of vegetation relevées, soil

samples and plant samples (degree of mycorrhization) dif-

fered, we first calculated the mean values for each treatment.

Thus all correlation analyses were done with N = 6. The

degree of mycorrhization of each species was tested for

differences between treatments by one-way ANOVA with

subsequent post-hoc Scheffé-tests. If the criteria of normal

distribution and homogeneous variances were not met, log-

transformations were applied. All statistical tests were car-

ried out with SPSS 12.5 (SPSS Inc.).

Results

The ordination of the vegetation relevées yielded distinct

groups for the different management treatments (Fig. 1).

The first axis explained approximately 60% of the variation

within the dataset. Along the first axis we found from the

right to the left the following sequence of management

treatments: ‘‘mulching twice a year (2 M)’’, ‘‘mowing once

a year (1 MO)’’, ‘‘mulching once a year (1M)’’, ‘‘mulching

every second year (M2)’’, ‘‘burning once a year (1B)’’ and

‘‘natural succession (S)’’. Furthermore, the first axis was

strongly correlated with the degrees of mycorrhization of

Fig. 1 Ordination diagram (DCA) of the vegetation relevées describ-

ing the vegetation composition of grassland plots with six different

management treatments (abbreviations of the treatments see Table 2).

Matrix: 91 species, 48 relevées (axis 1: r2 = 0.58, length of

gradient = 2.14; axis 2: r2 = 0.09); a bi-plot is presented with the

degrees of mycorrhization of the three species studied (s. Table 1).

Bra pin = Brachypodium pinnatum, Gal ver = Galium verum and

Hel num = Helianthemum nummularium

Table 1 Test-values of the ANOVAs for differences between the degrees of mycorrhization (Mycor.), Pearson’s correlation coefficients

between degrees of mycorrhization and the first axis of the ordination presented in Fig. 1, and correlations between the degrees of mycorrhization

and soil parameters

Mycor. Axis 1 Corg Nt C/N P K pH

F-value r r r r r r r

Brachypodium pinnatum 24.81** -0.831* 0.346ns 0.415ns -0.063ns -0.664* 0.056ns -0.175ns

Galium verum 7.35** -0.735trend 0.121ns 0.180ns 0.032ns -0.594* -0.087ns -0.200ns

Helianthemum nummularium 4.22trend -0.975** 0.186ns -0.005ns 0.483ns -0.890*** 0.122ns -0.280ns

All correlation analyses were performed with plot means (N = 6). Levels of significance are indicated as ***p-value B0.001, **p-value B0.01,

*p-value B0.05, and trend p-value B0.1
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B. pinnatum, H. nummularium and G. verum (Fig. 1;

Table 1).

For these three species we found significant differences

in the degree of mycorrhization between the six treatments

(Table 1). As shown in Fig. 2, the species differed in their

absolute degree of mycorrhization, but for each species the

degrees of mycorrhization decreased from mulching twice

a year (2 M), mowing once a year (1 MO), mulching

once a year (1M), mulching every second (M2) to burning

once a year (1B) and natural succession (S).

In Table 2 the differences between the investigated soil

parameters are presented: For N, C/N and the pH-value we

found only minor variations. C and K contents were lowest

for the succession treatment. For phosphate, however, an

increase from 1MO, 2 M, 1 M, M2 to 1B was observed;

only for the succession treatment no phosphate was

detected in the top soil. When testing for a relationship

between the degree of mycorrhization and soil parameters,

only phosphate showed significant correlations for all the

investigated species (Table 1): with decreasing phosphate

content of the soil, the degrees of mycorrhization

increased. The only exception from this pattern was the

succession treatment, which showed phosphate contents

below the detection limit (Table 2), but also low degrees of

mycorrhization (Fig. 2).

Discussion

The floristic composition on the plots with different man-

agement followed a clear pattern, related to a gradient in

management intensity from mowing, followed by mulch-

ing twice a year, once a year, every second year, burning

and undisturbed succession. This differentiation may be

related to plant nutrient availability (Alard et al. 2005;

Römermann et al. 2005; Schmidt 2006a), as mowing is

assumed to lead to a loss of nutrients, whereas mulching

every second year and succession are leading to an accu-

mulation of litter and probably also of nutrients (Kahmen

et al. 2002; Moog et al. 2002). Burning leads to advanced

nutrient availability (principally phosphate) without litter

accumulation (Schreiber et al. 2009b), but it is not well

suited to conserve the initial vegetation composition

(Kahmen et al. 2002; Jeschke et al. 2008). However, we

did not find any relationship between management

intensity and soil nitrogen content, whereas soil content of

phosphate generally increased with management intensity

(with the exception of the succession treatment). This is in

Fig. 2 Degrees of mycorrhization for the species Brachypodium
pinnatum, Galium verum and Helianthemum nummularium in grass-

land plots with six different management types (abbreviations of the

treatments see Table 2). Means and standard errors of N = 15

individuals per species and treatment (except for B. pinnatum with

N = 10 for 2 M, and N = 7 for 1MO, and G. verum with N = 11 for

2 M, N = 13 for 1 MO, and N = 14 for M2, 1M and 1B); statistically

significant differences are indicated by different letters

c
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accordance with several authors who stressed the impor-

tance of phosphate for vegetation development in semi-dry

grasslands (Morecroft et al. 1994; Wilson et al. 1995;

Grime et al. 2000; Köhler et al. 2001; Carroll et al. 2003).

Due to ongoing nitrogen deposition in central Europe

(Bobbink and Roelofs 1995), nitrogen does not seem to be

the growth-limiting factor in calcareous grasslands any

more (Willems et al. 1993; Neitzke 2001).

Nevertheless, in the current study we detected an

absence of phosphate in the soil samples of the succession

treatment. As already mentioned, succession results in

increased litter accumulation (Kahmen et al. 2002; Moog

et al. 2002), leading to reduced light availability at the soil

surface (Bergelson 1990; Facelli and Pickett 1991), which

inhibits low-growing species (Gaudet and Keddy 1988;

Lavorel et al. 1999). Furthermore, when litter is accumu-

lated, plant available nutrients in the soil increase after a

period of immobilization in the litter (Bobbink and

Willems 1993). Next to these processes, the absence of

phosphate in the soil samples of the succession treatment

may be due to the relocation of nutrients from photosyn-

thetic active biomass to storage organs at the end of the

growing season. This was described for B. pinnatum and

other grassland species by Werner (1983), and is also well

known for woody plants. In contrast to other management

treatments, on the succession plot of our study site phos-

phate was bound in the vegetation (Werth et al.

unpublished data); thus, relocation processes to soil nutri-

ent pools are of minor importance (Werner 1983). As the

initial vegetation composition and soil contents, the former

management type (grazing) and deposition rates from the

air were comparable for the whole study area (Schreiber

1977; Schiefer 1981), we conclude that the observed dif-

ferences in plant available phosphate between treatments

developed due to differences in nutrient removal and/or

relocation. Management treatments and the availability of

nutrients are both important factors influencing vegetation

composition (Carroll et al. 2003; Bonanomi et al. 2006),

but these cannot clearly be separated (Klimek et al. 2007).

The degrees of mycorrhization of the three investigated

species in our study showed comparable pattern in relation to

different management treatments, but strong differences in

absolute values between species. As pointed out by Grime

et al. (1987) and Köhler et al. (2001) principally AM is

important for nutrient uptake by plants in calcareous grass-

lands; the competitive performance of single species thus

depends on their ability to benefit from mycorrhiza

(Streitwolf-Engel et al. 1997). Looking how individual

plants of one species perform in different environments, the

degrees of mycorrhization reflect the plant-available phos-

phate in soils (Titus and Leps 2000). However, comparing

individuals from two different species growing under the

same ecological conditions, the extent at which these are

infected by mycorrhization is determined by their physio-

logical ability to form mycorrhiza (Smith and Read 1997).

Thus, when using mycorrhizal infection rates to compare

environmental conditions in ecosystems, only the variation

within species, but not differences between species can be

interpreted and are ecologically meaningful. However, it

may still be recommended to analyse more than one species:

It is wellknown that different management treatments lead to

differences in population structure (age-classes; Poschlod

et al. 2009), with the consequence that in a given treatments

species of one age-class might prevail. However, the fitness

of individual plants, and therefore their ability to allow or

suppress mycorrhizal infection may be affected by their age.

The results of the current study indicate that degrees of

mycorrhization are related to management: treatments

leading to nutrient removal (principally phosphate) showed

a higher degree of mycorrhization compared to treatments

leading to nutrient enrichment. Thus, it may be possible to

evaluate the effects of management treatments for conserv-

ing calcareous grasslands based on the degree of

mycorrhization. As all species in our study show comparable

patterns, they support the following ranking of management

treatments according their suitability to conserve the initial

species composition: mowing is suitable best, second-best

mulching (twice a year ? once a year ? every second

year), followed by burning and undisturbed succession.

While this ranking is consistent with the results of the veg-

etation analyses and soil contents of plant available

phosphate, we may stress the potential of mycorrhizal

infection rates for evaluating the suitability of management

treatments for nutrient removal for grassland ecosystems. As

stressed above, only for management treatments leading to

litter accumulation, the degree of mycorrhization failed to be

correlated with plant available phosphate.

From our study we conclude that mycorrhizal infection

rates (1) can be used to evaluate different management

Table 2 Organic carbon (Corg), total nitrogen (Nt), C/N ratio, plant

available phosphorus (P), plant available potassium (K), and soil

acidity (pH) in the top soil of six grassland plots differing in man-

agement type (means; 0–8 cm soil depth) in 2005

Treatment Corg Nt C/N P K pH

(mg/kg dry soil) Ratio (mg/kg dry soil) (CaCl2)

1MO 74.9 6.4 11.8 4.4 49.8 5.51

2 M 77.6 6.5 11.9 4.4 62.7 5.74

1 M 75.5 6.2 12.0 5.4 68.5 5.41

M2 76.0 6.6 11.5 9.0 52.3 5.96

1B 75.6 6.2 12.0 9.6 63.1 5.93

S 71.9 6.2 11.5 b.l. 46.9 5.65

b.l., below detection limit; 2 M, mulching twice a year; 1 M,

mulching once a year; M2, mulching every second year; 1MO,

mowing with removal of the litter once a year; 1B, burning once a

year; S, undisturbed succession
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treatments for their suitability to conserve the initial veg-

etation composition, and (2) may provide information

about the processes of adaptation to the current manage-

ment, namely to differences in plant availability phosphate.

However, as discussed for the undisturbed succession

treatment, it might not be sufficient to look at the degrees

of mycorrhization only. These are related to phosphate

availability, but it is impossible to detect nutrient-reloca-

tion processes within plants. Thus, to describe adaptation

processes to different management treatments, the degree

of mycorrhization should be analysed together with plant-

internal nutrient relocation patterns.
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