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Abstract. Theoretical advances and short-term experimental studies have furthered our
understanding of how ecosystems respond to perturbation. However, there are few well-
replicated experimental studies that allow an assessment of long-term responses. Results from
a controlled, large-scale field experiment in a subalpine grassland near Interlaken, Switzerland,
show that 2–4 years of liming (Ca: 40 g�m�2�yr�1) still significantly affected the composition of
the vegetation and the soil microbial community nearly 70 years after the treatments were
imposed, whereas NPK fertilization (8 g�m�2�yr�1) only marginally affected vegetation
composition. The exchangeable content of Ca ions and soil pH were higher in limed plots but
were unaffected in fertilized plots. Plant species and PLFAs (phospholipid fatty acids)
indicating low pH values were found in higher abundance in the unlimed plots, suggesting that
the long-lasting effects of liming on the above- and belowground communities were mediated
through changes in soil pH. The results of this long-term study indicate that the resilience of
mountain ecosystems may be particularly low in response to perturbations that substantially
alter soil pH or other key determinants of belowground processes.

Key words: lime; long-term effects; mountain grasslands; phospholipid fatty acids (PLFAs); soil
nutrients; soil pH.

INTRODUCTION

Long-term experiments in seminatural and natural

terrestrial ecosystems have revealed that continuous

human influences, such as the input of nutrients or acid

rain, can have dramatic effects on the composition of

communities and on ecosystem functioning (Tilman and

Lehman 2001). For example, the Park Grass experi-

ments at Rothamsted, UK, which started in 1856, have

revealed that continuous fertilizer or liming amendments

to the soil significantly changed soil pH, the composition

of the vegetation and the soil microbial community,

plant species richness, litter decomposition, and soil

development (Johnston et al. 1986, Tilman et al. 1994).

However, little is known about whether ecosystems are

resilient in the long term against short-term perturba-

tions (Scheffer et al. 2001). Two types of resilience have

been proposed. After disturbance components of resil-

ient ecosystems may either return to their original state

(resilience sensu May 1973), or may undergo a transition

toward an alternative stability domain (ecological

resilience sensu Holling 1973; see also Gunderson 2000

and Scheffer et al. 2001).

Theoretical and experimental work suggest that

resilience is affected by a number of ecosystem character-

istics, including nutrient cycling (DeAngelis et al. 1989,

Moore et al. 1993), plant functional types (Leps et al.

1982, MacGillivray and Grime 1995), and ecological

diversity (Tilman and Downing 1994). The ‘‘resilience–

productivity hypothesis’’ posits that the time required by

an ecosystem to regain equilibrium after a disturbance is

similar to the turnover time of nutrients in the system

(DeAngelis et al. 1989, Moore et al. 1993), suggesting

that resilience may be particularly low in ecosystems

with harsh environmental conditions, like alpine and

arctic ecosystems. Plant species growing in alpine and

arctic ecosystems are characterized by a set of traits that

promote the tolerance of environmental stresses (Körner

1999). The same traits are associated with low growth

rates and are therefore predicted to be associated with

low rates of resilience (Leps et al. 1982, MacGillivray

and Grime 1995). Moreover, resilience is likely to vary

not only among ecosystems, but also among components

and processes within the same ecosystem (Lavorel et al.

1999). For example, recovery of vegetation cover may be

relatively fast, while recovery of vegetational composi-

tion might be considerably slower.

Here, we report results from a controlled, large-scale

field experiment on the long-term effects of liming and

fertilization on the composition of the plant and

microbial community of a subalpine grassland. The

treatments were carried out from 1932 to 1935 and led to

a significant shift in plant species composition within a

few years. We revisited the experimental site nearly 70

years after the treatments were imposed to test the
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hypothesis that liming and NPK fertilization still

affected vegetation composition. We also aimed to test

whether the short-term addition of lime and NPK

fertilizer had long-term effects on soil chemical proper-

ties and on the composition of the soil microbial

community.

METHODS

The experiment at the Schynige Platte near Interlaken

(Bernese Oberland, Switzerland) was set up in 1930 by

Werner Lüdi at 1925 m above sea level in a subalpine

acid grassland (acid cambisol, pH at the beginning of the

experiment 4.5–5.0 [Lüdi 1948]) on a south-southeast-

facing slope with an inclination of 208. Mean annual

precipitation is ;1800 mm, and mean annual temper-

ature is ;18C. Before 1930, the site had been used as a

pasture for many centuries. Once the experimental plots

had been set up and the treatments initiated, the whole

site was fenced, and was mowed once a year in late

summer. From 1958 to 1980 the site was grazed by

cattle. Since 1980, the site has been fenced again and

maintained by one of the authors (O. Hegg) by mowing

it once a year. The vegetation of the site consisted

mainly of grasses, in particular Nardus stricta L. and

Festuca rubra L. with an average cover of ;30% and 5%,

respectively. Subordinate species with an average cover

of between 3% and 5% were Arnica montana L., Crepis

conyzifolia (Gouan) Kerner, Gentiana purpurea L., and

Vaccinium myrtillus L. Bryophytes and lichens were rare

in the experimental plots and were not recorded.

We present results from a subset of 80 plots out of the

340 plots set up by W. Lüdi. The plots, each 2.56 m2 (1.6

3 1.6 m), separated by 0.4 m wide access paths, were

arranged in four blocks. Each block consisted of 20

plots, which were subjected in a factorial design to the

two treatments: liming (yes/no) and NPK fertilizer (yes/

no). Both treatments were applied in all blocks once a

year in early summer 1932 and 1933. In two of the four

blocks, the treatments were repeated in 1934 and 1935.

N was applied as ammonium sulphate, P as super-

phosphate, and K as potassium (Hegg et al. 1992). The

fertilized plots also received a small amount of Ca as

part of the P fertilizer. In total, plots that were limed

over a period of two years received 80 g/m2 Ca, and

plots that were fertilized received 1.4 g/m2 N, 4.9 g/m2 P,

9.7 g/m2 K, and 19 g/m2 Ca. Plots that were treated over

a period of four years received twice the amount of

nutrients compared to those treated over a period of two

years. The 20 plots of each block were arranged in two

parallel rows of 10 plots along the main altitudinal

gradient. The four treatment combinations were allo-

cated to the plots in a regular design.

In summer 2002 complete plant species lists were

established for the central 1-m2 square of each plot.

Then, the cover of each vascular plant species was

estimated to the nearest 1% (Mueller-Dombois and

Ellenberg 1974). Cover for species with ,1% cover was

assessed with greater precision by placing a 10 3 10 cm

square frame (1% of the 1-m2 square) over each plant of

a species and summing the estimated cover for all plants

of that species. Cover was evaluated for each species

independently so that the sum of cover values could

exceed 100% and reflect canopy layering. Soil samples

were collected on 9 August 2003. In each plot, four soil

cores (diameter 18 mm, depth 10 cm) were taken with a

metal sampler next to the four corners of the central 1-

m2 subplot, pooled, and transferred to a deep-freezer

(�188C) within a few hours after sampling. The soil

samples were then homogenized and sieved (mesh size 2

mm). Organic matter content was determined by

reweighing 3 g of dry soil after burning at 4008C for 8

h. The exchangeable content of Ca and K was

determined in an inductively coupled plasma spectro-

photometer (Optima 3000 DV, PerkinElmer, Wellesley,

Massachusetts, USA) after dissolving 5 g of dry soil for

2 h in 0.1 mol/L BaCl2. To make the soil pH measure-

ments comparable with those from previous studies

(Lüdi 1959, Hegg et al. 1992), pH was measured after

shaking 5 g of soil in 5 mL of distilled water for 15 min.

Lipid extractions were made from 3 g soil as described

by Hedlund (2002). The sum of the phospholipid fatty

acids (PLFA) i15:0, a15:0, 15:0, i16:0, 16:1x9, i17:0,

a17:0, cy17:0, 18:1x7, and cy19:0 was used as an index

of bacterial biomass (Frostegård and Bååth 1996). The

amount of PLFA 18:2x6 was used as an index of

saprophytic fungal biomass and the neutral lipid fatty

acid (NLFA) 16:1x5 as a marker for arbuscular

mycorrhizal fungi (Olsson 1999, Hedlund 2002). All

PLFA and NLFA concentrations were expressed as

nanomoles per gram of dry soil.

To assess the productivity of the 80 plots, a bioassay

was carried out using Festuca rubra L. as a phytometer.

A bioassay was preferred to an analysis of soil nitrogen,

because nutrient availability for plants is often only

weakly related to element concentrations in the soil

(Schimel and Bennett 2004). F. rubra is a species with a

wide ecological amplitude with respect to pH (Ellenberg

et al. 1991). Sieved and homogenized soil samples from

each of the 80 plots were placed in plastic tubes (diameter

2 cm, height 8 cm), which were tightly closed by a 55-lm
gauze screen at the bottom. The tubes were individually

placed in cups and randomly arranged on a greenhouse

bench. Two seedlings of F. rubra were planted in each

tube. Seedlings that died within five days after trans-

planting were replaced. Plants received regularly the

same amount of water. After 10 weeks the seedlings were

harvested, dried for 48 hours at 808C, and weighed.

We subdivided all experimental blocks into an upper

and a lower half to take into account the altitudinal

gradient at the site, which resulted in a total of eight

blocks containing 2–3 replicates of each of the four

treatment combinations. All analyses were based on 80

soil samples and 79 vegetation records (one census was

lost). The statistical power to detect the effects of factors

that varied at the block level (duration of fertilizer

application, i.e., two or four years, and position of plot
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along the slope) was very low due to low replication, and

no effects were found. All analyses were therefore

carried out using the factors block, fertilization, and

liming. Univariate data were analyzed by analyses of

variance using the R-1.8.1 statistical language (R

Development Core Team 2004). To fulfill the assump-

tions of normally distributed residuals and homogeneity

of variances data were transformed in some cases prior

to analysis.

For the multivariate analyses of community compo-

sition, the data on individual plant cover were log-

transformed, and the individual PLFA amounts were

divided by the sum of all PLFAs and then also log-

transformed prior to analysis. Initial detrended corre-

spondence analyses showed that beta diversity (gradient

length) of the communities was relatively low (1.83), and

following the recommendations of Leps and Smilauer

(2003) the data were therefore analyzed by redundancy

analysis, a constrained form of principal component

analysis (van den Wollenberg 1977). The method used

by us to record the vegetation (Mueller-Dombois and

Ellenberg 1974) includes a visual and therefore poten-

tially subjective estimation of the cover of the individual

plant species, but has the advantage of providing a

complete species list for each plot. To test for a potential

bias due to the visual estimation of species cover, we also

carried out a canonical correspondence analysis of the

vegetation composition using species presence–absence

data. All multivariate analyses were carried out using

CANOCO 4.02 (ter Braak and Smilauer 1999). The

significance of the treatments was tested using the

randomization test available in CANOCO.

To identify plant species and phospholipid fatty acids

indicating the treatments imposed, indicator species

analyses (Dufrene and Legendre 1997) followed by

randomization tests were carried out with the log-

transformed data using PC-ORD (McCune and Mef-

ford 1999). Indicator species analysis combines infor-

mation on the relative abundance of a species and its

relative frequency of occurrence in groups of sites

(Dufrene and Legendre 1997).

RESULTS

Nearly 70 years after the last liming treatment, both

the soil pH (5.14 6 0.04 vs. 4.97 6 0.04, F1,69¼ 13.0, P

, 0.001) and the exchangeable content of Ca ions (181

6 9.0 vs. 148 6 9.6 mg/L, F1,69 ¼ 9.9, P ¼ 0.002) were
significantly higher in limed than in unlimed plots (data

are given as means and standard errors). In contrast,

fertilization had no effect on either the pH or the

exchangeable content of Ca ions (both P . 0.5).

Furthermore, K ions and organic matter content were

not significantly affected by any of the treatments (all P

. 0.1), and treatments did not influence the above-

ground biomass of the phytometer F. rubra in the

bioassay (all P . 0.15). Plant species richness per plot

increased with soil pH (linear regression, r ¼ 0.27, P ¼
0.009).

Liming still had a highly significant effect on

vegetation composition 70 years after the last treatment

(Table 1: Plant community). In contrast, the effect of

fertilization was only significant at the 10% level. Similar

results were obtained when species presence–absence

data were used instead of cover values (canonical

correspondence analysis: liming, F1,68 ¼ 2.12, P ¼
0.002; fertilization, F1,68 ¼ 1.23, P ¼ 0.114), indicating

that limed and unlimed plots differed in terms of the

presence of plant species. Indicator species analysis

identified 13 species that were significantly more

abundant either in limed plots or in unlimed plots

(Table 2). The indicator species for liming are known as

indicators for neutral soil reaction from the literature,

whereas those indicating no liming are typical species of

acid soils (Table 2), suggesting that the change in

vegetation composition was due to the increased pH.

However, when soil pH was included in the redundancy

analysis as a covariate, the effect of liming was still

significant (F1,67¼ 2.0, P¼ 0.003). Plant species richness

tended to be higher in limed plots than in unlimed plots

(31.6 6 0.61 species vs. 29.8 6 0.73 species, F1,68 ¼ 3.1,

P¼0.08), but was not affected by fertilization (P¼0.97).

The composition of the soil microbial community was

significantly altered by liming, but not by fertilization

(Table 1: Soil microbial community). When soil pH was

included in the redundancy analysis as a covariate, the

effect of liming was no longer significant (F1,68¼1.4, P¼
0.171), suggesting that it was mediated by soil pH.

Indicator species analysis showed that the three PLFAs

10Me16:0, br17:0, and 10Me17:0 were indicator PLFAs

for unlimed plots (Table 3). Bacterial biomass, fungal

TABLE 1. Results of redundancy analyses of the effects of NPK-fertilization and liming in the 1930s on the composition of the
plant community of a subalpine pasture in 2002, and on the microbial community in 2003.

Source

Plant community (2002) Soil microbial community (2003)

df Total SS F P df Total SS F P

Block 7 0.181 7 0.174
NPK 1 0.015 1.39 0.083 1 0.013 1.137 0.331
Liming 1 0.042 3.81 ,0.001 1 0.029 2.604 0.009
NPK 3 liming 1 0.008 0.70 0.898 1 0.005 0.443 0.920
Error 68 0.754 69 0.779
Total 78 1.000 79 1.000

Notes: P values are derived from randomization tests (ter Braak and Smilauer 1999). Significant test results are in boldface type.
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biomass, and AM fungal biomass did not differ between

treatments.

DISCUSSION

The experiment at the Schynige Platte set up by W.

Lüdi in the early 1930s offers a unique opportunity to

assess the response of a grassland ecosystem to a short-

term perturbation over a longer period of time than

most other field experiments.

In contrast to other long-term studies in grasslands

like the Park Grass and Cedar Creek experiments, where

treatments were applied continuously over time (Dodd

et al. 1994, Inouye and Tilman 1995, Wilson and Tilman

2002), the subset of the experimental plots analyzed in

this study was last fertilized and limed in the early 1930s.

Liming quickly increased the pH from 4.5–5 at the

beginning of the experiment up to neutrality in 1945,

and within a few years both treatments strongly changed

the productivity and composition of the vegetation

(Lüdi 1959). Then, with time, soil and plant commun-

ities are expected to asymptotically approach those of

the control plots (Neubert and Caswell 1997). However,

our results show that 70 years after the last treatment,

the effects of liming on vegetation, soil microbial

community, and on soil chemistry were still detectable.

Liming has generally strong effects on plant com-

munities as shown during both short and long-term

experiments, and these effects have been attributed to

the change in soil pH (Tilman et al. 1994, Nilsson et al.

2002). At our study site, the pH of the limed plots

remained close to neutrality until 1955, and then slowly

returned to about pH 6.3 in 1990 (O. Hegg, unpublished

data). In 2002, i.e., after 70 years, the pH of limed plots

was still significantly higher than that of control plots.

The difference was relatively small (5.14 vs. 4.97), but

nevertheless represented a 50% higher concentration of

hydrogen ions in the unlimed plots. We hypothesize that

the current differences in plant community composition

reflect the much larger differences in pH in the past,

rather than the differences today. This may also explain

why no persistent effects of liming on productivity could

be detected in the greenhouse experiment. The plant

community at the Schynige Platte consists mainly of

long-lived, clonal perennials that should respond slowly

to a gradual change in environmental conditions

(Milchunas and Lauenroth 1995, Körner 1999).

In contrast, soil microorganisms are often short lived,

have high turnover rates, and are thought to recover

quickly from disturbance (Wardle 2002). Nevertheless,

we found significant effects of liming on the composition

of the PLFAs in the soil 70 years after the last treatment.

This suggests that, despite the relatively small differences

in soil pH and no evidence for differences in soil organic

matter content and productivity, the limed plots

continue to provide environmental conditions for

belowground organisms that differ from those of the

TABLE 2. Indicator plant parameters for liming and no-liming treatments revealed by indicator species analysis (Dufrene and
Legendre 1997).

Treatment and indicator
plant species

Indicator
value

Percent cover No. plots containing species

R valueUnlimed Limed Unlimed Limed

Liming
Carex sempervirens 59 1.5 6 0.40 2.6 6 0.34 20 36 7
Leontodon hispidus 54 1.8 6 0.30 2.8 6 0.35 26 36 7
Lotus corniculatus 51 1.2 6 0.23 2.1 6 0.27 23 33 7
Bartsia alpina 50 0.8 6 0.12 1.1 6 0.12 26 35 7
Alchemilla vulgaris 44 0.7 6 0.16 1.2 6 0.21 17 28
Viola calcarata 27 0.1 6 0.05 0.5 6 0.15 7 15 8
Anthyllis vulneraria. ssp. alpestris 21 0.03 6 0.03 0.3 6 0.12 1 9 8
Selaginella selaginoides 20 0.0 0.1 6 0.03 0 8 7

No liming

Gentiana purpurea 58 4.3 6 0.52 1.9 6 0.31 37 31 3
Campanula barbata 54 2.9 6 0.31 1.5 6 0.21 35 28 1
Arnica montana 54 5.1 6 0.50 3.2 6 0.46 37 32 3
Trifolium alpinum 28 2.4 6 0.76 0.4 6 0.18 15 8 2
Vaccinium uliginosum 18 0.4 6 0.17 0.1 6 0.06 9 2 1

Notes: The indicator value is a measure combining information on the relative frequency and relative abundance of a species in a
group of sites. Its maximum is 100, when a species is present only in one group. Percent cover values are expressed as mean 6 SE.
The R (reaction) value (range 1–9), according to Ellenberg et al. (1991), indicates the realized ecological niche of the species in
Central Europe. Low values indicate that species are typical for acidic soils, high values that they occur typically on base-rich soils.
Landolt (1977) assigns a medium R value to Carex sempervirens, which is equivalent to an R value of 5 according to the Ellenberg
system. All indicator values are statistically significant at P , 0.05.

TABLE 3. Indicator phospholipid fatty acids (PLFAs) for no-
liming treatments revealed by indicator species analysis
(Dufrene and Legendre 1997) and their concentration in
limed and unlimed plots.

PLFA No liming Liming P

10Me16:0 8.5 6 0.43 7.0 6 0.33 0.017
br17:0 0.5 6 0.02 0.4 6 0.02 0.024
10Me17:0 2.1 6 0.11 1.7 6 0.09 0.040

Note: PLFA concentrations are given in nmol/g dry soil 6
SE.
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control plots. Experimental manipulation of the soil pH

in forests resulted in consistent changes in PLFA

patterns, suggesting that pH is a key determinant of

soil microbial community composition (Frostegård et al.

1993, Bååth et al. 1995, Pennanen et al. 1998, Bååth and

Anderson 2003). Pennanen et al. (1998), in results

similar to our study, found that even a small change in

soil pH of 0.2 units significantly influenced the

composition of the soil microbial community. In our

study, both the results of the multivariate analysis and

the response of individual PLFAs to liming indicated

that the effects of the liming treatment were mediated by

its effect on soil pH. In the experiment at the Schynige

Platte, fatty acids that are typical for low pH (10Me16:0,

10Me17:0) were more abundant in unlimed plots

(Frostegård et al. 1993, Pennanen et al. 1998, Bååth

and Anderson 2003).

In regions like the Bernese Oberland where rainfall

considerably exceeds evaporation, leaching of cations

such as Ca is generally thought to be high due to

significant water movement through the soil profile

(Jenny 1980). However, the amount of exchangeable Ca

in the soil of the limed plots, 70 years after the last

liming, was still ;22% higher than in the control plots.

Similarly, Marion et al. (1993) found that loss of

exchangeable Ca from soils with a pH level comparable

to that of our limed plots (pH ;7 in 1945) was slow in

an arctic ecosystem. Based on a study along a primary

successional chronosequence on an initially alkaline, Ca-

rich soil in Alaska, Marion et al. (1993) estimated that it

took 250 years until the amount of exchangeable Ca had

declined by 75% and the soil pH level by 2–3 units.

A possible mechanism by which the long-term effects

of liming can be explained is that the significant changes

in soil pH originally induced by liming have subse-

quently been maintained by positive feedbacks between

belowground and aboveground ecosystem components

(Wardle 2002). Soil pH is a key determinant of microbial

community biomass and composition (Bååth and

Anderson 2003), and has been shown to have a large

influence on ecosystem processes such as litter decom-

position (e.g., through its effect on degradation rates of

phenolic compounds [Pind et al. 1994]) and nutrient

mineralization. As a consequence, soils with a pH close

to neutrality generally have a higher nutrient availability

than soils with a pH of 4 to 5 (Chapin et al. 2002).

Therefore, the changes in the belowground ecosystem

induced by liming are likely to have favored plant

species that have high rates of nutrient acquisition, high

relative growth rates, and high tissue nutrient concen-

trations. Leaf litter of these plants is favorable to

decomposers and breaks down more rapidly than that of

plant species adapted to low-nutrient conditions (Cor-

nelisson et al. 1999). The increased leaf litter quality in

turn is likely to retain the soil microbial composition and

the magnitude of microbial processes originally induced

by liming. This feedback between aboveground and

belowground food webs may generate relatively stable,

mutualistic associations and thereby decrease the rate at

which ecosystem components or processes return to

their original state, or even shift the ecosystem to an
alternative self-organized state.

Similar to the effects of liming, fertilization also

resulted in a significant change in plant community

composition and an increase in biomass production

within the first years after application (Lüdi 1959).
However, already in the early 1940s both biomass

production and the abundance of plant species that had

initially responded positively to fertilization began to

decrease (Lüdi 1959). Correspondingly, we found only
marginal effects of NPK fertilization on plant commun-

ity composition, and no effects on productivity and soil

microbial composition. These results suggest that the

subalpine acid grassland ecosystem at the Schynige
Platte has a higher resilience to short-term fertilization

than to short-term liming, and that the measured biotic

and abiotic characteristics of the fertilized plots have

again approached those of the control plots.

In summary, the results of this study provide strong
evidence that short-term and small-scale perturbations

can have very long-lasting effects on mountain grass-

lands, despite their high species richness, which is

commonly seen as an indicator of high resilience
(Hooper et al. 2005). The different long-term effects of

liming and fertilization on soil chemistry and the

composition of the plant and microbial community

indicate that the resilience of mountain grasslands may
differ depending on the type of ecosystem changes

induced by the perturbation. We propose that the

resilience of mountain ecosystems may be particularly

low in response to perturbations that substantially alter
soil pH or other key determinants of belowground

processes.
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D. Paulißen. 1991. Zeigerwerte von Pflanzen in Mitteleuropa.
Third edition. Goltze, Göttingen, Germany.
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