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Abstract

The influence of red deer (Cervus elaphus L.) upon a subalpine grassland

ecosystem in the Swiss National Park.

In 1914 when the Swiss National Park was established, agricultural management ceased

within the Parks borders. Subsequently, a triplication in the number of wild ungulates

was observed between 1920 and today. In this research, the influence of red deer upon a

subalpine grassland ecosystem is investigated.

The analysis of long-term data from permanent plots that were installed in tall-herb

communities up to eighty years ago determined that vegetation structure and plant

species composition had changed under the grazing and trampling impact of red deer.

Night observations of grazing hinds on the subalpine grassland found that the former

agriculturally grazed areas remained the preferred grazing areas of the deer. These

grazing areas were highly correlated with soils of a high nutrient content. Distance to

potential sources of disturbance and the overview of the deer are also important factors

determining the spatial distribution of hinds on subalpine grasslands. On subalpine

grasslands red deer are grazing only during the night. To reduce disturbance levels, they

retire from the subalpine grasslands during the day. Consequently, red deer act as

nutrient shifters and the nutrients formerly accumulated by the livestock are translocated

to the subalpine forests and alpine grasslands. Using phosphorus as a surrogate for other

nutrients, the phosphorus pool of the soil, and also the spatial patterns of phosphorus

input by dung and phosphorus loss by grazing offtake were quantified. Balance

functions (P-input from dung minus P-export by grazing), in relation to the sticcessional

stage of the vegetation and the phosphorus pool in soil were estimated. The potential

long-term consequences of the nutrient export on the succession of subalpine grasslands

and the response of red deer population within the Swiss National Park are discussed.
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Zusammenfassung

Im Schweizerischen Nationalpark (SNP) wurde der Einfluss der Rothirsche (Cervus

elaphus L.) auf ein subalpines Graslandökosysteni untersucht. Drei Fragen standen

dabei im Vordergrund: 1) Welche Veränderungen traten in Lägerfluren nach der

Aufgabe der Bewirtschaftung auf und welche Rolle spielten die Rothirsche dabei?

2) Durch welche Faktoren wird die räumliche Verteilung der während der Nacht auf den

subalpinen Weiden äsenden Hirschkühe massgeblich beeänflusst? 3) Wie gross ist der

durch die Rothirsehe bedingte Nährstofftransport von den subalpinen Weiden in die

umliegenden Wälder und welche möglichen Konsequenzen ergeben sich daraus für die

Vegetationsentwicklung?

In einem ersten Schritt wurde die Vegetationsentwicklung von neun Dauerbeobach¬

tungsflächen, die zwischen 1917 und 1943 in Lägerflurbeständen angelegt worden

waren, analysiert. Nach der Aufgabe der Bewirtschaftung um 1914 entwickelte sich die

Phytomasse der Lägerfluren recht stark, aber bis 1940 wurden keine grösseren

Veränderungen in der Artenzusammensetzung registriert. Seit 1940 veränderten sich

jedoch fünf dieser neun Dauerbeobachtungsflächen von hochwachsenden Lägerflur¬

beständen (mit den dominierenden Arten Aconitum compactum, Chenopodium bonus-

henricus, Urtica dioeca oder Rumex alpinus) zu nun durch Festuca rubra dominierten

Kurzrasenbeständen. Auf drei Dauerbeobachtungsflächen wurde Deschampsia

caespitosa die dominierende Pflanzenart. Nur eine Fläche verblieb im typischen

Lägerflurstadium mit Aconitum compaction als dominierende Art. Die Veränderung zu

den durch Festuca rubra dominierten Rasen fand zwischen 1940 und 1960 statt, in der

gleichen Periode als die Rothirschpopulation im Sommer innerhalb des SNP von ca, 4

auf 8 Individuen pro knr der produktiven Fläche anstieg. Es ist wahrscheinlich, dass

diese Veränderung durch den intensiven Äsungsdruck der Rothirsche verursacht wurde.

In einem zweiten Schritt wurde im Sommer 1998 auf der subalpinen Weide "Alp

Stabelchod" während 54 Nächten die räumliche Verteilung der äsenden Hirschkühe in

Abhängigkeit von verschiedenen ökologischen Variablen (Struktur und Zusammen¬

setzung der Vegetation, frühere Bewirtschaftung. Phosphorgehalt im Boden und

Störungsquellen) untersucht. Die Strukturvariable „Kurzrasen"' erklärte rund 45% der

Variation der räumlichen Verteilung äsender Hirschkühe. Diese Variable war hoch
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korreliert mit dem Phosphorgehalt im Boden und den Vegetationseinheiten Aconitum,

Deschampsia, Trisetum und Festuca. Das auf die frühere Bewirtschaftung

zurückzuführende räumliche Muster der Nährstoffe im Boden scheint noch immer einer

der bestimmenden Faktoren für die räumliche Verteilung der äsenden Hirschkühe zu

sein. Variablen zur Sicherheit (Abstand zu möglichen Störungsquellen) und zum

Schutzverhalten (Übersicht) der Rothirsche waren für die Erklärung der räumlichen

Verteilung der Hirschkühe ebenfalls von einiger Bedeutung.

Auf der gleichen Weide wurde mit einem systematischen Netz von 268 Quadraten

(20 m x 20 m) in einem dritten Schritt das räumliche Muster der Vegetation, der

Nährstoffgehalt des Bodens sowie der durch die Rothirsche verursachte Nährstoffexport

(gefressene Pflanzenmenge) und -import (Kot) untersucht. Als Stellvertreter für die

Nährstoffe wurde der Gesamt-Phosphor verwendet. Der Phosphorgehalt im Boden (0 -

10 cm Tiefe) varierte zwischen 200 und 1100 kg P ha'. Für die gesamte Weide "'Alp

Stabelchod'" (10.72 ha) wurde für das Jahr 1998 ein Nettoverlust von 3.3 kg P ermittelt,

wobei die Rothirsche 48% des nutzbaren Ertrages konsumierten. Der grösste

Phosphorexport berug 2.5 kg P ha
'
Jahr ', die höchste Importrate lag bei 1.5 kg P ha

'

Jahr1. Im allgemeinen hatten Quadrate, deren Vegetation frühen Sukzessionsstadien

angehörten, einen höheren Phosphorgehalt im Boden und eine höhere Nettoexportrate

als Quadrate, deren Vegetation sich in einem späteren Sukzessionsstadium befand. Der

allgemeine zeitliche Verlauf des Phosphorpools im Boden konnte recht gut mit einem

Phosphorsickerverlust von 1 kg P ha
'
Jahr

'
und der Nettoexportrate modelliert werden.

Kleinräumig wird der zeitliche Verlauf des Phosphorpools im Boden hauptsächlich

durch verschiedene räumliche Prozesse wie z.B. der Distanz zum nächsten Carex

sempervirens Horst oder den Keimungsbedingungen für Pinus montana Samen

beeinflusst. Die grosse Variation im Phosphorpool von Flächen des gleichen

Sukzessionsstadiums (bis zu 600 kg ha ') kann zu einem grossen Teil mit Unterschieden

in der Geschichte, in der Lage und in den räumlichen Prozessen erklärt werden.

Die Resultate zeigen, dass Rothirsche einen bedeutenden F2influss auf die

Vegetationsentwicklung auf nährstoffreichen Böden ausüben und bei anhaltend grossem

Äsungsdruck die Abnahme des Bodenphosphors deutlich beschleunigen können.
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Summary

This thesis focuses on three main questions regarding the influence of free ranging red

deer (Cervus elaphus L.) on a subalpine grassland ecosystem in the Swiss National Park

(SNP); Firstly, what changes have occurred in tall-herb communities since the cessation

of agricultural management and what has been the role of red deer in these changes'?

Secondly, what factors affect the spatial distribution of nocturnal grazing by red deer on

subalpine grasslands? Thirdly, is there a nutrient transfer from the preferred grazing

sites to the surrounding forest, and if so, what are potential consequences for the

vegetation?

Long-term vegetation change in subalpine tall-herb communities in the SNP was

analysed using a total of 93 relevés conducted on nine permanent plots at regular

intervals over a period of up to 80 years. After the abandoning of agriculture in the SNP

around 1914, the standing crop of tall-herb vegetation increased rapidly, but no major

changes in the species composition occurred until 1940, Since 1940 the vegetation has

changed on five out of nine plots from a tall-herb community (dominated by Aconitum

compactum, Chenopoclium bonus-henricus. Urtica dioeca or Rumex alpinus) to a short-

grass community dominated by Festuca rubra. Another three plots have changed from

tall-herb stages to a tall-grass stage dominated by Deschampsia caespitosa, and only

one plot persists in the tall-herb stage with Aconitum compactum as the most abundant

species. The transition to grassland dominated by Festuca rubra took place between

1940 and 1960, the same period when the summer population of red deer increased

from 4 to 8 individuals per knr of the productive area in the SNP. It is likely that the

change in the vegetation reflects the increased grazing pressure of red deer.

The spatial distribution of nocturnal grazing by red deer was studied on the subalpine

grassland '"Alp Stabelchod" in the SNP. Direct observations of red deer were based on

scan-samplings at every full hour of 54 nights during summer in 1998. The data were

interpreted in terms of a range of environmental factors including structure and

composition of vegetation, former agricultural management, content of phosphorus in

the soil and several variables related to the vigilance behaviour of red deer. The

structural variable short green explained over 45% of the variation in the spatial

distribution of grazing hinds. This variable was highly positively correlated with the



-10-

phosphorus content of the soil and with the vegetation units Aconitum, Deschampsia,

Trisetum and Festuca. Eighty years after the end of agricultural use, the pattern of

nutrients in soil previously created by pasturing, mowing and irrigating still seems to be

the main factor determining the spatial pattern of grazing hinds. Variables related to

vigilance and protective behaviour (e.g. disturbance and overview) were the second

most important set of variables explaining the spatial pattern of habitat use by grazing

hinds.

On the same subalpine grassland a grid of 268 plots (20 m x 20 m) was set up to

investigate the spatial patterns of vegetation, soil nutrients, grazing red deer, and faeces.

Total phosphorus in the soil was investigated because P is relatively immobile in the

soil, but can be translocated as a result of the feeding and excretion behaviour of

herbivores. The estimated soil phosphorus pool (0 - 10 cm depth) varied between 200

and 1100 kg P ha '. Grazing offtake by red deer was 48% of the estimated total of

annual harvestable yield. The highest export rate by grazing offtake was estimated at

2.5 kg P ha
'

year ', the highest input rate by dung at 1.5 kg ha"1 year '. For the whole

grassland "Alp Stabelchod" (10.72 ha) an annual net grazing export for 1998 of 3.3 kg P

was estimated. Plots with vegetation of earlier successional stages generally had a

higher phosphorus content in the soil and higher net export rates than those with

vegetation of later successional stages. This temporal change in the soil phosphorus

pool could be explained adequately in terms of leaching at a rate of 1 kg P ha
'

year
'

together with a net export of P by grazing deer. At a smaller scale, the phosphorus

content of the soil is very variable and reflected in factors such as the distance to the

next tussock of Carex sempervirens or germination conditions for Pinus montana

seedlings. The considerable variations in phosphorus pools among plots within the same

successional stage of vegetation (up to 600 kg ha ') may be mainly explained by the

differences in the history, location and spatial processes of these plots.

Based on these findings we conclude that red deer may have a significant impact on

vegetation dynamics on nutrient rich soils. For example, they can change tall-herb

communities to a short-grass community dominated by Festuca rubra. Under ongoing

high grazing pressure this short-grass community may remains relatively constant for a

relatively long period, during which the phosphorus pool in soil is progressively

depleted.



General introduction

Recently, there has been growing interest in the possible impact of herbivores on

vegetation succession and even on landscape scale processes. Impacts of herbivores on

landscape dynamics, especially on forest dynamics in Central Europe before Man began

to interfere, is currently under discussion (Sprugel 1991. Geiser 1992, Schule 1992,

May 1993, Scherzinger 1995). Just how far herbivores can influence the landscape is

illustrated by the African savannahs, where there are often large populations of

megaherbivores but relatively few trees (Schule 1992).

Amongst the many possible influences of mammalian grazers on ecosystems, the

following are known to be important: an increase or decrease in primary production,

changes in species composition and in the physical structure of the vegetation itself,

acceleration of the nutrient cycling or alteration the gross distribution of nutrients (e.g.

Putman 1986, Detling 1988. McNaughton, Banyikwa & McNaughton 1997, Knapp et

al. 1999),

Since the foundation of the Swiss National Park (SNP) in 1914 the potential impact of

red deer (Cervus elaphus L.) on the vegetation has been a topic of considerable debate

due to the increasing population of red deer between 1918 and 1985 (e.g. Kriisi et al,

1996). In fact, the SNP is an excellent study site to investigate the potential influence of

herbivores on vegetation succession in alpine regions for three main reasons:

A) The management is well known because agricultural and sylvicultural activities

were stopped with the foundation of the SNP. Though grasslands and forests have

been strongly influenced by human activities for centuries (Parolini 1995, Schorta

1988) the natural ecosystem dynamics now can be investigated following the

cessation of human activities.

B) Since 1917. the vegetation has been monitored on more than 150 permanent plots

(Braun-Blanquet <>/«/. 1931,Stiissi 1970).

C) Since 1918, yearly records have been made of the maximum number of red deer,

chamois (Rupicapra rupicapra L.), ibex (Capra ibex L.) and roe deer (Capreolus

capreolus L.) present in the Park during summer (Schloeth 1972).
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In 1995, Krüsi et al. published a hypothesis concerning the role of large herbivores on

the spatial dynamics of forest and open land following the foundation of the SNP. They

propose that heavy grazing by red deer changes the grassland vegetation to a sward

which is rich in species but of limited food value (Fig. 1). hi consequence, these

grasslands become less attractive for grazing and shrub growth develops. The botanical

diversity decreases and the grassland reverts to forest.

meadow rich in nutrients

very attractive for feeding

n. meadow poor
\ in nutrients

\ attractive

\ for feeding

V

/ pasture poor
/ in nutrients

\^^ ^^^ still somewhat

^~~--~~<-— attractive for

pasture encroached by feeding

shrubs and trees

rather unattractive for feeding

Fig. I, Schematic diagram of the postulated dynamics between forest and open land, showing

the attraction of the different vegetation types for red deer (from Krusi et al. 1995).

Krüsi et al. (1995) also postulated that grazing deer carry nutrients from their grazing

areas on nutrient rich grasslands to their resting places in the forest. The loss of

nutrients is one of the reasons that the grasslands become less attractive as grazing sites

and forest develops. In areas of vigorous forest regeneration there is little import or

export of nutrients as such areas are not particularly attractive for grazing or resting

(Fig. 2). However, those areas of forest which are used intensively as resting zones

show a positive nutrient balance.

gap in the

forest

attractive for

feeding

forest

not attractive for

feeding but attractive

as resting zone
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flow of nutrients due

to herbivores

wooded pasture feeding zone forest

Fig. 2. Schematic diagram showing the postulated flow of nutrients due to herbivores in rclalion to the

dynamics between forest and open land (from Krüsi et al. 1995),

Based on these two hypothesis, this thesis focuses on the influence of free ranging red

deer on a subalpine grassland ecosystem in the Swiss National Park. The three main

chapters deal with the following questions:

• What kind of changes occurred in tall-herb communities since the abandonment of

agriculture, and which of these changes were induced or influenced by red deer

(chapter 1)?

• What factors affect the spatial distribution of nocturnal grazing by red deer on

subalpine grasslands (chapter 2)?

• Is there a nutrient transfer from the preferred grazing sites to the surrounding forest,

and if so, what are potential consequences for the vegetation (chapter 3)?

Long-term vegetation change in tall-herb communities (Chapter J)

The subalpine and alpine grasslands of the Swiss National Park (SNP) were grazed by

cattle and sheep for several centuries until 1914 (Parolini 1995). As a result, tall-herb

communities dependent on nutrient enrichment from the excreta of cattle or sheep can

still be found on several former pastures in the SNP (Braun-BJanquet el al. 1931,

Braun-Blanquet 1948 & 1950, Pictet 1948, Stiissi 1970, Krüsi et al. 1995), However,

there have been contradictory suggestions in concerning the influence of red deer on the

tall-herb communities (Schloeth 1976, Ellenberg 1988), The aim of this chapter is to
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clarify whether tall-herb communities have indeed remained stable or have changed

since the cessation of cattle grazing. We make use of the long-term data from nine

permanent plots established in tall-herb stands between 1917 and 1943 in the Swiss

National Park. Furthermore, we try to clarify the different impacts of red deer on

possible long-term vegetation changes in tall-herb communities.

Factors affecting spatial distribution ofgrazing female red deer (Chapter 2)

The foraging behaviour of red deer is affected by various environmental factors. In this

chapter we discuss the influence of vegetation structure, plant species composition,

former agricultural management, soil nutrient content and security related factors on the

spatial pattern of habitat use by grazing hinds on Alp Stabelchod in the SNP. The study

is based on direct observations of grazing animals as well as on records of the spatial

distribution of faecal-pellet groups. These spatial distribution have been related to

various environmental factors using multiple and stepwise regression.

Nutrient translocation by red deer (Chapter 3)

Among the many potential effects of heavy grazing on vegetation, large mammalian

grazers may alter gross distribution of nutrients (Edwards & Mollis 1982, Putman 1986),

This 'translocation' of nutrients is considered to have a profound effect on the nutrient

dynamics of any community. In the third chapter we investigate the postulated nutrient

transfer by red deer (Krüsi et al. 1995) and its relation to the nutrient content of the soil

and the successional stage of vegetation. Total phosphorus is used as a surrogate for

nutrients in general because phosphorus is particularly inimobile in the soil. Differences

in the phosphorus pool can therefore be interpreted more easily than other nutrients in

terms of the spatial patterns of input by dung and loss by grazing offtake. Balance

functions (P-input by dung - P-export by grazing) in relation to the successional stage

of the vegetation and to the phosphorus pool in soil are estimated.

Balance functions then are used in combination with assumptions about the leaching

rate of phosphorus to evaluate the long-term change of the phosphorus pool in soil. In

addition, potential long-term consequences of the nutrient export for the vegetation of

subalpine grasslands as well as for the red deer population are discussed.
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Significance for the SNF

The aim of this study is to investigate the spatial interactions between nutrients in soil,

successional stage of vegetation and red deer on a subalpine grassland. Vegetation

succession is affected by various factors and we cannot determine the causes for

succession simply by analysing long-term data series. However, spatial data may help

us to understand temporal patterns of subalpine grassland succession under the

influence of red deer. Further analyses e.g. plant species occurrence and abundance in

relation to different nutrient contents in soil or plant species diversity in relation to

nutrient content in soil and disturbance intensity contribute to a more detailed idea of

the ongoing processes and mechanisms. Additionally, the permanent grid installed on

Alp Stabelchod offers the possibility of longer term monitoring programmes and also

the investigation of ecological interactions at different trophic levels as e.g. interactions

between red deer, successional stage of the vegetation and distribution of nests of

Formica exsecta.
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I

Long-term vegetation change in tall-herb communities

G. ACHERMANN, M. SCHÜTZ. B.O. KRÜSI & O. W1LDI

Swiss Federal Institute tor Forest, Snow and Landscape Research (WSL), CH 8903 Birmensdorf

Nationalpark-Forschung m der Schweiz, (in press).

Abstract - Long-term vegetation change in subalpine tall-herb communities in the Swiss

National Park (SNP) was analysed using a total of 93 relevés conducted on nine permanent plots

at regular intervals over a period of up to 80 years. After the cessation of the cattle grazing in

the SNP around 1914, the standing crop of tall-herb vegetation increased rapidly, but no major

changes in the species composition could be recognized until 1940, Thus, at least twenty years

after the end of the agricultural use, vegetation still represented typical tall-herb stages and no

transitions could be detected.

Since 1940 the vegetation has changed on five out of nine plots from a tall-herb community

(dominated by Common Monkshood (Aconitum compactum). Good King Henry (Chenopodium

honus-henricus), Large Neetle (Urtica dioeca) or Monk's Rhubarb (Rumex alpinus)) to a short-

grass community dominated by Red Fescue (Festuca rubra). This change has occurred under

the grazing pressure of free ranging red deer (Cervus elaphus L.). Another three plots have

changed from tall-herb stages to a tall-grass stage dominated by Tufted Hair-Grass

(Deschampsia cacspito.su) and only one plot persists in the tall-herb stage with Common

Monkshood as the most abundant species.

The transition to grassland dominated by Red Fescue took place between 1940 and I960, the

same period when the summer population of red deer increased from 4 to 8 individuals per km2

of the productive area in the SNP. Al the same time, minor or major changes in the relative

cover of grass and herbs took place in every plot. We conclude that red deer did not take over

the role of livestock but changed the tall-herb communities created by livestock to grasslands

dominated by Red Fescue in those plots where grazing was most intense.
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introduction

Of the many factors influencing vegetation change, herbivores are generally considered

to be important in driving plant succession (van Andel, Bakker & Grootjans 1993),

Although invertebrate herbivores may sometimes be important (Edwards & Gillman

1987), vertebrate herbivores usually have the stronger impact on plant secondary

succession and plant community structure (Crawley 1983). Thus grazing by domestic

live-stock and wild vertebrate herbivores is one of the most important factors

determining plant species composition in grasslands (Miles 1981). as can be seen in the

huge literature on the effects of vertebrate herbivores on vegetation change in

agricultural as well as natural grasslands (e.g. Putman el al. L989, Gibson & Brown

1992, Milne 1994, McNaughton. Banyikwa & McNaughton 1997. Collins el al. 1998,

Augustine & McNaughton 1998).

For several centuries until 1914, the subalpine and alpine grasslands of the Swiss

National Park (SNP) were grazed by cattle and sheep (Parolini 1995). As a result tall-

herb communities, which depend on the nutrient enrichments from the excreta of cattle

or sheep, could be found on several former pastures in the SNP (Braun-Blanquet et al.

1931, Braun-Blanquet 1948 & 1950. Stiissi 1970, Krüsi et al. 1995). Some 30 years

after the creation of the National Park. Pictet (1948) listed all sites where tall-herb

vegetation persisted in the SNP. Ellenberg (1988) noted that these communities of tall

perennial herbs still occupy the same areas that they did before the foundation of SNP in

1914. He suggested that the main reason for this is the huge concentrations of plant

nutrients that still occur in these areas. He also proposed that red deer (Cervus elaphus

L.), whose population has strongly increased since the foundation of the SNP (Schloeth

1972), and marmots (Marmota marmota L.) have taken over the role of the farm

livestock. This contradicts the suggestion of Schloeth (1976) that the nitrogen formerly

accumulated by livestock is decreasing continuously and that the tall-herb vegetation is

disappearing slowly. Indeed, Zoller (1995) found it surprising that the tall-herb

Common Monkshood (Aconitum compactum) still persists in the Swiss National Park

seventy years after the cessation of livestock grazing.
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The aim of this paper is to clarify whether tall-herb communities have indeed remained

stable in the SNP since the cessation of cattle grazing or whether they have changed.

Use is made of long-term data from nine permanent plots established in tall-herb stands

between 1917 and 1943. Furthermore, the research attempts to identify the different

impacts of red deer on possible long-term vegetation changes.

Study site

The Swiss National Park (SNP) is located in the Engadin which lies within the Central

Alps. The Park occupies a high, very mountainous region of 169 km2, of which the area

covered by vegetation (forests, subalpine and alpine grasslands) is about 100 km2. The

lowest point is over 1700 m a.s.l. and the highest peak, Piz Quattervals, has an altitude

of 3164 m. The average annual precipitation is 1142 mm (Committee for Scientific

Research in the National Park 1966). The parent material for soil formation consists

mainly of calcareous sediments, with dolomites predominating (Triimpy etal. 1997).

Since 1914, no agricultural or silvicultural management has been practised within the

SNP. Animals within the Park are protected from hunting and tourists are not allowed to

leave the trails. When the SNP was founded, the population of free ranging ungulates

within the Park area was very low, only chamois (Rupicapra rupicapra [,.) and roe deer

(Capreolus capreolus L.) being present. However, within a few years, red deer began to

immigrate into the Lower Engadin and the alpine ibex (Capra ibex L.) was introduced

(Schloeth 1972). After 1918, the population of red deer in the SNP increased rapidly to

a maximum of about 2400 individuals m the summer of 1979. The subalpine and alpine

grasslands within the SNP are now important grazing sites for red deer from May to

October (Blankenhorn et al. 1979). However, the winter habitats for almost the whole

population lie outside the Park, in the Miistair valley and the Lower Engadin, Since the

l98(Ls the red deer population has remained more or less constant at a level of about

2000 individuals, as a result of hunting in the area surrounding the National Park. The

population of chamois has fluctuated between 1000 and 1500 individuals since the

foundation of the SNP.
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The tall-herb communities in the SNP can be identified as Rumicetum alpini Beger 1922

(Zoller 1964, Campell & Trepp 1968, Zoller 1995) and as Chenopodietum subalpinum

Br.-Bl. 1948 (Braun-Blanquet 1948, Zoller 1995), Within the association Adenostyleto-

Cicerbitetum Braun-Blanquet (1950) described the new subassociation Cirsietosum

spinosissimae with reference to the permanent plot Ac 1 on Plan dais Poms in the SNP.

Methods

Installation of permanent plots

Shortly after the creation of the National Park in 1914, J, Braun-Blanquet established

several long-term observation plots in order to determine how rapidly forest vegetation

would develop on subalpine meadows and pastures previously kept open by farmers.

The first observation sites were established in 1917 and since then their plant

composition and abundance have been assessed at more or less regular intervals (Braun-

Blanquet eta]. 1931, Stiissi 1970). Between 1939 and 1945. B, Stiissi marked more than

a hundred additional long-term observation plots and studied these periodically until the

end of the 1980"s. The nine permanent plots which formerly covered tall-herb

vegetation are located in five different areas within the Park. Various details about these

sites are given in Table 1.

Table 1, Details of the permanent plots in the Swiss National Park (SNP) which initially had tall-herb

vegetation.

Site Alp Stabelchod Plan dais Poms Alp Murtèr Alp la Schera Val Mingèr Val Muschauns

Plot label Tr 1 Tr6 Ac1 Ac 9 De 1 De 2 Mi 16 Ml 80 Mu 21

Altitude (m a s 1 ) 1950 1964 2335 2320 2087 2084 1710 2160 1920

Plot size (m) 4 16 50 32 9 9 9 9 50

Aspect SW S E SW SW S W NNE W

Slope 5" V 2 17 5- 2 4 51 5"

Begin preservation 1919 1919 1911 1911 1914 1914 1912 1912 1911

Observation period 1941 - 1921 - 1922- 1917- 1939- 1939- 1942- 1943 - 1917-

1994 1994 1994 1997 1996 1996 1996 1996 1996

Number of relevés 11 12 12 11 11 10 10 9 7
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The permanent plots are located at altitudes ranging from 1710 m a.s.l. (Mi 16) to 2335

m a.s.l. (Ac 1). They vary in size from 4 nr (Tr 1) to 50 nr (Ac 1 and Mii 21) (Table 1).

Four of the plots (Ac 1, Ac 9, Mii 21 and Tr 6) were established by J. Braun-Blanquet

between 1917 and 1922, and he continued to record their species composition until

1938. In the period from 1939 to 1942, B. Stiissi established further five plots in tall-

herb communities. From then until 1988, all relevés were conducted by B. Stiissi. Since

1994, the observation of these permanent plots has been continued by the authors (Krüsi

etal. 1995, Schütz, et al 1998).

The scores for species cover in all relevés made by J. Braun-Blanquet and in a few of

the oldest relevés of B. Stiissi were transformed into approximate percentage cover

values for the analysis after Braun-Blanquet (1964). The nomenclature of the plant

species follows Hess, Landolt & Hirzel (1984). Some species have been combined to

species groups because of taxonomic uncertainties. After this procedure a total of 137

species remained in the data set.

Analysis of vegetation change

In order to identify successional stages, the 93 relevés were classified (no

transformation of data, minimum variance clustering) using the program package

MULVA-5 (Wildi & Orlöci 1996). As the development of dominant species during

succession is the major point of interest, the van der Maarel-coefficient was used to

calculate similarities. A relevé group was defined as a successional stage whenever the

similarity within a relevé group was greater than the average similarity between two

relevé groups with observed transitions. For the purpose of characterising the

successional stages which were detected by this procedure, the average abundance (%)

of each species and the proportion (9f) of herbs and grasses were calculated for each

successional stage.

The time series of the nine permanent plots (93 relevés) were analysed by Principal

Coordinates Analysis (PCoA) using the MULVA-5 program package (Wildi & Orlöci

1996). No transformation of the data was carried out and the van der Maarel-coefficient

was used as similarity measure. The variance explained by the different ordination axes

and the correlation of the species with the different axes were used as a basis for

interpreting the successional sequences.
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All relevés from each permanent plot were ordered to form a time series divided into

five year intervals, Missing relevés were generated using the data from the previous and

following relevés by interpolating species cover values linearly. As a result a total of ?<?<

artificial relevés have been generated. The similarities between all consecutive pairs of

relevés was calculated (similarity measure used: van der Maarel-coefficient) with the

program package MULVA-5 (Wildi & Orlöci 1996). The succession rate between two

relevés is defined as:

Succession rate = 1 - similarity

A succession rate of > 0.25 was taken to be an indicator of considerable vegetation

change.

Results

Successional stages

Six different successional stages (A - F) were identified by classifying the data iront the

93 relevés (Table 2). The two stages A and B are pure tall-herb stages characterised by

Monk's Rhubarb (Rumex alpimts), Wood Chickweed (Stellaria nemorum). Large Neetle

(Urtica dioeca), and Common Monkshood (Aconitum compactum). Successional stage

C is a mixed tall-herb and tall-grass community dominated by Good King Henry

(Chenopodium bonus-henricus) and Smooth Meadow-Grass (Poa pratensis),

Successional stage D is a tall-grass community dominated by Tufted Hair-Grass

(Deschampsia caespitosa). The most abundant plant species of stage E are Alpine

Meadow-Grass (Poa alpina) and Annual Meadow-Grass (Poa annua) which represent

about 80% of the total plant cover.

Stage F is dominated by Red Fescue (Festuca rubra) and can therefore be described as

Festuca grassland; Large-leaved Yarrow (Achillea millefolium). Meadow Buttercup

(Ranunculus acer) and White Clover (frifolium repens) are common accompanying

species (Table 2).
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Table 2. The average cover (%) of the most abundant species in successional stages A - F and the total

cover of herbs and grasses. Only species with an average cover > 8% in at least one successional stage are

shown; values < 0.1% arc not shown.

Successional stage

No. of relevés

A

4

B

9

W LJ C

9 24 6

average cover (%)

F

41

Species

2.5

0.7

1.6

3.5

0.1

2.9

1.7

Milium effusum 9.1

Rumex alpinus 69.6

Stellaria nemorum 50,0

Urtica dioeca 0.2 10.5 9.4

Aconitum compactum 34.7 68.6 5.3 23.3 0.3

Poa pratensis 0.1

2.6

3.3

2.9

0.5

0.2

92.9

7.1

11.9 29.5 6.3 4.2

Chenopodium bonus-henricus

5.3

7.9

0.1

0.5

27.0 0.2

Deschampsia caespitosa 59.1 7.2

Alchemilla xanthochlora 8.4 6.3

0.1

4.6

1.4

2.2

0.8

0.3

2.7

37.9

62.1

3.0

Poa annua

Poa alpina

2.8

0.3

4.8

45.8

34.6

0.2

Ranunculus acer 3.8

1.7

0.9

16.0

84.0

9.9

41.6Festuca rubra 9.5 12.6

Trifolium repens 06

77.3

22 7

2.8 9.7

Trisetum flavescens 14.2 5.8

Achillea millefolium 5.3

60.7

39.3

9.3

Species groups

Herbs

Grasses

44.8

The first relevés of all nine time series can be described as tall-herb or tall-grass stages

A - D. Six plots (Ac 9, Ac I, Mi 80. Mi 16, Mii 21, Tr 6) carried at some stage the

typical tall-herb stages A. B or C (Fig, 1). The first relevés of plot De 1, De 2 and Tr I

are assigned to tall-grass stage D, dominated by Tufted Hair-Grass.

Proportion of grasses and herbs

The relative cover of herbs is greater than that of grasses in the tall-herb stages A, B and

C (Table 2). However, stages D, E and F are dominated by various species of grasses,

e.g. Tufted Hair-Grass or Red Fescue. The contrasting temporal trends amongst the

various plots can be summarised by grouping them into three clusters. The first cluster

of plots (represented only by MU 21) is dominated by herbs throughout the observation

period. The second cluster of plots show a decreasing proportion oi' herbs with time and
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an increasing grass cover. This process was observed on plots Ac 1, Ac 9, and Mi 80,

The third cluster show an increasing cover of herbs since the 1980's. In the latest

relevés of plots Tr 1, Tr 6 and Mi 16 the cover of herbs is greater than that of grasses,

whereas cover of grasses is still bigger in the latest relevé of plots De 1 and De 2. A

moderate change in the proportion of grass and herbs took place in every plot between

1940 and 1960, On plot Mii 21, however, this change was much less abrupt than in the

other plots,

PCoA-axis 1

Fig. 1. PCoA-oulination ot the ÇH icleves ot the nine peimanent plots in the Swiss National Paik which

initially had tall-hcib vegetation



-25-

PCoA-ordination

The correlation-matrix (abundance of species (%) vs. PCoA-axes) accounts for 55.3%

of the total variance in the first five axes of the PCoA (Table 3). The first PCoA-axis

explains 25.3% of the variance. It represents the development from tall-herb vegetation

dominated by Tufted Hair-Grass and Common Monkshood to grasslands dominated by

Red Fescue (Fig. 1). The correlation coefficients of Tufted Hair-Grass, Common

Monkshood and Red Fescue with the first PCoA-axis are -0.71, -0.62 and 0.87.

Table 3. The vegetation change represented by each of the first five PCoA-axes, the proportions of the

variance explained and correlation coetficients between the PCoA-axes and the cover of various species

(%). Correlation coefficients tor all the plant species shown are highly significant (p -s 0.001, Mest, two

tailed, N = 93, d.f. = 91),

PCoA - Variance Process description of gradient
axis explained

(%)

Con elation between PCoA - axis and species

covet (%)

Species Corr Coeff

Deschampsia caespitosa -0 71

Aconitum compactum -0 62

Festuca mora 0 87

Ranunculus acer 0 65

Trifolium lepens 0 63

Deschampsia caespitosa 0 65

Urtica dioeca -0 41

Aconitum compactum -0.37

Poa annua -0 74

Poa alpina -0 60

25 3 Development from Deschampsia caespitosa
and Aconitum compactum dominated tall-

herb vegetation to Festuca rubra dominated

grassland

12 0 Replacement of different tall-herbs by

Deschampsia caespitosa

1.2 Replacement of Poa annua and Poa alpina

Replacement of different tall-herb species by
Aconitum compactum

Aconitum compactum 0 62

5 2 Replacement of Chenopodium bonus-

henncus, Trisetum flavescens, Poa pratensis
and Ranunculus repens

Creation of Poa-nch grasslands

Chenopodium bonus-henncus

Trisetum flavescens

Ranunculus repens

Poa piatensis

Poa annua

Poa alpina

•0 56

•0 51

0 46

041

0 45

0 41

4 6 Successional changes of different tall-herbs

Development fiom grasslands dominated by
Festuca lubra to grasslands dominated by
Bnza media Carex vema, Cusium acaule

and Plantago media

Rumex alpinus
Poa piatensis

Stellana nemorum

Milium effusum

Cirsium acaule

Bnza media

Caiex vema

Plantago media

0 66

-0 61

0 61

0 58

0 47

0 43

0 43

0 40
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The second PCoA-axis represents the replacement of different tall-herbs as well as

Alpine Meadow-Grass and Annual Meadow-Grass by Tufted Hair-Grass, It explains

12% of the total variance, The correlation coefficient of Tufted Flair-Grass with the

second PCoA-axis is 0.65, whereas the correlation coefficients of the other tall-herbs are

between -0.18 and -0.42.

On each of the following three PCoA-axes, two main gradients can be identified (Table

3). PCoA-axis 3 explains 8.2% of the variance in the data. The replacement of Alpine

Meadow-Grass and Annual Meadow-Grass by Tufted Hair-Grass on plot Mi 80 and the

replacement of different tall-herb species by Common Monkshood are the two main

trends indicated by the third PCoA-axis. PCoA-axis 4 shows the creation of the Poa-

rich grassland on plot Mi 80. The decrease in abundance of different typical species of

the former agricultural period can also be detected. Various successional changes in the

composition of tall-herbs - especially on plot Ac 9 - are indicated on PCoA-axis 5. In

addition, this axis shows a shift from Red Fescue dominated grassland to grasslands

dominated by Common Quaking-Grass (Briza media). Spring Sedge (Carex vema),

Stemless Thistle (Cirsium acaule) and Hoary Plantain (Plantago media) on plot Tr 1

and Tr 6.

Successional pathways and transitions

Eight different successional pathways between the six successional stages can be

identified. With the exception of the pathways between the stages B and C, ail of these

are uni-directional (Fig. 2). Proceeding from stage C, three different successional

pathways can be determined.

Two pathways ending at stage F are represented by more than one transition: that from

stage D is represented by three transitions (De l, De 2, Tr 1), while that from stage C to

stage F by two (Tr 6, Mi 16). All the other transitions occur only once.

Two main successional pathways proceeding from tall-herb stages to Red Fescue

dominated stages can be observed. The tall-herb stages A or B pass through the tall-

grass stage D to the Red Fescue dominated stage F, The succession on the permanent

plots Ac 1, Ac 9, De 1, De 2, and Tr I followed this pathway. The secoud direct

pathway to the swardlike Red Fescue stage F starts with mixed tall-herb/tall-grass stage

C. This pathway was observed in plots Tr 6 and Mi 16.
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Only one out of the nine time-series observed (Mii 21) remained in a tall-herb stage, and

another three persisted in the tall-grass stage D (Ac 1. Ac 9, Mi 80). The most recent

relevés of the remaining five plots now belong to the stage F which is dominated by

Red Fescue. In plot Mü 21. Large Nettle and Alpine Sorrel (Rumex arifolius) were the

dominant species in 1917, each with a cover of approximately 37.5%. Between 1932

and 1938 Good King Henry was the most dominant species covering 62.5%. Between

1938 and 1956, the transition from stage C to stage B was observed, when Common

Monkshood displaced Good King Henry. This situation still persists.

CM

<û

"x
cd

o

O

D ^De1,De2,Tr1
0.64 ±03

B
~

0.66 ±0.17

Mi 80

0.17

Mii 21 0.28 ±0.19

PCoA-axis 1

Fig. 2. Similarity between and within (bold, with standard deviation) the successional stages A V

Arrows indicate the direction ot change oi the vanous plots
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Within the eight successional pathways observed, eleven transitions took place. Ten of

these occurred between 1938 and 1958 (Fig. 2). In this period, transitions between

different successional stages were observed in all nine permanent plots, including all

transitions from tall-herb stages to the Red Fescue dominated stage. Since 1959, only

one more transition has been observed: on plot Mi 80 the vegetation has changed from

disturbance stage E to tall-grass stage D (Fig. 2). In this plot a unique successional

pathway was observed (Fig. 1 and 2): proceeding from stage B in 1943, and passing

through stage C and E to stage D. On plot Mi 80 the total vegetation cover decreased

from 100% in 1943 to 50% in 1959. Within this period Smooth Meadow-Grass was

replaced by Annual Meadow-Grass and Alpine Meadow-Grass. These two species

colonised the bare ground. Between 1959 and 1972, total vegetation cover again

increased to 98%. Since 1968, the cover of Tufted Hair-Grass has been increasing, and

the relevé made in 1996 is assigned to stage D.

Succession rates

From 1920 to 1925, just a few years after the end of the former agricultural use, the

succession rates exceeded 0.25 on plots Mii 21 (0.39) and Tr 6 (0.54) (Fig. 3). During

this period a struggle for dominance took place in plot Mii 21 between different tall-

herbs (Large Nettle, Common Monkshood. Good King Henry, Alpine Sorrel, Common

Hemp-Nettle (Galeopsis tetrahit), Bush Vetch (Vicia sepium), Masterwort

(Peucedanum ostruthium)), ending with Good King Henry as dominant species from

1930 to 1945. On plot Tr 6, Good King Henry and Golden Oat-Grass (Trisetum

flavescens) became the dominant species between 1920 and 1925. On all plots

established between 1917 and 1922 succession rates were lower than 0.25 from 1930

until 1940.

However, between 1940 and 1955 the succession rate increased on all plots to > 0.25 for

at least part of the time. In this period, the development to a grassland dominated by

Red Fescue took place on plots De l. De 2, Tr 1, Tr 6 and Mi 16. Later, Alpine

Meadow-Grass and Annual Meadow-Grass became the dominant species on plot Mi 80

and Tufted Hair-Grass took over dominance on plot Ac 1 and plot Ac 9, On plot Mii 21

the transition from successional stase C to stage B was observed.
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Since 1955 succession lates have remained < 0 25 on plots De l, De 2, Ac 9, Ac 1, Mi

16 and Mu 21, wheieas on Mi 80, Ti I and Ti 6 succession lates have mcieased since

1985 On Mi 80, the cover of Tufted Han-Glass mcieased horn 10% to 40% duung this

period On plot Tr 1 and Tr 6 on Alp Stabelchod Red Fescue lost its dominance as the

covei oi Stemless Thistle, Common Quaking-Gtass, Ciecpmg Bedstiaw (Galium

pumilum) and Meadow Butteicup mcieased
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Fig. 3. Rate ot successional change in the nine peimanent plots with initial tall heib vegetation Relevés

wetc oideted to a time seiies based on mteivals of live scats Succession late is defined as the value of 1

minus siinilanty toi consecutive two following lelevcs A sut cession late > 0 25 is consult icd as a

substantial successional step
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Discussion

The remarkable series of records from permanent plots in the Swiss National Park

(SNP) show that the tall-herb communities have changed considerably in the past 80

years. In this discussion we attempt to interpret these changes. We cannot determine the

causes for succession with certainty, because the data available are purely observational,

and there have been many parallel changes in environmental conditions which could

have influenced the vegetation (e.g. changes in winter temperatures, management)

during the period since the permanent plots were set up. However, it is probable that the

trends observed in the data reflect two factors in particular: the giving up of traditional

pastoral agriculture when the SNP was created in 1914, and the dramatic increase in

numbers of red deer, especially since 1935. In this discussion we use the framework

presented by van Andel, Bakker & Grootjans (1993) as a basis for speculating on the

causes of the observed changes in vegetation. Thus we use the term 'vegetation

mechanisms of succession' to describe changes which result from autogenic processes

(interactions between plants). Effects of biota other than high plants within a

community are treated under the heading 'biogenic causes of vegetation succession'.

When autogenic mechanisms and allogenic causes are no longer distinguishable, and

particularly when it is the interaction between them that governs succession, we use the

term 'ecosystem mechanisms of succession' (van Andel, Bakker & Grootjans 1993),

Vegetation mechanisms of succession

After the area of the SNP ceased to be used for agriculture, tall-herb communities

became very luxuriant because there was no longer trampling by cattle (Braun-Blanquet

et al. 1931. Pictet 1948). The high successional rate in plots Tr 6 and Mii 21 as well as

the successional changes of different tall-herbs indicated by PCoA-axis 5 probably

reflect the successional trends in the first two decades after the foundation of the Swiss

National Park.

Without disturbance by cattle, Tufted Hair-Grass with its dense, compact tussocks

succeeds against other tall-herbs. In this case succession has probably not been caused

by change in soil conditions because the change was too rapid. Under the new

conditions Tufted Hair-Grass may have a competitive advantage because its hard leaves

decompose more slowly than the leaves of other tall-herbs.
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At lower altitudes, the succession from stands rich in tall-herbs to stands dominated by

Tufted Hair-Grass happens much faster than at higher altitudes. On Alp la Schera, this

replacement had occurred before the first relevés were made in 1939, and therefore took

less than twenty years. At altitudes over 2300 m a.s.l. (plot Ac 1 and Ac 9), the same

successional process took almost sixty years (about three times as long as at Alp la

Schera) and was not finished before 1980, This process could not be observed on plot

Mii 21 in the Müschauns valley, where Tufted Hair-Grass remained absent. On this plot.

Large Neetle and Good King Henry were replaced by Common Monkshood, Good King

Henry may need more nutrients than Common Monkshood and is therefore gradually

replaced following the cessation of livestock grazing.

The competitive superiority of Common Monkshood against other tall-herbs can also be

observed on plot Ac 9 where Good King Henry, Monks' Rhubarb and Wood

Chickweed were abundant in 1917. With increasing abundance of Common Monkshood

and Tufted Hair-Grass, the abundance of these and other tall-herbs decreased sharply.

For example, a picture taken by Heller (Stiissi 197(1) shows that in 1919 Good King

Henry and Large Neetle were the dominating species on Alp la Schera, but that by 1939

they were almost extinct. Indeed, Common Monkshood is the only tall-herb which can

persist in Tufted Hair-Grass stands.

Thus we conclude that the tall-herb communities in the SNP started as stands dominated

with Large Neetle and Good King Henry and changed to Common Monkshood

dominated stands. Thereafter Tufted Hair-Grass, if present in the area, becomes

increasingly abundant. We are of the opinion that these successional processes in tall-

herb communities are autogenic. They are represented on PCoA-axis 2, 3 and partly on

PCoA-axis 5 and account for more than 20% of the variance in the data.

Biogenic causes of vegetation succession

Allogenic processes are probably important in changes which began within tall-herb

communities dominated by Tufted Hair-Grass. Two types of allogenic process

associated with large herbivores can be observed in the SNP: these are grazing itself,

and trampling and scraping of the ground.
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1. Grazing

Under increased grazing, vegetation change can be rapid. In contrast to Ellenberg's

view (1988), red deer probably did not take over the role of livestock but changed the

tall-herb communities in the plots with highest grazing intensity to grasslands

dominated by Red Fescue. This successional process from tall-herb vegetation to

grasslands dominated by Red Fescue has been observed on five out of nine permanent

plots. The transitions to grasslands dominated by Red Fescue took place between 1940

and 1960. This is the period when the summer population of red deer increased from 4

to 8 individuals per km2 in the productive areas of the SNP. Stiissi (1970) concluded

that grazing of red deer reduced the cover of Tufted Hair-Grass and favoured Red

Fescue on the two plots De 1 and De 2 on Alp la Schera. Results of various studies

show that under different grazing regimes, vegetation can change to Agrostis-Festuea

grasslands (Miles 1987. Welch & Scott 1995). Indeed, the results of Welch & Scott

(1995) suggest that heavy grazing is essential to maintain or create this type of

vegetation, Rabotnov (1995) points out that grazing intensity plays a more important

role in determining the structure and dynamics of the vegetation than ecotopic factors,

and therefore leads to a convergence of phytozoenoses under increasing grazing

intensity. This is in line with our findings which show such a successional convergence

from different tall-herb stages to a stage dominated by Red Fescue.

In the plots dominated by Red Fescue, hinds evenly crop the sward to within 2 cm

above ground level during much of the year. Indeed, such a change in vegetation

structure from tall-herbs to a fine sward (short green) with a height of not much more

than 2 cm has been observed in all plots with the exception of plots Ac 1, Ac 9. and Mti

21. In plot Mii 21, the typical tall-herb structure still exists, whereas on plots Ac 1 and

Ac 9 a patchy structure can be observed today. These exceptions may reflect the

circumstances that red deer are scarce in the Müschauns valley (Direction of the SNP,

pers. eomm.), while plots Ac 1 and Ac 9 are located in alpine grasslands at high

altitudes. At this altitude the grazing intensity of hinds is much lower compared to plots

De 1, De 2, Tr I, Tr 6, and Mi 16 which are surrounded by forests at lower altitudes.

Osborne (1984) showed, that both sheep and hinds selected short Agrostis-Festuea

swards most heavily in the West Highlands of Scotland. Our analysis of long-term

vegetation change shows hinds not only select but also create such Festuca swards. On

the Isle of Rhum, Scotland, Charles, McCowan & Fast (1977) found herb-rich grassland
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to be more abundant in areas used by hind groups than in those used by stag groups and

these areas appeared to be selected by hinds in summer. Staines, Crisp & Parish (1982)

also concluded that the ranges occupied by hinds contained better-quality grasslands

than those of stags. They propose that stags and hinds adopt different feeding strategies,

hinds selecting for quality and stags opting for a greater amount of poorer-quality food.

This is consistent with our suggestion that the remaining nutrient rich herbage on the

former livestock resting places in the SNP may be especially attractive to hinds foraging

for nutrient rich herbage during their lactation period.

A feature of many grasses is their ability to withstand grazing because their meristems

are close to the ground and therefore escape damage (Burrows 1990). Indeed grass

species may even benefit from grazing because of changes in the balance of competition

(Owen 1980, Owen & Wiegert 1982). For example, Waller & Alverson (1997)

suggested that there is a positive feedback between white-tail deer grazing and the

abundance of grasses in forests of the northeastern and midwestern United States, In the

SNP the proportion of grasses relative to herbs were increasing in eight of nine plots

between 1940 and 1960. The contrary trend after a period of grass dominance in various

plots in the 1990's may represent the natural replacement of the former dominant Red

Fescue after a period of 40-50 years under heavy grazing pressure. The consequences of

this intensive grazing activity upon plant species diversity are considered in Schütz et

al. (in press).

2. Trampling and scraping of the ground

Lieth (1954) described some of the different effects of trampling by large herbivores on

soil conditions and their consequences for plant community dynamics. In the tall-herb

communities of the Swiss National Park, red deer and marmots are the main animals

responsible for trampling and scraping of the ground. On plot Mi 80 the scraping of

ground by red deer began so early and heavily that the typical development from

dominance by Common Monkshood to dominance by Tufted Hair-Grass did not take

place directly. Instead. Alpine Meadow-Grass and Annual Meadow-Grass became the

dominant species within a short time. Annual Meadow-Grass is a typical plant species

of trampled areas (Tiixen 1950), and Boeker (1959) found seeds of Annual Meadow-

Grass to be abundant in soil sample taken from cattle tracks and drinking and resting

places. In his monograph of the vegetation of the Bernina region in the Upper Engadin,
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Riibel (1912) described a distinct tall-herb community dominated by Annual Meadow-

Grass and accompanied by Alpine Meadow-Grass. B. Stiissi suspected that park rangers

had unintentionally put salt on plot Mi 80 to keep red deer in the area. It is known that

salt stones were placed at several sites in the SNP (Pictet 1948, Niederberger 1993,

Wüst 1996) subsequently in the course of the reintroduction of ibex and the

reimmigration of red deer. After 1985 the scraping activity ceased and a tall-grass stand

established, now with Tufted Hair-Grass as the most abundant species. This

successional process is indicated by the transition from successional stage E to stage D

and can be seen as a distinct shift on the third PCoA-axis. The changes in the vegetation

on plot Ac 9 were less extreme though the trends were similar. After Tufted Hair-Grass

became the most abundant species in the eighties, marmots began to dig burrows on this

plot. Again, Poa-species have benefited from this digging activity.

The gradients on PCoA-axis I and 4 probably reflect the grazing, trampling and

scraping activity of red deer. Thus, about 30% of the variance in the data can be

explained in terms of biogenic successional change.

Ecosystem mechanisms of succession

What remains to be explained is the rapid successional change on plots Tr 1 and Tr 6

since 1985. Is the replacement seen on these plots of Red Fescue by Common Quaking-

Grass, Spring Sedge, Stemless Thistle and Hoary Plantain (process represented by

PCoA-axis 5) a successional change resulting from 50 years of intensive grazing?

Certainly, Hoary Plantain and Stemless Thistle are species which can escape grazing to

a large extent because their leaves are close to the ground and, in addition, Stemless

Thistle is spiny. Alternatively, the successional process could be due to the reduction of

the red deer population in the SNP to about 2000 individuals, assuming that the red deer

density also decreased in the area of Alp Stabelchod. Another factor may be the

changing nutrient content of the soil after fifty years of intensive grazing. The observed

changes are probably the results of several factors and we therefore regard this

suecesional process as an example o( ecosystem mechanism of succession.
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Summary

1. The spatial pattern of habitat use by red deer (Cervus elaphus L.) was studied on a subalpine grassland

in the Swiss National Park (SNP). The spatial distribution of red deer was recorded by scan-sampling

every hour for 54 nights during the summer of 1998. In addition, the spatial distribution of faecal-pellet

groups was determined once in mid-summer 1997,

2. Tn multiple and stepwise regressions, the spatial patterns of red deer, grazing hinds and of faecal-pellet

groups were target variables. The explanatory variables included the structure and composition

(vegetation units) of vegetation, former agricultural management, phosphorus content of the soil, and

several variables related to the security of animals such as overview and disturbance,

3. The structural variable short green (ic the proportion of short grass 2-5 cm tall) was entered into the

model first and explained over 45ri of the variation in the spatial pattern of grazing hinds. This variable

was highly positively correlated with the phosphorus content of the soil and with the vegetation units

Aconitum, Deschampsia, Trisetum and Festuca. The high phosphorus content of the soil in some parts of

the site reflects former agricultural management. It scorns that eighty years after the abandonment of the

pasturing, mowing and irrigating which produced these areas of high nutrient content, former land use, is

still the main factor determining the spatial distribution of grazing hinds. Factors related to the security of

red deer, such as disturbance and overview, were the second most important set of variables explaining

variation in spatial distribution of grazing hinds.

4. The seven explanatory variables entered into the stepwise regression model for faecal-pellet groups

explained 14.4% less of variation than the five explanatory variables entered into the stepwise regression

model for spatial distribution of red deer.
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Introduction

Habitat factors which are important for mammalian herbivores include those related to

food quality and security. In general, herbivores prefer vegetation which is highly

digestible (high N and low fibre content), rich in limiting nutrients (often N and P), and

of a convenient height to be grazed. Sites with a good overview of the surrounding

landscape are also favoured as feeding areas.

In the case of red deer, factors affecting the selection of feeding sites by red deer are

complex and include social behaviour, weather and available shelter, interactions with

other animals, feeding patterns and the quality, quantity and availability of the food

(Jackson 1974). The location of the seasonal home ranges as well as times of migration

are closely related to the quality of ground vegetation (Atz1er 1984). However, there are

differences in habitat selection between the sexes; various studies have shown that

nutrient rich Agrostis-Festuea grasslands are preferred as grazing sites by female red

deer (Charles, McCowan & East 1977, Clutton-Rrock et al. 1982, Osborne 1984,

Clutton-Brock, lason & Guiness 1987, Gordon 1989), The absence of disturbance, a

chance to flee, and the absence of other herbivores competing for space and grazing

sites are also reported factors influencing the spatial distribution of red deer

(Onderscheka & Klug 1982). For example, Bützler (1991) describes how red deer do

not remain close to the forest edge after arriving at their grazing site but proceed to the

open area where they have an unrestricted view of their surroundings.

When the Swiss National Park (SNP) was founded in 1914, the former agricultural and

sylvicultural management was abandoned. At that time there were no red deer in the

area. During the 1920*s, red deer gradually invaded the area, though most of them only

remain in the Park area during the summer months. From the 1930's onwards, the

population of red deer in the Park area increased exponentially (Schloeth 1972), and the

subalpine pastures became preferred grazing sites especially for hinds at night (Stiissi

1970). Analyses of Jong-term vegetation change based on data from permanent plots

established in tall-herb communities indicate a strong impact of grazing red deer on

these nutrient rich sites (Stiissi 1970, Achermann et al. in press). However, there have

been no studies of the spatial distribution of grazing hinds on subalpine grasslands

within the SNP. In this paper we present data on the spatial distribution of grazing red

deer and of their faeces on the subalpine grassland at Alp Stabelchod. These spatial data
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are then related to various environmental factors using multiple and stepwise regression.

The factors considered include; vegetation structure, plant species composition, former

agricultural management, soil nutrients and factors related to animal security.

Study site

The Swiss National Park (SNP) is located in the Engadin in the Central Alps. It

occupies a high, mountainous region of 169 knr of which about 100 "knr is covered by

vegetation (forests, subalpine and alpine grasslands), The lowest point is just over 1700

m a.s.l. and the highest peak, Piz Quattervals. has an altitude of 3164 m. The average

annual precipitation in the Park area is 1142 mm (Committee for Scientific Research in

the National Park 1966). The geology of the Park is very complex, but the parent

materials for soil formation consist mainly of calcareous sediments, of which dolomites

predominate (Trümpy et al. 1997).

The study site, Alp Stabelchod, is an area of subalpine grassland (10.7 ha) located at an

altitude of 1950 m a.s.l. (range 1920-1980 m a.s.l.). It lies on an alluvial fan of dolomite

and has a uniform slope of 6° in a southerly direction. At the eastern side, the brook Ova

Stabelchod and a small band of trees form the boundary of the site. Before Alp

Stabelchod became a part of the SNP, it was used as summer pasture for about 500

years (Schorta 1988). Since 1918, there has been no agricultural or sylvicultural

management of the area. However, remnants of an old irrigation system can still be

detected on the eastern part of Alp Stabelchod (Fig. I). The water was taken from the

brook Ova Stabelchod at a point north of the alp which also supplied the cottage and

cowshed with water. Today the ditches of the irrigation system are filled with soil and

covered by vegetation. South-east of the cottage, an area of about 0.3 ha - called "Il Prà"

(Pictet 1948) - was fenced and was mown every autumn. The hay probably was stored

and used for feeding the cattle during early snow periods in summer.

Shortly after the creation of the SNP in 1914, first J. Braun-Blanquet and subsequently

B. Stiissi established permanent plots on the alp in order to investigate how fast forest

would regenerate on grasslands which had formerly been kept open by grazing (Braun-

Blanquet et al. 1931, Stiissi 1970), For the first twenty years or so, the former pastures

and meadows became very luxuriant (Braun-Blanquet et al. 1931, Pictet 1948),

However, in the late 1930"s and early I940's the increasing population of red deer
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(Cervus elaphus L.) meant that, once again, the subalpine pastures of the SNP were

intensively grazed (Pictet 1948, Stiissi 1970, Schloeth 1972), a situation which persists

until today. The grassland of Alp Stabelchod is particularly used by hinds which feed at

night from May to October.

In the Park area, animals are protected from hunting and tourists are not allowed to

leave the trails and the resting places. Three trails lead to the cottage which has now

become a resting place for hikers (Fig. 1). During daytime, when there are tourists

about, the hinds remain in the surrounding mountain pine forests (Frico-Pinetum rnugo,

Zoller 1995) or on the undisturbed alpine grasslands.

The long-term vegetation change of permanent plots front Alp Stabelchod have been

analysed and discussed by Schütz et al. (1998) and Achermann et al. (in press). The

vegetation around the cottage and within the irrigated area is nutrient rich grassland

(Trisetetum flavescentis. Zoller 1995), partly associated with a tall-herb community

(Rumicetum alpini, Zoller 1995), reflecting the former agricultural use of Alp

Stabelchod.

Bordor o1 investigation area

Fig. 1. The subalpine grassland Alp Stabelchod Fig. 2. Spatial pattern of total phosphorus

in the Swiss National Park, Plot grid, former concentration in soil (0 -6 cm) on the subalpine

irrigation ditches, the cottage and borders of red grassland Alp Stabelchod m the Swiss National

deer observation area as well as the irrigated sub Park,

area are indicated.
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Today, patches dominated by Trisetetum flavescentis can only be found in the

immediate vicinity of the cottage. The major part of the grassland on Alp Stabelchod

can be described as Crcpido-Festucetum nigriscentis and as Seslerio-Caricetum

sempervirentis (Zoller 1995).

Methods

On the basis of an infrared aerial photo taken in 1996 (scale I:7'000), an orthophoto

(scale: l:2'000; geo-referenced, rectified) was produced for the whole area of Alp

Stabelchod. The orthophoto was overlain with a grid of 20 m x 20 m plots, oriented

according to the coordinate system of the Swiss Federal Office of Topography. In 1997,

the grid points were located in the field with the aid of the orthophoto and marked

permanently with wooden pegs. The area covered includes the whole of Alp Stabelchod

as well as a small forest clearing to the north. The plot containing the cottage was

excluded, leaving a total of 268 plots. The nomenclature of the plant species follows

Hess, Landolt & Hirzel (1984),

Spatial pattern of red deer and faecal-pellet groups

The red deer were observed from inside the cottage front 7 p.m. to 7 a.m. on 54 nights

between May 18th and September 23,d in 1998. The nights when observations were made

were distributed more or less regularly during this period, but were dependent on the

phase of the moon, since some light was necessary to make observations. Following the

scan-sampling method of Alt mann (1974), animals were located and counted with the

aid of the starlight scope BIG 35 of Leica (zoom: 100 - 300%, focus area: 10 m to »)

every hour. The category (hind, calf, stag) and activity (grazing, other than grazing) of

each individual was also noted. An animal was recorded as 'grazing' when its head was

lower than its back. From the cottage only 208 of the 268 plots were visible. This area

of 8.32 ha is defined as red deer observation area (Fig. 1).

Direct observations of the distribution of red deer are intensive and time consuming.

According Neff (1968) and Charles. McCowan & East (1977), faeces counts also

indicate fairly well the distribution of feeding red deer. We therefore counted faecal-

pellet groups on all of the 268 plots on July 23ul and 24"' in 1997. These results were

compared with the results of direct observations of red deer.



-44-

Explanatory variables

Eighteen environmental variables were initially used for the analysis; six of these relate

to the vegetation structure (tree, shrub, tall-grass, short green,poor vegetation, bare

ground) while another six characterise the species composition of the vegetation

(vegetation units; Aconitum, Deschampsia, Trisetum. Festuca, Carex, Pinus). Two

variables (irrigation and phosphorus) are related to the former agricultural management

and four variables are considered to be related to the animals' need for security

(disturbance, overview, trail and depression).

Vegetation structure

Within each of the 268 grid plots (20 m x 20 m) the percentage cover of trees, shrubs,

tall-grass and short green, poor vegetation and bare ground were estimated from mid

July to mid August in 1997. The cover of mountain pine (Pinus montana Miller) plants

less than 1.5 m was included as shrub cover. Short green is defined as vegetation grazed

to 5-2 cm to the ground whereas taller vegetation was defined as tall-grass. Spots

dominated by Hieractum pilosclla, lichens and with loose vegetation cover were

considered as being poor vegetation. The area not covered by vegetation (stones, path,

bare soil, dead piece of wood) was estimated as bare ground. For the further analyses

the percentage cover was transformed to ArcsinfV).

Vegetation units

In the centre of each grid plot (20 m x 20 m) a subplot of 1 m x l m was placed. In

summer 1998 (July 22ml - September 16lh) the percentage cover of all plant species was

estimated in each subplot. If the subplot was too close to a trail or a shrub or tree of

Pinus montana, it was shifted 3 m according to a pre-defined procedure.

In order to simplify the data set obtained from the floristic survey, we made use of the

different vegetation units defined in the regional reference system "National Park 1917-

1996'1 of Schütz et al. (1998). The vegetation units in this system have been derived

from a statistical analysis of a very large floristic data set. In addition, for each unit the

probability of occurrence of almost all of the subalpine plant species of the Swiss

National Park has been determined. For our study we used the following six units:
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Aconititm, Deschampsia, Trisetum, Festuca, Carex (= Carex + Nardus of Schütz et al.

1998) and Pinus (= Erica 4- Vaccinium of Schütz et al. 1998). For each subplot, we

multiplied the percentage cover of every plant species by its probability of occurrence

within the six vegetation units. Then the sum of all products (species cover
* probability

of occurrence) was calculated for each unit of a subplot and adjusted to a sum of 100%.

These calculations yield the probabilities of the various subplots belonging to each of

the six vegetation units. The relative proportion of the six units were taken as

explanatory variables for each plot (though we are aware of the problem that these six

variables are not independent of each other). As shown by Schütz et al. (in press a)

these six vegetation units can also be used to document successional series in the SNP.

As the percentage cover of the variables describing vegetation structure we transformed

the percentage cover values by an Arcsin(v) transformation.

Former agricultural management

Irrigation. The old ditches of the former irrigation system were mapped in 1997

(Fig. 1). The map reveals that 90 out of the 268 plots had been formerly irrigated. In the

regression analysis these plots were given the score I and the non-irrigated plots the

score 0.

Phosphorus. In order to measure the phosphorus concentration in the soil, the soil of

each subplot was sampled immediately after the floristic survey was carried out. Cores

were taken at the edges and from the centre of the subplot (1 m x I m). Litter was

removed from the surface and the cores taken to a depth of 6 cm; due to the presence of

pebbles, deeper cores could not be taken, In general, the cores included most or all of

the black humic horizon and usually some of the mineral A horizon, The five

subsamples from each subplot were mixed and the soil samples were stored in the deep-

freezer before being dried at 60°C for 48 hours and sieved with a 2 mm sieve. 500 mg

of each sample was digested using a Kjeldahl digest, and total phosphorus content was

determined with a Tecator Flow Injection Analyser System 5012, For analyses a log

transformation was applied to the phosphorus concentrations.
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Variables related to security and vigilance behaviour

Disturbance. Because visitors to Stabelchod are confined to the trails and the vicinity of

the cottage, we might expect red deer to have learnt that human disturbance comes

chiefly from these parts of the site. We therefore measured on the orthophoto the

distance between the centre of each plot and the nearest of the four potential sources of

disturbance (the cottage and the three places where the trails leave the forest and enter

the open grassland; cf. Fig. 1), in order to investigate whether vigilance behaviour

affects the spatial distribution of animals.

Overview. After arriving al their grazing site, red deer do not remain close to the forest

edge but proceed to the open area where they have an unrestricted view of their

immediate surroundings (Bützler 1991). To quantify the openness of each plot, we used

a method similar to that of Staines (1977), by estimating the unobscured distance in

each of eight directions (N, NE, E, SE, S, SW, W and NW). For each of these we scored

the visibility as follows: less than 25 m, 0; 26-50 m, 1 ; 51-100 m, 2; 101-200 m, 3; more

than 200 m, 4; and calculated the total over the eight directions.

Trail. Trails may influence the presence of red deer in both a positive or negative way,

Therefore the distance from the centre of each plot to the nearest trail was measured on

the orthophoto.

Depression. The grassland of Alp Stabelchod is crossed by three depressions - probably

former courses of the brook Ova Stabelchod. Due to reduced overview for red deer

within depressions, plots partly or entirely within a depression were given a score of I,

while the others received the score 0.
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Data analysis

We used multiple and stepwise regression analysis (forward selection: F-to-enter: 5.000;

F-to-remove: 4.996) to investigate the influence of various environmental factors on the

spatial density of grazing female red deer (cumulative counts of animals during the 54

nights per plot), using the program package Statview 5.0. The scores for red deer and

faecal-pellet groups were square root transformed. Residuals of the target variables

seemed to be normally distributed, but it should be noted that the data violated the

independence assumption required in standard linear regression analysis. The residuals

were spatially autocorrelated irrespective of the chosen model. It is well-known, that

lack of independence of the error term in a regression model invalidates significance

testing (e.g. Legendre & Legendre 1998). Therefore, we refrained from any statistical

testing and used the coefficient of determination, R", as a descriptive measure of the

goodness of fit of a model.

Strong correlations between some of the explanatory variables (multicollinearity) posed

a further problem in the regression analysis. In particular, the correlation of the

Aconitum unit with the Deschampsia unit as well as the correlation of the Festuca unit

with the Carex unit exceeded 0.8 in magnitude (Tab. 1). By stepwise linear regression

we tried to find a minimum set of explanatory variables with large R2.
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Results

Spatial pattern of phosphorus concentration in soil

We found phosphorus concentration in soil generally to be highest around the cottage

and the former cowsheds to the north and south of the cottage (Fig. 2). Phosphorus

concentrations were also high in the formerly irrigated area, where they varied between

2.1 and 3.7 mg P g
'
soil. In the remaining areas, phosphorus concentrations ranged

between 0.7 and 2.0 mg P g
'
soil. The poorest soils in terms of phosphorus were found

in the western part of Alp Stabelchod.

Spatial patterns in the vegetation

The plots with the highest cover of trees and shrubs were in the western and northern

part of Alp Stabelchod and along the forest edge (Fig. 3). Tree and shrub cover

correlated positively with the vegetation unit Pinus (0.55 and 0.66; Table 1). The spatial

distribution of tall-grass and short green were complementary: tall-grass dominated the

western part around the irrigated sub-area (correlation between tall-grass and irrigation:

-0.56), whereas short green was more abundant within the formerly irrigated area

(correlation between short green and irrigation: 0.75; Table 1). There were also some

plots with more than 25c/t cover of short green in the western and north-western parts of

Alp Stabelchod close to the edge of the forest. Tall-grass was positively correlated with

the vegetation unit Carex (0.69) and Pinus (0.28) but correlated negatively with the

other four vegetation units (-0.48 to -0.61). Short green, on the other hand, was

positively correlated with Aconitum, Deschampsia, Trisetum and Festuca (0.61 to 0.68)

but negatively correlated with Carex (-0.6J) and Pinus (-0.62). In contrast to all other

vegetation structure variables, short green was the only variable being positively

correlated with phosphorus (0.66). Areas with high cover of poor vegetation were

located in the northern, in the south-western and in the southern part of the site (Fig. 3).

Most plots with a significant proportion of bare ground (5 - 25%) were crossed by a

trail.
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There was rather little of the units Aconitum and Deschampsia, and the cover exceeded

1% only on plots in the eastern part of Alp Stabelchod (Fig. 4). Very few plots had more

than 5% of these units. The relative cover of the Trisetum unit was highest around the

cottage where it reached 25 - 50% cover; one plot adjacent to the cottage had a cover

larger than 50% of the Trisetum unit. Elsewhere on the alp, the cover of this unit was 5 -

25%. Highest cover of the Festuca unit was found in the irrigated area and around the

cottage. However, in contrast to the Trisetum unit, several plots with a cover between

25% and 50% of the Festuca unit could also be found in the western part of Alp

Stabelchod (Fig. 4).

The Carex unit was the one which was most frequently dominant. Apart from very few

exceptions in the north and the south of the cottage, the cover of this unit was less than

25% only on plots in the area around the cottage. The relative cover of the Pinus unit

was small in the formerly irrigated area (1 - 5%) and was between 5 to 25% on the

surrounding plots. Several plots close to the forest edge had a cover of more than 25%

of this unit (Fig. 4).

Fig. 3. Spatial pattern of vegetation structures (tree cover, shntb cover, tall-grass, short green, poor

vegetation and bare ground) on the subalpine grassland Alp Stabelchod in the Swiss National Park.
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Spatial pattern of red deer

From the hourly scans on 54 nights a total of 5958 observations of red deer were made

in the 208 plots visible from the cottage (average: 13.3 red deer per scan). Of these,

72.8% (4365) were hinds. 21.8'/, (1300 counts) were calves, and 5.4% (320 counts)

were stags. Of the hind observations, 66.1 % (2884) were of grazing animals. The spatial

distribution of the feeding animals was far from uniform over the study area, 75.1% of

the grazing hinds were observed within the irrigated area in the south-eastern part of

Alp Stabelchod (Fig. 5. upper left).

The spatial distribution of pellet groups was similar to that of grazing hinds, with a zone

of high density in a belt running from south to north, being wider south of the cottage

and narrower north of the cottage (Fig. 5. upper right). South of the cottage the highest

densities of pellet groups were found in the centre of the open grassland and especially

in the area which was formerly irrigated. In the western part of the Alp Stabelchod there

were fewer pellet groups and no obvious pattern was detected.

The results of the multiple regression reveal a strong relationship between the spatial

distribution of the animals and three groups of environmental variables (vegetation

structure, plant species composition, and security related factors). In particular, numbers

of red deer and of grazing hinds were strongly partially correlated with bare ground,

Festuca, disturbance and overview (Table 2).

In the stepwise multiple linear regression short green was entered into the model first

and explained over 45% of the variation in the distribution of grazing hinds and over

42% of red deer, respectively (Table 3). The second variable included into the model

was disturbance which accounted for an additional 17% followed by bare ground and

overview which explained a further 5.4% and 4.2% of the variation in numbers of

grazing hinds.

Fig. 4. Spatial pattern of relative covei ot the vegetation units \i ottitum, Desihampsia, Tiisetum,

Eestuca, Caie\ and Pinus on the subalpine grassland Alp Stabelchod m the Swiss National Paik.
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Table 2. Results of multiple regression for the four target variables red deer, grazing hinds and deer

faecal-pellet groups within red deer observation area (No. of plots = 208) and whole investigation area

(No. of plots = 2681 including all the eighteen explanatory variables.

Target variable (y) Red deer Grazing hinds Pellet groups Pellet groups

Transformation of y Square root (y) Square root (y) Square root (y) Square root (yl

No. of plots 208 208 208 268

R2 ,753 .773 .619 .587

RMS Residual 1.604 1.045 805 .859

Partial correlation Partial correlation Partial correlation Partial correlation

Explanatory va iables (x)

Tree -.020 -.001 -.093 -.049

Shrub -.095 -.066 .090 .153

Tall-grass - 099 -.109 -.137 .027

Short green .088 .079 .030 .158

Poorvegetatior .043 .039 .081 .189

Bare ground -.314 -.344 -.391 -.368

Aconitum .042 .025 -.030 - .043

Deschampsia -.063 -.030 .002 .054

Trisetum .006 064 070 .105

Festuca -.179 -.125 -.044 .020

Carex -.118 -.059 - 037 .025

Pinus -.116 -.080 .104 .085

Irrigation .025 .099 .208 .250

Phosphorus .015 .041 .202 .133

Disturbance .434 .461 -.086 - .019

Overview .337 316 .206 .151

Depression -.105 - 063 -.057 .004

Trail .146 .096 .301 .186

Bare ground was negatively correlated with grazing hinds and red deer. Trisetum -

which showed the highest positive correlation of all vegetation units with phosphorus

(0.59, Table 1) - was the only vegetation unit to be included in the model and accounted

for an additional 1.0% of the variation in red deer and for 2.2% of the variation in

numbers of grazing hinds (Table 3). As a last explanatory variable, irrigation was

included in the stepwise regression model for grazing hinds, but it improved the fit only

very little.
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Table 3. Results ot stepwise multiple linear îegiession models tot led deci and gta/ing hinds within the

led deci observation aiea (No ot plots = 208)

Target variable (y) No of R RMS Explanatory variables (x) Coeff Std Coeff Cumulative

plots Residual R2

Red deer 208 722 1 645

Grazing hinds 208 755 1 054

0 Intercept -2913 -2913

1 Short green 2 000 297 424

? Disturbance 025 385 597

3 Overview 142 257 652

4 Bare ground -7 117 - 247 703

5 Trisetum 4 737 188 722

0 intercept - 1 754 -1 754

I Short green 1 033 226 453

2 Distuibance 016 371 624

3 Bare ground -4 504 - 230 678

4 Overview 087 232 720

5 Trisetum 3 206 188 745

6 Irrigation 658 154 755

The spatial distribution of pellet groups was strongl} partially correlated with bare

ground, irrigation,phosphorus, overview and trad, both for the entire site and also for

the red deer observation area (Table 2)

In contrast to the models based on animals observations, irrigation and not short green

was the first variable entered into the stepwise regression model for iaecal-pellet groups

and explained 3391 of the variation (Table 4), Bare ground, which was entered into the

model at the second step, accounted for further 10 ()% and 12 1%, respectively, of the

variation. All other vatiables enteied into the model contributed less than 6% each

towards the explained variation Of the security related variables neither disturbance nor

overview was entered into the models for pellet groups.
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Table 4. Results of stepwise multiple linear regression models for deer faecal-pellet groups within the red

deer observation area (No. of plots = 208) and the whole investigation area (No. of plots = 268).

Target variable (y) No. of

plots

RMS Explanatory variables (x)
Residual

Coeff. Std. Coeff. Cumulative

R;'

Pellet groups 208 578

Pellet groups 268 544

824 0 Intercept 8.087 8 087

1 Irrigation .423 167 337

2 Bare giound -4 166 - .357 446

3 Tall-grass -1 271 -.350 503

4. Tree - 1.723 -.221 .522

5. Trail 012 .274 .549

6. Carex - 2 538 -.409 563

7 Festuca -2 080 -.278 578

882 0. Intercept 4.181 4.181

1 lingation 619 227 .332

2. Bare ground -4 026 -.345 453

3 Trisetum 1 64? -.161 491

4. Tree - 1 184 -.235 510

5. Tall-grass -.765 -.193 .526

6. Trail 006 .159 544

Differences between observed and modelled pattern

The modelled spatial pattern of grazing hinds (Fig. 5, middle left) corresponds fairly

well to the pattern observed (r = 0.87; Fig. 5. upper left). As observed, the model

predicts the highest densities of grazing hinds south of the cottage in the irrigated part.

For six plots south of the cottage, the difference between the modelled and observed

numbers of grazing hinds exceeded 20 (Fig. 5, lower left). In all of these six cases the

model underestimated the number of grazing hinds.

Although observed distribution of faecal-pellet groups (Fig, 5, upper right) is similar to

that of grazing hinds (Fig, 5, upper left), the correlation between the model and the

observed pattern is weaker (r = 0.74; Fig. 5 middle and lower right). The modelled

distribution shows two main patches of high density within the irrigated area. The

deviations of the model from the observed distribution of pellet groups show an

irregular spatial pattern (Fig. 5, lower right).

Fig. S. Spatial distribution ol observed grazing hinds (upper left) and of faecal-pellet groups (upper right)

on the subalpine grassland Alp Stabelchod in the Swiss National Paik, The observed distributions are

presented m the upper part, the modelled distribution are presented in the middle. In the lower part,

differences between the modelled ami observed distributions are presented. The bold line indicates the

border of the red deer observation area.
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Grazing hinds

Observed grazing hind;
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Discussion

The analysis presented here shows that the nocturnal distribution of red deer on Alp

Stabelchod can be mainly explained by the spatial patterns of traditional grazing areas

(short green) as well as various variables related to security and protective behaviour

(distance to disturbance sources and overview). By far the most important variable is

the structural variable short green which refers to the presence of grassland 2 - 5 cm

tall. We therefore discuss briefly the origin of this vegetation type and its significance

for red deer.

Before the Swiss National Park (SNP) was founded in 1914, Alp Stabelchod was used

for centuries as a grazing ground for cattle and partly to produce hay on fenced Trisetum

meadows (Pictet 1948). Around the stables and on resting places of cattle, it is likely

that tall-herb communities had developed because of the high levels of nutrients from

animal excreta. Such communities are a common phenomenon on subalpine pastures in

Central Europe (Rubel 1912, Spatz 1980, Ellenberg 1988,Dietl 1994, Zoller 1995). The

existence of such tall-herb communities on Alp Stabelchod is supported by

documentary evidence (Pictet 1948, Schorta 1988) including the records from

permanent plots established by J. Braun-Blanquet in 1921 (Braun-Blanquet et al. 1931,

Achermann et al. in press). Around the cottage of Alp Stabelchod, relicts of tall-herb

communities are still detectable, and we believe that the presence of the vegetation units

Aconitum and Deschampsia indicates the former presence of tall-herb communities.

Similarly, we think that the presence of the unit Trisetum corresponds with the former

distribution of meadows. Some of the excreta from the stables might have been

distributed over the eastern part of Alp Stabelchod by the irrigation system, thus

maintaining the Trisetum meadows which would have been nutrient rich grazing

grounds for cattle.

In two decades following the foundation of the SNP, the tall-herb communities and

Trisetum meadows were described as luxuriant, presumably because they were no

longer grazed or mown (Braun-Blanquet et al. 1931, Pictet 1948). However, from the

late 193()'s and early 1940's, they were grazed more intensively by the increasing

population of red deer (Cervus elaphus L.) (Pictet 1948. Stiissi 1970. Schloeth 1972). It

is known that hinds prefer sites rich in nutrients as grazing areas (Moss. Welch &

Rothery 1981, lason, Duck & Clutton-Brock 1986. Bützler 1991), because they must
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satisfy their high energy requirements of pregnancy and lactation (Georgii 1980, Bützler

1991).

As a consequence of the increasing grazing pressure, the tall-herb communities

(Rumicetum alpini Zoller 1995) and the Trisetum meadows (Trisetetum flavescentis)

gradually developed into a Crepido-Festucetum nigriscentis community (Stüssi 1970,

Schütz et al. 1998, Achermann et al. in press). The vegetation of this community which

is characteristic of heavily grazed areas, is usually not taller than 2 to 5 cm. This is the

structural variable we named short green. The community has been created and

maintained by red deer because of their selection for plant material that is low in fibre

and high in nutrients (Moss. Welch & Rothery 1981, Welch & Scott 1995). On the one

hand the nutrient content in plants correlates positively with the nutrient content in the

soil (Mengel & Kirkby 1987) and, on the other hand, heavy grazing is known to

maintain a high nutrient content in plants during the whole growing season (Bakker. de

Lceuw & van Wieren 1984, Cargill & Jefferies 1984, lason, Duck & Clutton-Brock

1985, Holzgang, Achermann & Gigon 1996, Fox et al. 1998) and therefore attracts

continued grazing. Our results are consistent with the findings of Clark. Welch &

Gordon (1995). They also found that red deer showed a preference for feeding in

patches that had already been heavily grazed.

Our study also confirms the hypothesis that the seasonal and diurnal spatial patterns of

red deer (Blankenhom. Buchli & Voser 1978, Georgii 1980, 1981, Georgii & Schröder

1983) are closely related to the quality of the vegetation (Atzler 1984). However, the

often reported positive selection of Agrostis-Festuea swards by grazing hinds (e.g.

Charles, McCowan & East 1977) may partly be an artefact. Agrostis-Festuea swards are

created by grazing hinds which select nutrient rich sites, independently of the vegetation

type growing on that site (Achermann et al. in press). That Agrostis-Festuea grasslands

are an important source of protein-rich forage is also reported by Kay & Staines (1981).

The characteristics of the structural variable short green

Grazing has both direct and indirect effects on vegetation: the structure of the vegetation

can be affected directly, whereas the plant species composition of the vegetation mainly

changes indirectly as a consequence of changes in the competitive balance between

species. In undisturbed and nutrient rich grassland, tall growing herbs and grasses
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dominate. On Alp Stabelchod, the dominant tall-herbs were species such as Aconitum

compactum and Chenopodium bonus-henricus (Achermann et al. in press) while the

tall-grasses were Deschampsia caespitosa, Trisetum flavescens and Poa pratensis

(Schütz et al. 1998, in press a). With increasing grazing pressure by red deer, these

species lost their dominance and were replaced by grasses such as Festuca rubra, Briza

media and Agrostis tenuis (Stiissi 1970, Schütz et al. 1998, in press a, Achermann et al,

in press). Simultaneously, the richness in plant species increased from the species poor

tall-herb community Rumicetum alpini and the meadow community Trisetetum

flavescentis to the community Crepido-Festucetum nigriscentis (Schütz et al. in press

b). Similar processes have been reported from the central Highlands of Scotland (Kay &

Staines 1981) and have been predicted for various vegetation types on well drained

upland soils in Britain (Miles 1981). Many herbaceous species have invaded the grazed

parts of Alp Stabelchod since the 1940"s. Most of these species are in some way

adapted to surviving in pastures, whether through their growth form (e.g. rosettes,

creeping shoots), morphological adaptations (e.g. spines) or secondary chemistry (Palo

& Robbins 1991, Schütz et al. in press b). Examples are Trifolium repens and

Hieracium pilosella (creeping shoots), Cirsium acaule and Carlina acaulis (spines) or

Euphorbia cyparissias and Scnecio abrotanifolius (biochemical defense). The increase

of species richness on nutrient rich sites under increasing grazing pressure on Alp

Stabelchod (Schütz et al. in press b) confirms the intermediate disturbance hypothesis

(Grime I973a.b, 1979, Connel 1978). The hypothesis predicts decreasing species

richness with increasing nutrient availability on the one hand. On the other hand,

species richness increases even on nutrient rich sites at an intermediate disturbance

level.

Variables related to security and vigilance behaviour

A set of variables related to security and vigilance behaviour are important, too, to

explain the spatial pattern of red deer on Alp Stabelchod. The variable overview

characterises the visual range from a given position. The variable disturbance measures

the distance from a given position to one of four possible sources of disturbance which

are difficult to survey: the cottage and the places where the three trails meet the pasture

at the forest edge. Both variables can be interpreted in terms of behaviour patterns

which reduce the risk of prédation. Similar conclusions about the importance of such
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factors for red deer have been reported (e.g. for disturbance: Staines 1977, Diverio et al.

1993, Clark. Welch & Gordon 1995 and for overview: Staines 1977).

The greater amount of pellet-groups counted with increased distance from trails may

only reflect the geographic localisation of the trails surrounding the preferred grazing

sites on Alp Stabelchod, Apart from avoiding bare ground and the trampling effect on

pellet-groups by visitors, there seems to be no important influence of trails on presence

of red deer.

Other animals

As competitors for grazing sites, other herbivores could be an important factor

influencing the spatial distribution of grazing red deer (Hofmann & Nievergelt 1972,

Jackson 1974). On Alp Stabelchod, however, red deer are by far the dominant

herbivores, and only rarely did we observe single animals or small groups of roe deer

(Capreolus capreolus L.) and chamois (Rupicapra rupicapra L.). The only mammalian

herbivore regularly to be seen during daytime were about six marmots (Marmota

marmota L.) in the grassland west of the cottage.

Pellet groups versus direct observations

The estimation of the spatial pattern of faecal-pellet groups is often an adequate and

widely used method to estimate selectivity indexes of different vegetation communities

(Charles, McCowan & East 1977) or for assessing habitat use and herbivore occupance

(Putman 1984, Welch & Scott 1995). Both Neff (1968) and Charles, McCowan & East

(1977) reported that faeces counts are a good indication of feeding dispersion of red

deer. Though we determined the spatial pattern of faecal-pellet groups only once, our

data also correspond relatively well to the spatial pattern of grazing red deer observed

over the entire summer. In the statistical comparism however, the five variables entered

into the model for the directly observed red deer explained about 159c more in variation

of spatial pattern of red deer than the seven variables entered into the model for the

spatial pattern of pellet groups.
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Summary

1. This paper investigates the role of red deer (Cervus elaphus L.) in redistributing soil phosphorus on a

10.7 ha area of subalpine grassland, "Alp Stabelchod", in the Swiss National Park (SNP). Total soil

phosphorus was used as a surrogate for nutrients in general because phosphorus is almost absent from

urine, thus simplifying the study of nutrient return to the ecosystem. The consequences of the

redistribution of nutrients for vegetation development are also investigated.

2. A regular grid of 268 plots (20 m x 20 m) was set out on the site, and in each plot the quantity of

phosphorus in the soil, the phosphorus export by grazing offtake, and the phosphorus input by faeces

were estimated.

3. Temporal changes in the soil phosphorus pool, phosphorus export by herbivores, and phosphorus input

in faeces were estimated by applying a model which describes successional change in these subalpine

grasslands.

4. The estimated phosphorus pool in the soil of the various plots (0 - 10 cm depth) varied between 200

and 1 100 kg P ha"'. Grazing offtake by red deer was estimated to be, 4891- of the annual harvestable yield.

The highest export rate of phosphorus per plot due to grazing was equivalent to 2.5 kg P ha
' year"1, the

highest input rate from dung was 1.5 kg P ha
:

year:. For the site as a whole there was a net annual loss of

3.3 kg P.

5. In general, plots with vegetation of earlier successional stages had more soil phosphorus content than

those representing later successional stages. By relating the data on phosphorus export to the succession

model it was also found that phosphorus export was highest in the earlier successional stages. However,

by the year 275 of the succession model, phosphorus input by faeces and phosphorus offtake by grazing

were in approximate balance: by this stage the phosphorus pool in the soil had been reduced to about 550

kg P ha1. Long-term changes in the soil phosphorus pool could be adequately modelled by assuming a

constant leaching rate of 1 kg P ha
:

year"1 and applying a statistical function which related phosphorus

export to either the successional stage or the quantity of phosphorus in the soil pool.
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Introduction

There are many potential effects of large herbivores on vegetation. Apart from

increasing or decreasing primary production, changing species composition and

changing the physical structure of the vegetation itself (Putman 1986), large mammalian

grazers may also accelerate nutrient turnover (Detling 1988, McNaughton. Banyikwa &

McNaughton 1997, Knapp et al. 1999). The spatial distribution of nutrients can be

altered by animals that feed over a wide area but defecate in a small area as. e.g., sheep

or horses (Edwards & Hollis 1982). This results in a gradual impoverishment of the

wider grazing range, but continued enrichment of small areas within it. Other animals

may show different habitat preferences for grazing and for elimination, so that nutrients

may be removed from some habitats and returned to others (Putman 1986). Such

'translocation' of nutrients could have a profound effect on the nutrient dynamics of a

community though the process has been relatively little studied.

On subalpine grasslands in the Swiss National Park (SNP) a conspicuous spatial pattern

of nutrient enriched soils can be found caused by the agricultural management which

persisted until 1914 (Achermann et al. submitted). Since the 1930\s these more nutrient

rich areas have been intensively grazed during the summer month by female red deer

(Cervus elaphus L.) (Stiissi 1970. Achermann et al. submitted). During daytime hinds

can be found in the surrounding forests or in alpine grasslands but they come out to feed

at night. Due to this disjunct diurnal home range, a nutrient export from the subalpine

grasslands into the surrounding forests has been postulated (Krtisi et al. 1995). In this

study we ask the following questions: (i) Is there, indeed, a nutrient transfer from the

preferred grazing sites on the subalpine grassland to the surrounding forest and, if so,

how great is the flow of nutrients'? (ii) Is the nutrient balance (dung input - grazing

export) related to the nutrient content of the soil and the successional stage of

vegetation? (iii) What are the potential consequences of this nutrient shift for the long-

term vegetation change?

This study focuses on phosphorus as a surrogate for other nutrients. We quantified the

pool of P in soil, and also the spatial patterns of input in dung and loss by grazing

offtake. From these data balance functions (P-input by dung - P~export by grazing) in

relation to the successional stage of the vegetation and the phosphorus pool in soil were

estimated. To do this, the successional stage of the vegetation in each plot was

determined using a successional model described by Schiit/ et al. (in press). The long-
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term changes of the soil phosphorus pool due to grazing could then be calculated.

Potential long-term consequences of the nutrient export on the vegetation succession on

subalpine grasslands and the response of red deer population within the Swiss National

Park are discussed.

Study area

The Swiss National Park (SNP) is located in the Central Alps in the Engadin. Detailed

information about the SNP has been presented by the Committee for Scientific Research

in the National Park (1966) and by Triimpy et al, (1997).

The study site, Alp Stabelchod, covers an area of 10.7 ha at an altitude of 1950 m a.s.l.

(range 1920-1980 m a.s.l.). The site lies on an alluvial fan of dolomite, has a regular

slope of 6° and a southerly aspect. On the eastern side, the brook Ova Stabelchod and a

small band of trees form the limit of Alp Stabelchod. Before Alp Stabelchod became a

part of the SNP. it was used for agricultural use in summer for about 500 years (Schorta

1988). Since 1918, there has been no agricultural or sylvicultural management. Today,

the major part of the grassland on Alp Stabelchod is covered by two plant communities:

Crepido-Festucetum nigriscentis and Seslerio-Caricetum sempervirentis (Zoller 1995).

Further details to the study site are given in Achermann et al. (submitted).

Methods

For the purpose of this study on nutrient transfer, phosphorus offers various advantages

over other nutrients. Firstly, it is mainly excreted with dung and scarcely in urine

(Rabotnov 1995), making it easier to quantify nutrient return in excreta. Secondly, it is

very immobile in the soil, so that leaching losses are relatively low. To estimate the

spatial pattern of the phosphorus balance (input by dung - export by grazing offtake) a

systematic grid of 268 plots (20 m x 20 m) was established (Achermann et al.

submitted), which enclose the whole of the grassland area on Alp Stabelchod.
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Spatial pattern of phosphorus pool in soil

For each plot we estimated the pool of total phosphorus (Pt01) in the soil to a depth of

10 cm. This was done by multiplying the concentrations of Plot (Achermann el al.

submitted) within each plot by the mean soil density (fraction «s 2 mm). The mean soil

density was estimated from 34 soil cores down to a depth of 5 cm distributed regularly

over Alp Stabelchod. Due to the presence of numerous pebbles, cores could not be

taken to a depth of 10 cm. Soil cores were dried for 48 hours at 60 °C, sieved (fraction

s 2 mm) and weighed. The value for the resulting mean soil density (for the fraction

< 2 mm) was 0.327 g cm \

Spatial pattern of phosphorus export

To estimate the phosphorus export by grazing offtake, information about the potential

harvestable yield, the amount of the grazing offtake and the phosphorus content of the

plant material eaten were needed. For the estimation and validation of the spatial pattern

of phosphorus export in 1998, different assumptions about the harvestable yield and

grazing offtake by grazing hinds were used.

Harvestable yield: According to Dietl (1994), the harvestable yield of extensively used

Crepido-Festucetum grasslands at an altitude of 1950 m a.s.l. is 1400 kg dry weight

(dw) ha ' year"1. The harvestable yield of Seslerio-Caricetum sempervirenfis pastures is

950 kg dw ha1 year '. Because Alp Stabelchod is so intensively grazed the vegetation is

mainly very short, and the value quoted by Dietl for Crepido-Festucetum grasslands is

probably an overestimate. We therefore reduced the harvestable yield indicated by Dietl

(1994) following Bircham & Hodgson (1983) to 950 kg dw ha4 year \ Further, patches

covered with poor vegetation (e.g. patches of Hieracium pilosclla) were not considered

in the calculation of harvestable yield and grazing offtake.

Grazing offtake: In 1997. the percentage surface of grazed short-grass and ungrazed tall-

grass patches was estimated for each plot (Achermann et al. submitted). We assumed

that 957c of the potential harvestable yield was consumed on short-grass patches,

whereas on tall-grass areas a general grazing offtake o1 5CA of potential harvestable

yield was assumed.
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Validation of grazing offtake: As a rough check of the estimates of grazing offtake for

Alp Stabelchod in 1997, we used these values to calculate the mean number of red deer

which could be supported, assuming four conditions:

(i) The population of grazing hinds on Alp Stabelchod did not change between 1997

and 1998 (Eidgenössische Nationalparkkommission 1998, 1999).

(ii) Daily intake of a hind in the SNP is about 2.46 kg dw. According to Bützler

(1991) red deer need about 3 kg dry matter of plant material per day per 100 kg

body weight, Average body weight of hinds in the region of the Swiss National

Park (SNP) is about 82 kg (Buchli 1979, Krüsi et al. 1996).

(iii) Hinds consume about 707c of their daily food supply during the nocturnal grazing

activity on Alp Stabelchod (Hegg 1961, Georgii 1981, Holzgang, Achermann &

Gigon 1996 and Achermann et al, submitted).

(iv) We defined the grazing period from May F1 to September }V[ (153 nights). The

population of red deer in the Engadin migrates between summer and winter home

ranges (Schloeth & Burckhardt 1961, Blankenhorn, Buchli & Voser 1978). After

passing the winter in lower regions hinds migrate into the SNP in early May

following the snow melting. Depending on weather and food conditions red deer

may stay until end of October within the SNP (Blankenhorn, Buchli & Voser

1978).

This calculated carrying capacity of red deer was compared with the average number of

red deer counted by direct observations in 1998 (Achermann et al, submitted). On Alp

Stabelchod 72.8% of all recorded red deer at scan-samplings were hinds (Achermann et

al. submitted). To simplify calculations the average red deer was assumed to be a hind.

To estimate the mean number of grazing hinds, the total grazing offtake was divided by

the average dry matter consumed per hind per night and during 153 nights.

Phosphorus content of plant material: According to Schubiger. Dietl & Bosshard

(1999), average phosphorus content in plant material of Crepido-Festucetum grasslands

in the Swiss Alps is 2.5 g P kg
'
dw. Though the average phosphorus value of plant

material of Seslerio-Caricetum sempervirentis is lower (F7 g P kg
'
dw; Schubiger,

Dietl & Bosshard 1999) the value for Crepido-Festucetum grasslands was used to

estimate phosphorus export of both communities by multiplying the estimated grazing

offtake by this value.



-72-

Spatial distribution of phosphorus input

Spatial distribution offaecal-pellet groups: In each of the 268 plots (20 m x 20 m) the

number of faecal-pellet groups of red deer was counted during two days at the end of

July in 1997 (Achermann et ah submitted).

Quantity of dung input per plot: The remaining old faeces were cleared from 46

systematically distributed plots (20 m x 20 m) in early May 1998. Within these 46 plots

all faecal-pellets of red deer were collected on several occasions till the end of

September 1998. Collected dung was dried for at least 48 hours at 90 V, To estimate

the input of dung into each of the 268 plots, the dung input in the 46 plots was

correlated with the corresponding numbers of counted faecal-pellet groups. The

resulting equation of the linear regression was

y = 274.9.x + 142.06. R2 = 0.62, # ofplots = 46,

y = dung quantity (g dw) and

x
- number of faecal-pellet groups.

Phosphorus content of dung: The phosphorus concentration in faeces reflects the

seasonal change in phosphorus concentration of the vegetation. To determine the

average phosphorus content of faeces, the observation period (May to September) was

subdivided into four sub-periods. For each sub-period, the total phosphorus content of

seven randomly chosen samples from the corresponding period was analysed using the

method described in Achermann et al. (submitted). The mean values for the four sub-

periods were weighted according to their length and summed. The average seasonal

phosphorus content of faeces (3.92 mg P g
'
dw) was calculated by dividing the sum by

the length of the whole observation period.

The annual phosphorus balance (input by faeces - export by grazing offtake) was

calculated for each plot and the whole investigation area.

Successional stage of vegetation

The percentage cover of plant species was recorded in a quadrat (1 m x 1 m) located in

the centre of each plot (Achermann et al. submitted). These data, together with the

succession model for subalpine grasslands in the SNP (Schütz et al. in press), were used
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to determine the successional stage of the vegetation in each plot. The data from each

quadrat was expressed as the percentage values of the six vegetation units (Schütz et al.

1998), and the quadrat was then compared with the corresponding data in the succession

model. For each quadrat the most similar relevé in the succession model was

determined using the program package Mulva-5 (Wildi & Orlöci, 1996). In this way the

quadrat could be assigned to a particular year in the succession model, and this was

used as the variable describing the successional stage (ie succession year) of the plot.

For both the phosphorus pool and export rates of phosphorus classes were formed and

for each class the average percentages of the six vegetation units were calculated. To

relate the different export rates to the successional stage of vegetation the relative cover

percentages of the six vegetation units were used to determine the successional stage of

the corresponding export values.

Balance in relation to the successional stage of vegetation

and the phosphorus pool in soil

The relationships between the phosphorus balance (input - export), and both the

successional stage of vegetation and the phosphorus pool in soil were described as

sigmoidal functions (1):

In this. x0 is the center, A, is the initial y value. A, is the final y value and;? is the power.

The y value at.r(, is halfway between the two limiting values A7 and Ac.

(2) v(x0) = (A, + AA/2

To obtain the values for the parameters, the curve fitting function of the program

ORIGIN, version 5 (Microcal Software 1997) was applied.

Temporal patterns of phosphorus pool in soil

Based on the findings of Walker & Syers (1976) the relationship between the

determined phosphorus pool in soil and the successional stage of the vegetation of the

268 plots was described by a fitted polynomial function (2"(1 degree as shown in the

results section). This function was considered to include all possible exports and inputs

of phosphorus as for instance leaching, run off, grazing offtake, dung or rainfall input.
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mobilisation by plants or chemical weathering of phosphate from minerals (Burrows

1990).

The polynomial function for the long-term change of the phosphorus pool in the soil

was then compared with the results of two calculations both including a constant

leaching rate and one of the two balance functions. As suggested by Perkins (1978) and

Gist et cd. (1990) we used a constant leaching rate of I kg P ha1 year1 for our

calculations. The divergence from the estimated long-term change of the phosphorus

pool in soil (polynomial function) was calculated for periods of fifty and of hundreds

years at intervals of 5 years starting at a given phosphorus pool of the polynomial

function.

Results

Spatial pattern of phosphorus pool

The phosphorus pool in the soil was generally higher in the eastern part of Alp

Stabelchod, both north and south of the cottage (Fig. la). In this area, the phosphorus

pool varied between 600 and 1100 kg P ha '. In the remaining areas, the phosphorus

pool varied between 200 and 600 kg P ha \ the poorest soils being in the western part of

the site. On plots with the highest phosphorus pools (1000-1100 kg P ha1) the

vegetation unit Trisetum was dominant. With progressively decreasing phosphorus

pools the Trisetum unit was replaced first by the Festuca unit and at even low P levels

the Festuca unit by the Carex unit (Fig, 2). When the phosphorus pool was < 700 kg

ha ', the Carex unit tended to be more abundant than the combined Festuca and

Trisetum units. There was very little cover of the Aconitum and the Deschampsia units

for all categories of the soil phosphorus pool. The percentage cover of the Pinus unit

was lowest (2.6%) on plots with highest phosphorus pools (1000-1100 kg P ha ') and

highest (about 30%) on plots with lowest phosphorus pools (200-300 kg P ha ').

Spatial pattern of phosphorus export

For the 268 plots of Alp Stabelchod the total harvestable yield was estimated to be 7386

kg plant dry matter and total estimated grazing offtake to be 3590 kg dry matter, or

48,6%) of the yield. Dividing the estimated offtake by the 153 nights (May to

September) and by the nightly intake per hind on Alp Stabelchod (1.722 kg dw. cf.
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assumpttons in methods) we found the offtake to be equivalent to grazing by 13,6 hinds

per night on Alp Stabelchod.

a) Phosphorus pool
in soil 1998

(depth: 0-10 cm)

X

I—tips
F fitr
-'Ell

r

1 -iiüi.:-=fei

200 - 400

400 - 600

600 - 800

800 - 1000

1000 - 1200

b) Phosphorus export 1998

c) Phosphorus input 1998

„,X„^ ;!ttL*v^..„lft|!tl§

i ,.
«t. -p

d) Phosphorus balance 1998

(input - export)

il

tit;

it i

ill

[x] Cottage

kg P ha"1

0.0 - 0.2

0.2 - 03

0.5- 1.0

1.0- LS

1.5 - 2.0

Fig. 1. Spatial pattern of a) phosphorus pool in soil (kg P ha"1, depth: 0-10 cm), b) p-loss by grazing

offtake (kg P ha"1 year'1), c) P-gain by dung and d) P-balance (gain - grazing offtake) on the subalpine

grassland Alp Stabelchod in the Swiss National Park (SNP).
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The total annual phosphorus loss by grazing offtake was 8.974 kg for the 10.72 ha site.

The highest rate of phosphorus loss per plot was equivalent to 2.3 kg P ha
'

year4. The

area with the highest phosphorus export was around the cottage where the soils are

particularly rich in phosphorus (Fig. la). However, there were also several plots with an

export rate > 0.5 kg P ha
'

year
'
in the western part of the Alp. The two plots in the

forest clearing to the north of Alp Stabelchod also had high export rates (1.9 and 1.3 kg

Pha' year1).

In the plots with the highest exports rates (2,25-2.5 kg P ha
'

year"1), the vegetation was

dominated by the Festuca and Trisetum units (Fig. 3). With decreasing export-rates we

found a linear decrease in the importance of the Trisetum and Festuca units and an

increase of the Carex unit. Between an offtake of 0.75 and 1.75 kg P ha
'

year ', the

proportions of the Carex, Festuca and Trisetum unit did not change considerably. In

plots with an offtake lower than about I kg P ha '

year '. the Carex unit dominated.

The analysis suggested that phosphorus export decreases with ongoing succession (Fig.

4). In particular, a sharp decline of export was observed between years 270 and 290 of

the succession model, with export rates halving from L.75 - 2 kg P ha
'

year
'
to 0.75 -

1.00 kg P ha
'

year"1 during this period.
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Fig. 4. Export rate (kg P ha '

year 'l m relation to successional stage of vegetation. Average proportions of

the six vegetation units of the different export rate categories were used to estimate the successional stage

of vegetation.
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Spatial pattern of phosphorus input

For the 268 plots of Alp Stabelchod (10.72 ha) the total estimated dung input was

1439,5 kg dw. representing a phosphorus input of 5.643 kg. The spatial distribution of

phosphorus input by dung was generally similar to that of phosphorus export (Fig. lc).

The estimated highest input rate was in the plots close to the cottage and was equivalent

to 1.6 kg P haJ year '.

Spatial pattern of phosphorus balance

For the whole site the phosphorus balance (input by dung - export by grazing) shows an

annual loss of 3.3 kg P. The phosphorus balance of individual plots ranged between a

gain of about J kg P ha
'

year
'
to a loss of about 1.9 kg P ha1 year '. The phosphorus

balance was most strongly negative for the area with a high phosphorus pool in the soil,

including the two plots in the forest clearing north of Alp Stabelchod (Fig, Id). Plots

with a positive balance were mainly plots with phosphorus-poor soils.
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Fig. 5 Phosphotus balance (dung input - giazmg offtake! in relation to phosphotus pool m soil. Based on

the 268 data points a sigmoidal function was chosen and tiffed to desctibe the average phosphorus

balance in iclation to the phosphotus pool in soil
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In Fig. 7, the relationship of the phosphorus balance to both the phosphorus pool in soil

and the successional stage of the vegetation is shown. The phosphorus input by faeces

equalled the phosphorus offtake by grazing at the successional stage of about 275 years

and at a phosphorus pool of about 550 kg P ha '. Plots with phosphorus pools higher

than 550 kg ha 1
or with vegetation of successional stages younger than 275 years

generally had higher export rates than input rates.

100 200 300 400 500

MODELYEAR

Fig. 7. Phosphorus-balance (input by dung - grazing offtake: kg P ha"1 year"1) in relation to successional

stage of vegetation (year) and phosphorus pool in soil (kg P ha ', depth: 0-10 em). Krigrng (tension: 0.5)

was used as a smoothing technique. Circles represent data of the corresponding plot (N - 268).
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Temporal pattern of phosphorus pool in soil

In general, we found higher phosphorus pools in plots with vegetation of the early

successional stages. However, variation within a successional stage could be as high as

600 kg P ha
]

(Fig. 8). The long-term change of the phosphorus pool in soil in relation to

the successional stage of vegetation can be described by the function

(5) v = 0.0022.x-} -3.1094.V + 1359.9, R2 = 0.3625.

where y = phosphorus pool in soil and ,v - successional stage of vegetation.

The long-term decline of the phosphorus pool in soil could be modelled very well with

calculations by assuming a constant leaching rate and applying one of the balance

functions (eqn 3 and 4 above) which describe the net export of phosphorus in relation to

phosphorus pool and successional stage, respectively (Fig. 9).

Discussion

Nutrients in soil and vegetation change

On the 10.72 ha subalpine grassland, Alp Stabelchod, in the Swiss National Park (SNP)

soil phosphorus was not uniformly distributed in the soil. Areas of high soil phosphorus

content were found around the cottage, and soil phosphorus content gradually decreased

with increasing distance from the cottage. This conspicuous spatial pattern of

phosphorus is likely to be the result of the former agricultural activity (grazing by

catties, irrigating, mowing) which continued for centuries and ceased with the formation

of the National Park (Achermann et al. submitted), It is known that gross distribution of

nutrients can be altered by animals that feed over a wide area but defecate in a small

area (e.g. sheep or horses, Edwards & Hollis 1982), resulting in a gradual

impoverishment of the wider grazing range, but continued enrichment of small areas

within it (Putman 1986), Under the current grazing activity of red deer these formerly

accumulated nutrients now are removed and returned to the poorer parts of the grassland

and into the surrounding forests. The calculated number of red deer per night based on

estimates of offtake (13.6) corresponds very closely to the average number of red deer

observed at the hourly scan-samplings (13.3, Achermann et al. submitted). This gives us

confidence to believe that the assumptions are realistic and that total grazing offtake has

not been seriously overestimated.
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We found net export rates (1.9 kg P ha
'

year ') which were about twice as high as the

assumed potential loss by leaching (I kg P ha
' year1; Perkins 1978, Gisi ct al. 1990).

Other factors such as run off, input by rainfall (Allen et al. 1968, Perkins 1978),

mobilisation by plants or chemical weathering of phosphate from minerals may also

influence the soil phosphorus content (Burrows 1990). However, analyses rainfall from

the grassland Stabelchod (Kriiuchi et al. unpublished) indicate that P input by rainfall is

very low (0.11 kg ha"1 year"1). Despite the simplifying assumptions, a reasonable good

estimate of the change of soil phosphorus over a period of 100 years can be obtained by

using a constant leaching rate of 1 kg P ha
!

year
'
and one of the balance functions

which relate net export to the soil phosphorus pool or successional stage of vegetation,

Phosphorus is one of the most frequent limiting factors for plant growth (Burrows

1990), and its availability in soils seems likely to be a key factor controlling the rate and

even the direction of long-term vegetation change. However, other nutrients as N, K, Ca

or Mg are important, too (Perkins 1978. Woodmansee 1978).

The relationship between soil fertility and successional stage can be complex. In many

primary successions nutrients and fertility increase, at least at first, while in secondary

successions the trends are much more varied, and increases, decreases or no changes are

all possible outcomes (Marrs 1993), On Alp Stabelchod, we found a decreasing soil

phosphorus pool with ongoing succession. This was associated with the change from

vegetation dominated by the Trisetum unit through the dominance of the Festuca unit to

successional stages dominated by the Carex unit. However, our data show that the range

of determined soil phosphorus within a successional stage can be as high as 600 kg P

ha"1, perhaps reflecting the small soil samples which were collected. Following the

resource-ratio hypothesis of Tilman (1982, 1985), the change in nutrient and / or light

supply would lead to a gradual change of plant species composition. Marrs (1993)

remarks "'that it is almost impossible to predict the outcome of succession (particularly

secondary succession) on soil chemistry without a detailed assessment of plant

responses and their interaction with other organisms, site conditions and management".

Though experimental data for the plant species at our study site (as presented e.g. by

Rorison (1968) or Berendse (1985)) are lacking, we try to discuss some possible effects

of the grazing and nutrient shifting activity of red deer on vegetation change.
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Possible impact of red deer on succession of subalpine grasslands in the SNP

The subalpine grasslands in the SNP (nomenclature follows Zoller 1995) can be

adequately described by the six vegetation units presented by Schütz et al. (1998). The

Aconitum and Deschampsia units corresponds to the Rumicetum alpini community, the

Trisetum unit represents the 'Trisetetum flavescentis community, the Festuca unit

represents the Crepido-Festucetum community with Festuca rubra as characteristic

plant species and the Carex unit represents the Scslcrio-Caricctum sempcrvirentis

community with Carex sempervirens as dominating species. In the following we first

use community names and then switch to unit and species names to discuss possible

impact of red deer on the vegetation dynamics on Alp Stabelchod.

After the cease of agricultural management and in the absence of grazing ungulates tall-

herb communities (Rumicetum alpini, Zoller 1995) and 'Trisetum meadows (Trisetetum

flavescentis, Zoller 1995) can persist for a long period on nutrient rich soils (Pictet

1948, Achermann et al. in press). With the increasing numbers of red deer in the SNP

the tall-herb stands and the 'Trisetum meadows were transformed to a vegetation with a

much shorter sward. This process has been observed on almost all subalpine grasslands

within the SNP during the increase in the red deer population in the 1930\s and 1940*s.

As a consequence, the vegetation of tall-herb communities and of Trisetimi-meixdows

decreased in cover and the vegetation community Crepido-Festucetum (Zoller 1995)

increased. Grazing mammals have also been the driving forces, responsible for creating

and maintaining the Agrostis-Festuea community in other study areas (Milton & Davies

1947. Putman 1986, Achermann et al. in press).

To what extend are the observed changes in the vegetation dependent on the declining

phosphorus content of the soil'? Stiissi (1970) observed that the transition from the tall

growing plants to sward like vegetation dominated by Festuca rubra can take place

rather rapidly. Probably this transition is not determined by the phosphorus

concentration since within this rather short period only a relatively small reduction in

the soil phosphorus pool can occur. Furthermore under continued heavy grazing, the

proportions of the six vegetation units remain relatively constant for an extended period

while soil phosphorus pool is progressively depleted. To what extent plant species of

the Carex unit are better competitors on soils with lower nutrient content than those of

the Trisetum and the Festuca unit is not known.
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It is clear, however, that as the succession proceeds the tussock forming Carex

sempervirens becomes the most dominant plant species. Hinds show a strong avoidance

of areas dominated by this species (Achermann et al. submitted). Compared with plant

species of the Festuca unit, Carex sempervirens has a much lower nutrient content

(Schubiger, Dietl & Bosshard 1999). Further more, the crude fibre content of ungrazed

shoots is higher and the crude protein content is much lower compared to regularly

grazed plants. Gordon (1988) suggests that selective foragers, such as red deer, tend to

avoid areas where the plant material is of low nutrient value. Thus the ability of Carex

sempervires to colonise and establish in a sward may be faciliated by its presence in the

close surroundings, Nevertheless, heavy grazing by red deer may delay the

establishment of Carex sempervirens. It is also noticeable that many plant species of the

Carex unit are more or less grazing resistant, because of their growth form (rosettes,

creeping shoots), morphology (spines) or secondary chemistry. Examples are Hieracium

pilosella (creeping shoots), Cirsium acaule and Carlina acaulis (spines) or Euphorbia

cyparissias and Senecio abrotanifolius (biochemical defense).

As the proportions of the Trisetum and Festuca units decreased, and the Carex unit

increased, the rate of net P export also decreased. This could reflect the low use made

by hinds of this community. If the plant species of the Carex unit are avoided by

grazing hinds, the increase of the Carex unit would be independent of the nutrient

content in soil. Those plots dominated by the Carex unit and still having high

phosphorus pools may be located close to the former border of the Carex sempervirens

dominated area and have been invaded by Carex sempervirens recently or even before

high grazing intensity of red deer started. Plots with low phosphorus pools still

dominated by the Festuca unit then might be expected chiefly in the centre of

intensively grazed areas, far from the nearest tussocks of Carex sempervirens. This

could explain the big differences in the phosphorus pools within the same successional

stages, Because of the distinct selective foraging behaviour of red deer for palatable

grasses and the lack of intensive grazing pressure by a less selective mammal herbivore,

the increase of Carex sempervirens and the Carex unit may be an analogous process to

the continuous spatial gain of Nardus striata at the expense of the Festuca and the

Trisetum unit as observed by Stiissi (1970). In addition a large standing litter pool can

be observed on ungrazed plots dominated by the Carex unit which keeps nutrients out

of circulation.
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Later in the successional sequences, the Carex unit is replaced by the Pinus unit (Schütz

et al. in press). For this process to occur other factors such as distance to the next tree,

competition for light, availability of bare ground as a favourable site for germination

and seedling establishment of Pinus montana, water supply or climatic factors may be

important. The influence of red deer on reforestation is density related and can be

described by an optimisation function (Krüsi et al. 1996, 1998) (positive: creation of

bare ground, needed for the establishment of Pinus montana; negative: damaging or

killing of seed-plants of Pinus montana by grazing). However, overall, the impacts of

red deer on reforestation on subalpine grasslands within the SNP appears to be small.

Potential consequences of long-term vegetation change for red deer

Staines (1974) reviewed how the availability of food, shelter and freedom from

disturbance affect deer dispersion and movement. He suggested that deer tend to occupy

areas which offer a good combination of all these factors, rather than one dominating.

Food affects deer distribution daily and seasonally (Staines 1974, Atzler 1984) and food

quality is of obvious importance for the selection of grazing areas by red deer. Because

the Swiss National Park provides good shelter and freedom from disturbance we

consider here the possible long-term consequences for the red deer population of a

decreasing availability of good quality food. On the one hand, the grazing pressure on

the remaining nutrient rich areas probably will increase. How far grazing by red deer or

less selective herbivores as chamois (Rupicapra rupicapra L.) would transform Carex

dominated grasslands on soils which are still nutrient rich to a Festuca dominated patch

is not known. To satisfy their increased energy requirements during pregnancy and

lactation, hinds might be forced to increase their foraging efforts in terms of both space

(within the forests and alpine regions) and time. Access to grasslands fertilised with

slurry is probably responsible for a higher reproductive success of hinds using this area

as a grazing site (lason. Duck & Clutton-Brock 1986). We might therefore expect the

reproductive success of hinds within the SNP to decline with decreasing food

availability. On the other hand, the nocturnal grazing on pastures adjacent to the SNP

may further increase. This phenomenon has been observed for several years. During

daytime, red deer profit from the shelter and the absence of disturbance in valleys close

the border of the SNP and at sunset migrate to pastures outside the Park, This

observation is in line with the findings of Gordon (1988), that cattle can improve forage
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availability of red deer. However, before the long-term effects of the decreasing food

availability become important, the natural reimigration of the missing predators as wolf,

bear or lynx into the region of the SNP may generate a new and as yet unknown impact

on red deer.
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