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"All the sweetness of nature was buried in black winter's grave,

and the wind sings a sad lament with its cold plaintive cry;

but the teeming summer will come, bringing life in its arms,

and will strew rosy flowers on the face of hill and dale"

— Thomas Telynog Evans (1840-1865)



ABSTRACT

The research described in this thesis investigates the role of competition in the

ecology of a species-rich limestone grassland in Derbyshire, England. Removal

experiments demonstrated the existence of a size-based competitive response

hierarchy, which may be the result of differences in below-ground foraging

ability. However, despite highly plastic morphological changes observed in

target plants following clearances, only a small amount of the variation in

above-ground biomass of individual plants was explained by the area of

neighbour-free space (<15% even for the smallest species), suggesting that

short-term interference has little effect on plant performance.

Permanent plots were used to monitor the fine-scale spatio-temporal change of

the community. Turnover of space occupancy was rapid among the majority of

species, although the rosette-forming herbs tended to be more static, holding

space for long periods of time. Differences in the spatial dynamics of species

were observed between life-forms, and were strongly dependent on the

dominant mode of recruitment employed. Vegetative growth led to rapid

colonisation of neighbouring space and a tendency for aggregation whereas

seed recruiting species were more dispersed. Despite the rapid turnover of

space occupancy, changes in the species composition observed on the plots

after two years of monitoring were slight. The number and identity of

neighbour species had little effect on plant performance, suggesting that the

spatio-temporal development of the community was primarily the product of

the modular growth patterns of individual species.

In this community, short-term interference is uncoupled from the longer-term

dynamics of species and within this framework potential mechanisms of

coexistence are discussed. It is debated whether or not niche differentiation is

necessary for species to coexist and possible methods for investigating this

problem are outlined.

3



TABLE OF CONTENTS

Chapter One	 INTRODUCTION	 20

1.1 Summary	 20

1.2	 Competition between plants	 20

1.2.1 Defining competition	 20

1.2.2 Plant competition as a localised process 	 21

1.2.3 Above- and below-ground interactions 	 22

1.2.4 Competitive effect and response	 23

1.2.5 Competitive hierarchies	 23

1.2.6 Competition for space	 24

1.3	 Primary plant strategies	 25

1.4	 Competitive exclusion and coexistence	 28

1.4.1 Equilibrium coexistence	 28

1.4.2 Non-equilibrium coexistence 	 29

1.4.3 Mycorrhizal interconnections	 32

1.5	 Calcareous grasslands	 33

1.6	 Priestcliffe Lees Nature Reserve	 35

1.7	 Objectives and structure of the thesis 	 39

Chapter Two	 THE DESIGN OF REMOVAL EXPERIMENTS 	 42

2.1 Summary	 42

2.2	 Introduction	 42

2.3	 Materials and methods 	 43

2.3.1 Experiment One	 44

2.3.2 Experiment Two	 44

2.4	 Results	 46

2.4.1 Experiment One	 46

2.4.2 Experiment Two	 47

2.5	 Discussion	 48

4



Contents	 5

2.5.1 The effect of decaying roots on plant performance 	 48

2.5.2 Mycorrhizal colonisation	 51

2.5.2 The design of removal experiments 	 52

Chapter Three	 PLANT COMPETITIVE RESPONSE	 54

3.1 Summary .	 54

3.2	 Introduction	 54

3.3	 Materials and methods 	 56

3.3.1 Experiment One 	 56

3.3.2 Experiment Two	 57

3.3.3 Data analysis	 58

3.4	 Results	 59

3.4.1 Experiment One	 59

3.4.2 Experiment Two	 62

3.5	 Discussion	 72

3.5.1 Limitations of removal experiments 	 72

3.5.2 Individual plant response	 73

3.5.3 Sensitivity of response at the species level	 74

3.5.4 Is competition occurring? 	 76

3.5.5 The scale of competitive interactions 	 77

3.5.6 Implications for community dynamics 	 78

Chapter Four	 ROOT FORAGING BEHAVIOUR	 79

4.1 Summary	 79

4.2	 Introduction	 79

4.3	 Materials and methods	 81

4.3.1 Field experiment 	 81

4.3.2 Atomic absorption spectrophotometry 	 82

4.3.3 Statistical analysis	 82

4.4	 Results	 83

4.5	 Discussion	 87



Contents	 6

4.5.1 Experimental design	 87

4.5.2 The scale of root interference 	 88

4.5.3 Interspecific differences in foraging ability 	 88

4.5.4 Spatial and temporal separation of foraging	 89

Chapter Five	 FINE-SCALE SPATIO-TEMPORAL DYNAMICS 91

5.1 Summary	 91

5.2	 Introduction	 91

5.3	 Materials and methods	 93

5.3.1 Permanent plot monitoring	 93

5.3.2 Quantification of errors	 95

5.3.3 Data analysis	 96

5.4	 Results	 97

5.4.1 Species composition 	 97

5.4.2 Seasonality	 100

5.4.3 Directional changes 	 101

5.4.4 Turnover	 105

5.4.5 Spatial dynamics 	 107

5.4.6 Ordination	 110

5.4.7 Quantification of errors 	 112

5.5	 Discussion	 114

5.5.1 Limitations of the study 	 115

5.5.2 Community dynamics	 116

5.5.3 Interspecific differences in spatial dynamics	 120

5.5.4 Implications for coexistence 	 123

Chapter Six	 THE FRACTAL GEOMETRY OF PLANT	 124

SPATIAL PATTERN

6.1 Summary	 124

6.2	 Introduction	 124

6.2.1 Fractal geometry	 125



Contents	 7

6.2.2 Applications of fractals in ecology 	 128

	

6.3	 Materials and methods 	 129

6.3.1 Mapping of plant spatial pattern 	 129

6.3.2 Fractal dimensions	 130

6.3.3 The box dimension 	 130

6.3.4 Calculation of the box dimension 	 131

	

6.4	 Results	 133

6.4.1 Observed patterns 	 133

6.4.2 The correlation of fractal dimension with abundance 	 137

	

6.5	 Discussion	 140

6.5.1 Problems with the fractal dimension 	 140

6.5.2 The relationship between fractal dimension and	 141

growth form

Chapter Seven	 CELLULAR AUTOMATA RULES FOR	 143

PLANT INTERACTIONS

7.1 Summary	 143

7.2	 Introduction	 143

7.3	 Materials and methods	 146

7.3.1 Permanent plot data	 146

7.3.2 Changes in cell state	 146

7.3.3 Defining the neighbourhood 	 148

7.3.4 Randomisation tests	 148

7.3.5 Type I errors	 151

7.4	 Results	 152

7.4.1. Positive and negative interactions 	 152

7.4.2. 0-41 transitions in cons pecific neighbourhoods 	 152

7.4.3. 0—>1 transitions in heterospecific neighbourhoods 	 158

7.4.4.1-0 transitions	 158

7.5	 Discussion	 162

7.5.1. Limitations of the data and analysis 	 162



Contents	 8

7.5.2. Intraspecific growth patterns	 163

7.5.3. Interspecific interactions	 164

7.5.4. Community dynamics	 166

7.5.5. Deriving cellular automata rules for plant interactions	 166

Chapter Eight	 GENERAL DISCUSSION	 168

8.1 Summary	 168

8.2	 The effect of neighbours on plant performance 	 168

8.2.1. Competitive hierarchies and reversals in rank order	 168

8.2.2. The role of short-term interference	 170

8.2.3. Adaptive plant morphology	 171

8.3	 Sp atio-temp oral dynamics	 173

8.3.1. The influence of neighbours on spatio-temporal behaviour 	 173

8.3.2. A model of calcareous grassland dynamics	 173

8.4	 Can plants with identical niches coexist? 	 175

8.4.1. Coexistence without niches 	 175

8.4.2. Possibilities for niche differentiation 	 178

APPENDIX	 Source code for vegetation grid analysis programs 182

LITERATURE CITED	 219



LIST OF FIGURES

Figure 1.1	 Triangular model describing the various equilbria	 26

between the intensity of stress,'disturbance and

competition in plant communities

Figure 1.2 The hump-backed model of species diversity, 	 31

relating the number of species in a habitat to productivity

Figure 1.3	 At scales of 0.001 - 10 m 2, the world's most species-rich	 34

plant communities are grasslands

Figure 1.4	 The position of Priestcliffe Lees within Grime's 	 39

triangular ordination, based on the strategies of the

species occurring at the site

Figure 2.1	 Means (± S.F.) of shoot and root dry weight of Holcus	 46

lanatusplants grown in field soil in a glasshouse bioassay

for 90 days

Figure 2.2	 Means (± S.E.) of the root/total weight ratio of Holcus	 47

lanatusplants grown in field soil in a glasshouse bioassay

for 90 days

Figure 2.3 Mean shoot dry weight for Cemstium fontanum	 48

(a nonmycorrhizal species and Holcus lanatus

(a mycorrhizal species) grown in a glasshouse bioassay

in field soil for 90 days

Figure 2.4 Dry shoot weight of Holcus lanatus plants grown in	 50

a glasshouse bioassay in field soil for 90 days as a function

of the percentage of root length colonised by arbuscular

mycorrhizal hyphae

Figure 3.1	 The mean number of leaves per plant (± S.E.) of four 	 61.

limestone grassland plants grown in small (5 mm radius)

and large (40 mm radius) gaps in the field from April to

September 1992

9



List of figures	 10

Figure 3.2	 The mean leaf length (± S.E.) per plant of four	 61

limestone grassland plants grown in small (5 mm

radius) and large (40 mm radius) gaps in the field

from April to September 1992

Figure 3.3	 The mean total leaf length (± S.E.) per plant of four 	 62

limestone grassland plants grown in small (5 mm

radius) and large (40 mm radius) gaps in the field from

April to September 1992

Figure 3.4 The number of leaves of five limestone grassland 	 66

species measured after 100 days growth as a function of

the area cleared around target ramets using herbicide

Figure 3.5	 The mean leaf length of five limestone grassland species 	 67

measured after 100 days growth as a function of the area

cleared around target ramets using herbicide

Figure 3.6	 The total leaf length of five limestone grassland 	 68

species measured after 100 days growth as a function of

the area cleared around target ramets using herbicide

Figure 3.7	 The shoot weight of five limestone grassland species 	 69

measured after 100 days growth as a function of the area

cleared around target ramets using herbicide

Figure 3.8	 The ratio of shoot weight/total leaf length of three 	 70

limestone grassland species measured after 100 days

growth as a function of the area cleared around target

ramets Using herbicide

Figure 4.1 Concentration of Rubidium present (± SE) in the shoot 86

biomass of two limestone grassland species at 4 distances from

an injection point of RbC1 (1.1mg m1 -1 ) made 14 days previously

in April 1994

Figure 4.2 Concentration of Rubidium present (± SE) in the shoot 	 87

biomass of three limestone grassland species at 4 distances

(+ controls) from an injection point of RbCI (1.1mg mr) made

14 days previously in June 1994



List of figures	 11

Figure 5.1	 The quadrat used for permanent plot monitoring	 94

Figure 5.2	 Number of grid cells (N) occupied by 10 plant species on 	 98

the first permanent plot, monitored from 1992-1994

Figure 5.3 Number of grid cells (N) occupied by 6 plant species on 	 99

the second permanent plot, monitored from 1992-1994

Figure 5.4	 Number of grid cells (N) occupied by 9 plant species on	 100

the third permanent plot, monitored from 1993-1994

Figure 5.5	 Cumulative gains and losses of grid cells of 10 plant 	 103

species on the first permanent plot, monitored from

1992-1994

Figure 5.6	 Cumulative gains and losses of grid cells of 6 plant	 104

species on the second permanent plot, monitored from

1992-1994

Figure 5.7	 Cumulative gains and losses of grid cells of 9 plant	 105

species on the third permanent plot, monitored from

1993-1994

Figure 5.8	 Mean cell gains and losses per cell occupied of the plant 	 106

species recorded on three permanent plots

Figure 5.9	 Mean clump size of plant species on the first permanent 	 108

plot

Figure 5.10 Mean clump size of plant species on the second permanent 109

plot

Figure 5.11 Mean clump size of plant species on the third permanent 	 110

plot

Figure 5.12 The relationship between 1/mean clump size and the per 111

capita rate of cell gain of the graminoid species occurring

on the three permanent plots

Figure 5.13 Plot of the first two factors from a principal components	 112

analysis carried out on 25 data sets of species occurring

on the three permanent plots

Figure 5.14 Variation in the birth rate of modules per shoot axis of 	 119



List of figures	 12

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure 7.1

Figure 7.2

Figure 7.3

Trifolium repens during the course of one year in a permanent

pasture

The estimated length of the coastline of mainland Britain	 126

as a power function of the step length of dividers used for

the measurement

The steps in constructing a von Koch curve or snowflake 	 127

The self-similar black spleenwort fern which can be 	 129

simply generated through an iterative process

The box dimension (D) of two hypothetical and two	 132

actual plant distributions

The fractal dimension (D) of the spatial layout of ten 	 134

plant species occurring on the first permanent plot

The fractal dimension (D) of the spatial layout of six	 135

plant species occurring on the second permanent plot

The fractal dimension (D) of the spatial layout of nine 	 136

plant species occurring on the third permanent plot

A scatterplot of the fractal dimension (D) and mean clump 137

size of plant species occurring on the three permanent plots

The fractal dimension of the 25 plant species on the three 	 138

permanent plots as a function of their abundance

A discretized representation of the spatial layout of 	 147

limestone grassland species on the first permanent plot at

the first census

The cell regions used for analysis of the neighbourhood 	 149

dependence of plant processes

The relationship between the mean clump size of plant 	 154

species occurring on permanent plots and the proportion of

neighbourhoods in which the number of conspecifics was

elevated above that of the null model, given an 8 cell

neighbourhood



LIST OF TABLES

Table 1.1	 List of plant species recorded at Priestcliffe Lees Nature 	 38

Reserve

Table 2.1	 Analysis of variance of arbuscular mycorrhizal 	 49

colonisation (as a percentage of root length) of

Holcus lanatus plants grown in unsieved and sieved

field soil

Table 3.1	 Analysis of covariance carried out on the size of five 	 60

limestone grassland plants grown in the field from April

to September 1992. The treatments were two gap sizes

(5 mm and 40 mm radius)

Table 3.2	 Analysis of covariance carried out on the size of three	 63

limestone grassland plants grown in the field from April to

September 1992. The treatments were six gap sizes (5, 10, 20, 30,

35 and 40 mm radius)

Table 3.3	 Analysis of covariance carried out on the size of five 	 65

limestone grassland plants grown in the field from April

to July 1993. The treatments were seven gap sizes (15-50 mm

radius) and controls

Table 3.4	 Ranking of species according to their shoot weight, 	 71

increase in total leaf length and the variation explained by

a regression analysis of three plant traits against gap size

Table 4.1	 Results from a two-way analysis of variance performed	 83

on the concentration of rubidium (ppm) in the shoots of

three limestone grassland plants at differing distances from

a point into which 1.5 ml of RbC1 was injected 14 days

previously in April

Table 4.2	 Results from a two-way analysis of variance performed	 85

on the concentration of rubidium (ppm) in the shoots of three

limestone grassland plants at differing distances from a point

13



List of tables	 14

into which 1.5 ml of RbC1 was injected 14 days previously

in July

Table 5.1	 Dates of permanent plot monitoring 	 95

Table 5.2	 A list of species recorded on the three permanent plots 	 102

during the course of the study

Table 5.3	 Correlation of plant traits with the first two factors of the	 113

principal components analysis

Table 5.4	 Recording errors made in a recensus of the three plots 	 113

Table 5.5	 Number of cells in each plot with more than one species 	 114

present

Table 6.1	 The results from randomisations carried out to test 	 139

whether the fractal dimension of species occurring on

three permanent plots were significantly from that expected

from a random distribution of cell occupancy with the same

number of occupied cells

Table 7.1	 The results of randomisation tests to determine if 0—>1	 153

transitions (births) are more likely to occur where there are

greater or less than expected numbers of conspecific neighbours

in an 8 cell neighbourhood

Table 7.2	 The results of randomisation tests carried out on the first 	 155

permanent plot to determine if 0—>1 transitions (birth) of a

particular target species were occurring at random with

respect to neighbour species in a radius of 2 cm around the

target cell (20 neighbours)

Table 7.3	 The results of randomisation tests carried out on the 	 156

second permanent plot to determine if 0—>1 transitions

(birth) of a particular target species were occurring at

random with respect to neighbour species in a radius

of 2 cm around the target cell (20 neighbours)

Table 7.4	 The results of randomisation tests carried out on the 	 157

third permanent plot to determine if 0—>1 transitions



List of tables	 15

(birth) of a particular target species were occurring at random

with respect to neighbour species in a radius of 2 cm around the

target cell (20 neighbours)

Table 7.5	 The results of randomisation tests carried out on the 	 159

first permanent plot to determine if 10 transitions

(death) of a particular target species were occurring at

random with respect to neighbour species in a radius of

2 cm around the target cell (20 neighbours)

Table 7.6	 The results of randomisation tests carried out on the 	 160

second permanent plot to determine if 1-40 transitions

(death) of a particular target species were occurring at

random with respect to neighbour species in a radius

of 2 cm around the target cell (20 neighbours)

Table 7.7	 The results of randomisation tests carried out on the 	 161

third permanent plot to determine if 1-40 transitions (death)

of a particular target species were occurring at random with

respect to neighbour species in a radius of 2 cm around the

target cell (20 neighbours)



LIST OF PLATES

Plate 1.1	 Priescliffe Lees Nature Reserve, a species-rich 	 36

limestone grassland in Derbyshire

Plate 1.2	 Species occurring at Priestcliffe Lees 	 37

Plate 3.1	 50 mm clearances following herbicide application 	 64

around Sanguisorba minor and Carex caryophyllea

16



ACKNOWLEDGEMENTS

This thesis could not have been completed without a great deal of help and

support from a number of people whom I would like to take the opportunity to

thank.

First and foremost thanks are due to Richard Law, for his constant enthusiasm

and support throughout the duration of this PhD and for meticulous reading of

earlier drafts of this thesis. I am also grateful to Alastair Fitter and Jon Graves
_

for their guidance during Richard's two year sabbatical, and Mark Williamson

for providing an orphan ecologist with lab space.

The staff and students of the biology department made it an enjoyable place to

work, especially the past and present members of F2 corridor. Tom Wakeford

and Danny Morton require especial thanks for sharing a lab with me while I

wrote up and for supplying me with difficult words and verbal abuse on

numerous occasions when a creative block struck. I am also grateful to all at

the Forschungszentrum Jiilich for making me welcome during all of my stays

in Germany and providing me with computing facilities.

My parents provided a large amount of support during my PhD and all of my

friends in York made my stay here a happy one. Especial thanks to Alison,

Anita, Cal, Chris, Colin, Di, Guy, Kevin, Steve and Vienna.

I am grateful to Derbyshire Wildlife Trust and English Nature for allowing me

to carry out research at Priestcliffe Lees Nature Reserve. The work was carried

out whilst I was in the receipt of a Natural Environment Research Council

grant.

17



Acknowledgments	 18

Acknowledgements for specific chapters:

Chapter Two: Tessa Brown kindly helped with the mycorrhizal root staining.

Kevin Newsham provided helpful comments on a manuscript version of this

chapter.

Chapter Four Thanks to Sandy Shattock for her generous help with the

grinding of samples and to Harry Vallack for advice on the use of the Atomic

Absorption Spectrophotometer.

Chapter Six: I am grateful for helpful discussion with Ulf Dieckmann, Maurice

Dodson and Mark Williamson on the measurement of fractal dimensions.



AUTHOR'S DECLARATION

All of the work described in this thesis was done by me. The following parts

were carried out in collaboration with other researchers.

Chapter 2 is in press in Journal of Ecology 83(1) under the title 'On decaying

roots, mycorrhizal colonisation and the design of removal experiments' as a

joint paper with Alastair Fitter and Richard Law.

Chapter 3 has been submitted to Ecology as a joint paper with Richard Law

and Alastair Fitter titled 'Size-based competitive response of plant species in

a limestone grassland'.

Chapter 7 is based on collaborative research undertaken with Richard Law at

the Forschungszentrum Julich. Dr Law wrote the original code for the

randomisation tests which I later modified. An earlier version of the work

was presented by Dr Law at the symposium "Maintenance Mechanism and

Diversity of Plant Species Populations" in Kyoto, Japan in September 1993

and is now published as Law, R., McLellan, A.J. and Mandi, A. (1993) Spatio-

temporal processes in a calcareous grassland. Plant Species Biology 8,175-193.

19



Chapter One

INTRODUCTION

1.1. Summary

This chapter introduces the theory of plant competition and coexistence as a

background to the research described in this thesis. The basis of plant

competition is described and its effects on plant community structure are

considered within the framework of plant strategy theory. In particular, the

difference between short-term interference and competition for space is

emphasised. The idea of competitive exclusion is introduced and equilibrium

and non-equilibrium mechanisms of coexistence are discussed. Calcareous

grasslands are presented as highly diverse plant communities which will be

used as a model system in which to investigate competition and coexistence. In

these communities the role of competition in maintaining the community

structure is unclear despite a number of studies on the subject. The field site is

described and the aims of the research are presented. Finally, the layout of

succeeding chapters of the thesis is described.

1.2. Competition between plants

1.2.1. Defining competition

Pioneer plant communities are characterised by an overabundance of resources

relative to the number of individuals present. During the course of time, these

resources become more limiting as there is a net immigration of plants and

species to the site. As resources become scarce, plants will compete, and

classical theory predicts that those species which are more effective at obtaining

and utilising light, nutrients and water, and preventing their neighbours from

doing so, will be retained in the assemblage at the expense of competitively

weaker species (Clements 1916).

20
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Plants may interact directly with each other in three ways (Harper 1961): by

competing for scarce resources, by secreting chemicals into the soil (allelopathy,

Rice 1984), and by modifying the physical environment. Harper coined the

blanket term interference for the sum of these interactions because the separate

effects of each mechanism are often difficult to identify in the field, both the

removal of resources and allelopathic inhibition of resource uptake will induce

similar responses in a plant (Harper 1975). However, Goldberg (1990) makes a

distinction between uptake (removal of resources) and non-uptake (addition to

the soil e.g. allelopathy and non-additive processes e.g. modification of

physical environment and microbial activity) components of interference.

These components can, in theory, be isolated since uptake competition (sensu

Harper 1961, above) will reduce the resource base whereas modifying the

physical environment is unlikely to (although indirect effects mediated by

microbes may be envisaged), and allelopathy may add to the chemical

environment.

Keddy (1989) defines competition as "...the negative effect which one organism

has on another by consuming, or controlling access to a resource that is limited

in availability". This definition considers the effect rather than the mechanism

of competition and is measurable in the field, but does not consider the

mechanism by which competition operates. The definition of Grime (1973) of

competition as "...the tendency of neighbouring plants to utilise the same

quantum of light, ion of a mineral nutrient, or volume of space" is more

mechanistic, but it is difficult, if not impossible, to apply in practice (Grubb

1985).

1.2.2. Plant competition as a localised process

Since plants are for the most part sessile and rooted to the site where their seed

germinated (Harper 1977), competitive interactions between plants are limited

to neighbours whose roots or shoots are in direct contact. This is illustrated by

the work of Mack and Harper (1977) who found that 77% of the variation in

plant size on sand dunes could be explained by the size and proximity of
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neighbouring plants within 2 cm. Interactions between plants thus occur at the

level of neighbouring individuals, this contrasting with the process of

competition between most animal species in which a large number of

individuals from a population may interact as a result of their greater mobility.

The highly localised nature of plant competition has the consequence that the

arrangement of plants in space determines the degree of contact that each plant

has with member of its own and other species (Hutchings 1986; Mandi and

Law 1987) and has implications for the coexistence of species (section 1.4).

Individual plants will experience interactions with a number of species, with

different intensity, and this is termed diffuse competition (MacArthur 1972,

Goldberg and Werner 1983). The result of diffuse competition is experienced

as the combined loss of resources rather than species-specific effects (Fitter

1986) and the per gram competitive effect of species is often similar (Goldberg

1987).

1.2.3. Above- and below-ground interactions

Potentially limiting resources in a plant community consist of light, water and

mineral nutrients. A dichotomy can thus be envisaged between the processes

involved in competition occurring above-ground (for light) and below-ground

(for water and nutrients).

Competition for light is based on the ability of plants to position their foliage

higher in the canopy than their neighbours (Mitchley and Grubb 1986). A plant

losing its place in the height hierarchy will rapidly become overtopped by such

a degree that it will not recover its place and for this reason above-ground

interactions are highly asymmetric (Harper 1977; Weiner 1990),. Taller plants

will enjoy a disproportionate quantity of the total light resource available to the

community and are likely to become dominant.

The ability to capture resources below-ground is based on an efficient root

system and may be enhanced by mycorrhizal colonisation (Brundrett 1991). It
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is less asymmetric than above-ground competition (Keddy 1989) and as a result

will be less likely to cause competitive exclusion (see section 1.4).

It has been suggested that the ability of plants to forage effectively above- and

below-ground should be negatively correlated as a consequence of resource

allocation trade-offs (Tilman 1982, 1987. 1988). An alternative hypothesis is

that the two should be positively correlated, more resources gained in one

sphere of competition increasing the ability to forage in the other sphere

(Thompson 1987; Thompson and Grime 1988), a view which is upheld by

empirical evidence (Mahmoud and Grime 1976; McGraw 1985).

1.2.4. Competitive effect and response

The competitive ability of a plant comprises two components (Goldberg 1987),

the capacity to suppress the growth of other plants (high competitive effect)

and the ability to withstand suppression from other plants (low competitive

response). The recognition of these two facets of competition is important to

our understanding of how competition operates. Competitive effect is a

characteristic of C-strategists (Grime 1977; section 1.3) by virtue of their fast

growth which allows them to overtop their neighbours and deny them access to

light. The production of a dense litter is also a trait which may lead to

competitive dominance (Bergelson 1990a,b; Facelli and Pickett 1991). The

ability to resist competitive suppression may be a characteristic of stress-

tolerant plants (S-strategists) which may be able to survive in conditions of low

light and/or nutrient availability by the efficient conservation of nutrients

within the tissues (Grime 1979). However, the shade-intolerance of S-strategist

seedlings may be a reason for their demise in coarse turf (Fenner 1978).

1.2.5. Competitive hierarchies

Competitive effect and response have found to be inversely correlated (Miller

and Werner 1987), implying that species which are best able to suppress their

neighbours are also best able to withstand suppression themselves. This

relationship suggests that species can be placed in a hierarchy from high to low
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competitive ability. Such hierarchies of competing species have been

demonstrated to exist in a number of plant communities (Mitchley and Grubb

1986; Keddy and Shipley 1989; Shipley and Keddy 1994; Keddy, Twolan-Strutt

and Wisheu 1994), a finding with important consequences for plant competition

theory. It implies that competition is transitive i.e. species with a high

competitive ability will always outcompete species lower in the hierarchy, and

the outcome of competitive interactions is predictable from a knowledge of the

position of the species in the hiearchy. The position of a species in a hierarchy

may be the product of traits such as size and growth rate, factors which

determine above-ground interference ability and competitive effect (Grime

1973; Gaudet and Keddy 1988).

The existence of competitive hierarchies is, however, in some dispute. It has

been pointed out that the close correlation obtained by Grubb and Mitchley

(1988) between field abundance and pot competitive ability could be an artefact

of the dependence of both measures on plant size (Silvertown and Dale 1991)

and the artificial nature of the pot experiments used by Keddy and Shipley

(1989) which are biased in favour of larger plants and remove the

environmental variation which may be necessary for competitive reversals to

occur (Herben and Krahulec 1990).

1.2.6. Competition for space

Yodzis (1986) suggested that competition between plants could be thought of as

spatial rather than consumptive since the pre-emption of space allows access to

resources within that area (Harper 1977, p167). A related idea is the concept of

competition for microsites, which occurs in the regenerative phase of the plant

life cycle (Grime 1979; Yodzis 1986). Competition for microsites differs from

resource competition because there can be only one winner. Space may be

captured either by vegetative growth into neighbouring areas, or by seedling

establishment in suitable microsites. The abundance of species in the field is

determined by the efficiency by which space is captured and the life-span of

plants. Both the reproductive potential and mortality of plants may be
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influenced by short-term interference, but this will not solely determine the

outcome of spatial interactions. In order to fully grasp the role of competition

in plant communities, it is necessary to separate competition into the

established and regeneration phases, whilst understanding the interaction

between the two processes.

Grubb (1985) makes the distinction between short-term measures of

competition, by which the "yield of one plant is reduced as the result of another

plant being present", which has previously been termed interference (Harper

1961), and "the relationship between two species not symbiotic with each other

and capable of occupying the same landscape unit, considered over the whole

life cycle" which he accepts as the true meaning of 'competition'. However,

because 'competition' as a term is usually synonymous with interference (sensu

Harper 1961; Grubb 1985), within this thesis, short-term effects on plant

performance will be termed 'interference' or 'competition', and effects over the

entire life-cycle of plants will be referred to as 'competition for space'.

1.3. Primary plant strategies

Grime identified two factors which would have an effect on plant community

structure; stress and disturbance (Grime 1977, 1979). He defined stress as any

factor limiting the production of biomass (by the removal of resources or

otherwise), disturbance being those density-independent processes which act to

remove biomass once ' it has been accumulated (herbivory is thus classed as a

disturbance factor). These two factors are the principal determinants of

community structure and have a large influence on the diversity of the system

(q.v.).

Both stress and disturbance act to diminish the above-ground production of an

ecosystem, which limits the amount of competition for light and reduces the

ability of competitive species to dominate the community. As the levels of

stress and disturbance in a community increase, the dominant sphere of

re,...,...._
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Figure 1.1. Triangular model describing the various equilibria between the
intensity of stress (I), disturbance (I d) and competition ('a) in plant
communities. The letters within the triangle refer to primary plant strategies
(and combinations thereof) found at different intensities of these three factors.
C - competitors, R- ruderals, S - stress-tolerators. (From Grime 1979, p57).

interactions will shift from being above-ground to below-ground (Weiner 1986;

Wilson and Tilman 1993). This reduction in the intensity of competition with

decreasing productivity (Wilson and Keddy 1986) led Grime to postulate a

negative correlation between the intensity of disturbance, intensity of stress and

intensity of competition within a given community (Grime 1974, 1979, 1988).

This three way relationship can be visualised inside a triangle (Fig. 1.1).

Grime further recognised that the degree of stress, disturbance and competition

experienced by a species was reflected in its life history traits. He thus defined

three primary plant strategies (Grime 1977, 1979) of competitors (C-strategists),

stress-tolerators (S-strategists) and ruderal species (R-strategists). Competitors

are associated with high productivity, low stress and low disturbance

environments in which competition for light is the primary determinant of

plant reproductive success. These species have high growth rate, a large

capacity for lateral spread and often produce an extensive litter. Stress-
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tolerators are associated with nutrient-poor habitats in which a small compact

growth form and conservative use of nutrients represents the best strategy for

survival. Ruderals are essentially what have previously been termed r-selected

species (Pianka 1970), and allocate the majority of their resources to

reproduction. This life history is well adapted to environments which

experience frequent episodes of disturbance. The balance of each of these three

types of species in a habitat will depend on the intensity of stress and

disturbance.

Tilman (1987) has a different view of competitive species. He believes that

competitively dominant species are those which can tolerate a lower level of

resources. This can be seen to concentrate on competitive response rather than

effect and falls closer to Grime's definition of stress-tolerators than competitive

species. However, while Tilman's theories may hold true for the symmetric

competition for nutrients (perhaps reflecting Tilman's early work on algal

communities, Tilman 1976, 1977), they are not consistent with the mechanisms

above-ground interference in which rapid growth and litter production

suppress smaller species (Peet et al. unpublished).

Grime's plant strategy theory has been criticised on the grounds that it is

logically flawed (Loehle 1987), and is too general (Grubb 1985; Tilman 1987),

adaptation being to particular stress and disturbance factors rather than the

blanket terms used by Grime. What is stressful for one species may be

beneficial for another (Harper 1982) e.g. submergence in water. However,

preliminary tests of the hypotheses of the theory (such as the change in

competitive intensity across stress and disturbance gradients) have been

supportive (Campbell and Grime 1991; although Wilson and Tilman 1993

found no change in competitive intensity across a fertility gradient but

disturbance was found to reduce competition) and strategy theory represents a

useful theoretical framework in which to study plant communities.
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Recently a demographic version of Grime's triangle has been devised based on

empirically measurable traits of growth, reproduction and survival

corresponding to C-, R- and S-strategists respectively (Silvertown, Franco and

McConway 1992, Silvertown et al. 1993). Initial attempts to correlate Grime's

community perspective and this demographic approach have proved elusive

(Silvertown, Franco and McConway 1992, 1993), and it has been pointed out

that correlations between the elasticities of traits cannot be directly interpreted

as trade-offs (Shea, Rees and Wood 1994), but there appears to be some

potential for using a demographic method to complement Grime's community

level approach.

1.4. Competitive exclusion and coexistence

1.4.1. Equilibrium coexistence

A central problem of plant ecology is to explain the coexistence of plant species

(Fitter 1987) since, in a community of competing plants, species higher in a

competitive hierarchy would be expected to exclude those lower down

(Silvertown and Dale 1991). This notion stems from the competitive exclusion

principle of Gause (1934) who proposed that at equilibrium, if two species were

competiting for resources, the weaker would be excluded unless the two

species differed in their niche requirements for food or habitat or if resources

were not limiting. From this theory, under resource-limiting conditions the

number of species in a community should be equal to the number of distinct

niches available for occupancy (Chesson and Case 1986).

In animal communities there are many possibilities for species to differ in their

food and habitat requirements. However, since flowering plants all have

similar needs for essential nutrients, light and water they are unlikely to differ

in their habitat niche (Mandi and Law 1987). The majority of species will also

have similar phenology and overlap in their resource uptake. There are,

however, possibilities for niche differentiation in plant communities. Tilman

(1982, 1986) has suggested that species may differ in the ratio of demand for
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resources, although this was found not to apply to calcareous grassland plants

(Mandi, Law and Willis 1989), and Grubb (1977) has put forward the concept of

the regeneration niche in which species differ in their requirements for

recruitment in time and space. It has been demonstrated that differences in the

regeneration niche may allow species to coexist if there are environmental

fluctuations which allow strong recruitment by species at different points in

space and time (the 'storage effect', Chesson and Warner 1981; Warner and

Chesson 1985; Chesson 1986).

Shmida and Ellner (1984) presented a model for the coexistence of species with

identical niches competing in a homogeneous environment. They

demonstrated that exclusion was prevented if species distributions were

clumped which led to a prevalence of intraspecific relative to interspecific

competition, each species effectively controlling its own dynamical behaviour.

A similar mechanism was observed by Atkinson and Shorrocks (1981) in insect

communities competing on a divided and ephemeral resource. Aggregation of

the superior competitor led to an increased chance of coexistence. This

mechanisms of coexistence may apply well to plant communities in which

competition and dispersal are spatially limited (Czâran and Bartha 1989;

Silvertown et a/.1992).

1.4.2. Non-equilibrium coexistence

Equilibrium coexistence may be the least interesting and least likely mechanism

of coexistence even if it is mathematically elegant (Keddy 1989). At competitive

equilibrium (on a point attractor) the growth rates of species are zero (Huston

1979), and chance, history and environmental fluctuations have little role to

play in the determination of community dynamics (Chesson and Case 1986).

Such a community is an unlikely phenomenon in the real world.

Species-richness is a dynamic equilibrium between species colonisation and

exclusion (Huston 1979; Tilman 1993) and thus either high rates of colonisation

or high rates or low rates of extinction will lead to a diverse ecosystem. The
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establishment phase is particularly important in ecological communities,

"supply side ecology" (Lewin 1986) often being overlooked (Roughgarden

1988). Exclusion of a species may be prevented given an adequate supply of

propagules in space and time ("spatial and temporal mass effect" Shmida and

Ellner 1984, Chesson 1986) and enough disturbance to provide suitable

microsites for colonisation. However, despite the dependence of species

diversity on colonisation rates (Tilman 1993), the speed at which competitive

exclusion occurs is likely to be the prime determinant of the number of species

occurring at a particular site.

The rate of competitive exclusion is highly related to both the growth rate of the

competing species (productivity) and the frequency and intensity of density-

independent mortality events (disturbance). In a system with high productivity

and little or no disturbance, the faster growing species will rapidly exclude

those lower in the competitive hierarchy. As biomass is removed, either in

terms of reduced nutrient supply or increased removal of biomass, the intensity

of competition will decline (Grime 1977, 1979; section 1.3).

Frequency-dependent herbivory provides a stabilising feedback mechanism by

which the dominant species in a competitive relationship will lose

proportionally more biomass than the subordinate species. In this way

competitive exclusion may be prevented from occurring. Herbivory is often

frequency-dependent and Silvertown and Law (1987) suggested that it may

maintain dominant species at a level at which they are unable to exclude other

species. This effect is termed predator-mediated coexistence and has been

demonstrated empirically (Paine 1966; Wells 1971) and theoretically (Caswell

1978; Pacala and Crawley 1992). Periods of density-independent herbivory

may also slow the rate at which competitive exclusion occurs (Huston 1979).

Unselective abiotic disturbances such as hoof prints may provide regeneration

gaps for ruderal species which can escape competition by virtue of their high

mobility (Slatkin 1974; Hobbs and Mooney 1985; Crawley and May 1987).
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4F----Increasing intensity of stress and/or disturbance

Increasing standing crop and litter-----n

Figure 1.2. The hump-backed model of species diversity, relating the number
of species in a habitat to productivity. D, potential dominants; a, species
highly adapted to stress or disturbance; El , species which are neither potential
dominants, nor highly adapted to stress or disturbance (From Grime 1973).

Plants produce less above-ground biomass under unproductive conditions and

their abiliy to suppress the growth of their neighbours by shading is reduced,

thereby increasing the time taken to reach competitive exclusion. This has been

termed 'slow dynamics' by Huston (1979) and is likely to result in greater

diversity at a given level of disturbance. However, in extremely unproductive

conditions such as desert or arctic habitats, the number of species able to

tolerate the conditions will be low and an increase in productivity will enhance

the diversity of the system. Similarly diversity will be low in unstable

environments and shifting substrates subject to frequent disturbance episodes.

At high levels of stress and disturbance there will only be S- and R-strategists

respectively but at intermediate levels (represented as the central region of

Grime's triangle) all three types of species will be able to persist. The

dominance of competitive species will be reduced because of stress and

disturbance and ruderals will be able to colonise gaps in the sward made

available by disturbance episodes. The relationship of species diversity with

productivity is expected to follow a hump-backed curve (Fig. 1.2; Rosenweig
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and Abramsky 1993) and be greatest at intermediate levels of stress and

disturbance (Grime 1979; Huston 1979).

Slow dynamics may also arise in conditions in which the adult plants are long-

lived or there are small differences in the competitive ability between species

(Shmida and E11ner1984). Under these circumstances, the time taken to reach

competitive exclusion will be prolonged and slight disturbance episodes may

prevent equilibrium, with the consequent loss of species, from being attained.

Hubbell and Foster (1986a,b) observed this to be the case in stands of tropical

rain forest trees. The woody species in this ecosystem are all long-lived and are

competitively equivalent. Recruitment occurs through opportunistic

colonisation of stochastic gap formation (lottery competition) and the species

composition undergoes a random walk through time.

1.4.3. Mycorrhizal interconnections

Some 80% of all land plants are estimated to form mycorrhizal symbioses and

the fungal mycelium may connect two or more plants in a network (Newman

1988). Grime (1990) has suggested that these networks may provide a route for

the transfer of resources between species, there being a net movement from

dominant source plants to subordinate sink plants. Such interactions may

ameliorate the effect of competition between species, resources being shared

rather than monopolised (Allen and Allen 1990).

Grime et al. (1987) observed that mycorrhizal connections may increase species

diversity in herbaceous microcosms, although the mechanism by which the

increased diversity occurred has been debated (Bergelson and Crawley 1988).

Under certain circumstances, mycorrhiza can have a detrimental effect on

diversity, actively parasitising the subordinate plants and transferring the

resources to the dominants (N.K. Watkins personal communication). Since, it

has yet to be demonstrated that transfer of carbon between plants is

translocated to shoot material and does not just remain in the mycelial
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components of the roots, the existence and operation of mycorrhizal networks

as a mechanism for coexistence remains unclear.

1.5. Calcareous grasslands

Calcareous grasslands are highly diverse meadow communities occurring on

the chalk and limestone geologies of north-western Europe, often containing up

to 40 species m4 (Grubb 1986). These grasslands were created through the

Neolithic clearances which occurred as man turned increasingly to agriculture

as a means of subsistence (Smith 1981). Calcareous grasslands may also have

established in areas where forests failed to achieve a closed canopy following

the Devensian glacial, erosion being too rapid, slopes too steep or soil too

shallow for trees to root (Pigott and Walters 1954). Some grasslands may thus

have their origins in the early part of the Holocene, Bush and Flenly (1987)

finding evidence for Pre-Boreal origin.

Although tropical rainforests are rightly exemplified for their species richness,

at scales of less than a metre, grassland communities are the most diverse

communities in the world (Fig. 1.3). The high species richness of calcareous

grassland communities at such a small scale poses interesting ecological

questions. Since high levels of competition are expected to reduce diversity

(Grime 1979), to what degree are the species in these communities interacting?,

and if competition is present then what are the mechanisms maintaining the

high diversity? The 'fundemental ecological questions raised by calcareous

grasslands and the large numbers of rare species which they contain have been

the cause of a wealth of literature (see for example Hillier et al. 1990).

The nutrient poor soils and heavy grazing characteristic of calcareous

grasslands gives rise to a small and compact flora, with a relatively low growth

rate (Grime 1990). Individuals can thus be packed into a small area of turf,

providing a causal link between soil infertility and species richness. The plants

found in such habitats are, for the most part, archetypal stress-tolerator species
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Figure 1.3. At scales of 0.001 - 10 rre, the world's most species-rich plant
communities are grasslands (from Peet et al. unpublished manuscript).

(sensu Grime 1977) and, as such, may have little influence on each others

dynamics (Grime 1990). Mandi (1988; and described in Law and Watkinson

1989) carried out small-scale ramet removal experiments in a limestone

grassland in Derbyshire, England in order to simulate natural birth and death

processes, and found no significant change in the density of the remaining

plants. He observed no differences between species in their time of flowering

and requirements for soil depth, nutrients (N and P) and soil pH (Mandi, Law

and Willis 1989) so niche differentiation could not be evoked as an explanation

for the lack of competition. The results of this work suggest that the

interactions between . plants were not strong enough to alter the species

composition of the site and thus would not determine the field abundance of a

species. However, it is entirely possible that the statistical power of the

experiment was too small to detect competition (Law and Watkinson 1989).

By contrast Mitchley and Grubb (1986) demonstrated the existence of ,a

consistent hierarchy of abundance of the perennial species in chalk grassland in

southern England and this ranking of species was shown to be well correlated

with the competitive ability of species in pot experiments (Mitchley and Grubb
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1986) and the height of leaves of species in the field (Mitchley 1988). This

suggests that above-ground competition is a major determinant of plant

reproductive success; such a conclusion is perhaps surprising in an ecosystem

in which light is a more readily available resource than mineral nutrition (Ford

1990; Mitchley 1990). Further, the existence of a competitive hierarchy would

be expected to lead to low diversity unless there are processes acting to prevent

or prolong competitive exclusion (see section 1.4).

Many calcareous grassland species are highly aggregated in space as a result of

local clonal growth patterns (Mandi and Law 1987; van der Hoeven, de Kroon

and During 1990), a feature which may have important consequences for the

dynamics of the system (Silvertown et al. 1992). It has suggested earlier in this

chapter that clumping often reduces the intensity of interspecific interactions

and this may be a partial explanation for the coexistence of species in

calcareous grassland.

1.6. Priestcliffe Lees Nature Reserve

The fieldwork part of this research was carried out at Priestcliffe Lees, a

limestone grassland (Plates 1.1 and 1.2) in the Peak District National Park,

Derbyshire, England (latitude 53° 15' N, longitude 1°47' W), at an altitude of

320m with a gently sloping south-westerly aspect. The soil is shallow (mean

depth 16.8 cm), being loess overlying Carboniferous limestone (Pigott 1962),

and slightly acidic (pH 6.00 ±- 0.03). Levels of soil nitrogen and phosphorus

are low (Mandi and Law 1987). The flora is typical of the CG2c category of the

British National Vegetation Classification (Holcus lanatus - Trifolium repens

subclass of Avenula pratensis - Festuca ovina grassland; Rodwell 1993) and a

complete list of species recorded at the site is presented in Table 1,1.

Priestcliffe Lees has a history of rough cattle grazing for the last 65 years and is

grazed naturally by rabbits.



Plate 1.1. Priescliffe Lees Nature Reserve, a species-rich limestone grassland in
Derbyshire, England in October (above) and June (below).



Plate 1.2. Species occurring at Priestcliffe Lees. Rumex acetosa and Dactylis
glomerata (above) and Dactylorhiza fuschii (below).
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Table 1.1. List of plant species occurring at Priestcliffe Lees Nature Reserve.
Nomenclature follows Stace (1991). Two character names are abbreviations used in
the text.
MONOCOTYLEDONS
Ac
	

Agrostis capilliaris
Ao Anthoxanthum odoratum
Bm Briza media
Cc
	

Carex caryophyllea
Cf
	

Carex flacca
Cy
	

Cynosurus cristatus
Dg
	

Dactylis glomerata
Df
	

Dactylorhiza fuschii
Dd Danthonia decumbens
Dc
	

Deschampsia cespitosa
Fo
	

Festuca ovin a
Fr
	

Festuca rubra
Hp
	

Helictotrichon pratensis
HI
	

Holcus lanatus
Km Koeleria macrantha
Lp
	 Lolium perenne

Lc
	

Luzula campestris
Ph
	

Phleum pratense
Po
	

Poa annua

DICOTYLEDONS
Am Achillea millefolium
Ag	 Alchemilla glabra
An Anenome nemorosa
Bp	 Bellis perennis
Cr	 Campanula rotundifolia
Ca	 Carduus nutans
Cn	 Centaurea nigra
Ce	 Cerastium fontanum
Co	 Conopodium majus
Cm Cratageous monogyna
Eo	 Euphrasia officinalis agg.

Gv Galium verum
Ga
	

Gentianella amarella
Hn Helianthemum nUmmalarium
Hs
	

Heracleum sphondylium
Hr
	

Hypochaeris radicata
Lm
	 Lath yrus linifolius ssp. montanus

La
	

Leontodon autumnalis
Lh
	

Leon todon hispidus
Li
	

Linum cartharticum
Lo
	

Lotus corn iculatus
Mv Minuarta verna
Pi
	

Pilosella officinarum
PI
	

Plantago lanceolata
Po
	

Polygala Villgaris
Pe
	

Potentilla erecta
Pv	 Primula veris
Pr	 Prunella vulgaris
Ra
	

Ranunculus acris
Rb
	

Ranunculus bulbosus
Rm Rhinanthus minor
Ru
	

Rumex acetosa
Sm
	

Sanguisorba minor
Sj
	

Senecio jacobea
To
	

Taraxacum sect. Ruderalia
Th
	

Thymus polytrichus ssp. britannicus
Tp
	

Trifolium pro tense
Tr
	

Trifolium repens
Vc
	

Veronica chamaednjs
VI
	

Viola In tea
Vr
	

Viola riviniana

PTERIDOPHYTES
BI	 Botrychium lunaria

Based on the primary plant strategies of the species present at Priestcliffe (as

supplied by Grime, Hodgson and Hunt 1988) the intensity of stress and

disturbance at the site can be estimated. This method places the community

below the centre of the triangular ordination, with the greatest importance

being attributed to stress (Fig. 1.4). From the position of Priestcliffe Lees in the
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Figure 1.4. The position of Priestcliffe Lees within the Grime's triangular
ordination based on the strategies of the species occurring at that site.
Is = 51%, I, = 30%, I, = 19%. (After Grime 1979).

triangle it would be expected that this community would be structured more

by stress and disturbance than by competitive interactions.

This site was originally chosen for study because it is rich in species and

ownership by the Derbyshire Wildlife Trust ensured constancy of management.

It is the same site as used by Mandi (1988) for his work, thus allowing a

continuation of the research programme which he initiated.

1.7. Objectives and the structure of the thesis

The thesis addresses the following three questions about the limestone

grassland community at Priestcliffe Lees.
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1. To what extent is the growth of plants determined by interactions between 

neighbours? This question is motivated by the conflicting results of Mitchley

and Grubb (1986), whose research suggested that the relative abundance of

species in chalk grassland was primarily determined by above-ground

competition, and Mandi (1988) who was unable to detect interactions between

plants at Priestcliffe Lees. This question is addressed in chapters 2 and 3 by a

neighbourhood removal experiment. Chapter 2 tests several alternative

methods by which the experiment may be done and chapter 3 makes use of the

approach in a field-based removal experiment performed on in situ adult

plants. To investigate the scale of below-ground foraging, chapter 4 describes

an experiment in which a pulse of Rubidium was released at points in the field,

and the uptake into neighbouring plants was measured.

2. What are the spatio-temporal dynamics of the community? Although it may

be shown that plant growth is influenced by the presence of neighbours, it does

not necessarily follow that such interactions play a major role in driving the

dynamics of the community. A first step in establishing this is a detailed

description of the spatio-temporal changes observed on permanent plots at

Priestcliffe. In chapter 5 the spatial growth patterns and turnover of each

species is considered in isolation. An attempt to characterise the spatial

patterns observed for each species using fractal geometry is detailed in chapter

6.

3. Are the spatio-temporal dynamics of species determined by interactions

with neighbouring plants? Following a description of the dynamics of each

species in isolation, chapter 7 describes the results of randomisation tests which

analyse spatial interactions between species on the permanent plots. This can

be seen to synthesize the results from the previous two objectives by

considering the role of interactions between plants in driving the dynamics of

the community.
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Chapter 8 the results of the proceeding chapters are discussed in relation to the

original objectives of the thesis. The role of short-term interference and

competition for space in the community is considered and, within this

framework, possible mechanisms which may account for the high diversity of

these plant communities are presented.



Chapter Two

THE DESIGN OF REMOVAL EXPERIMENTS

2.1. Summary

Removal experiments are widely used to study competition in natural

ecosystems but suffer from a number of methodological drawbacks. This

chapter describes two glasshouse bioassays using field soil which were

designed to test for effects of removal experiment methodology on plant

growth. Soil was sieved to remove plant roots which were then added back to

some samples. The presence of decaying roots in the soil did not significantly

alter the performance of Holcus lanatus plants over the timescale of the

experiment (three months). However, sieving the soil significantly reduced the

mycorrhizal infection of Holcus lanatus roots and subsequent shoot growth over

the same period of time. In the same experiment, a non-mycorrhizal species

(Cerastium fontanum) was =affected by soil disturbance. These findings

suggest that the disturbance resulting from total plant removal will have

adverse effects on the performance of plants remaining in the sward. Since the

presence of roots seems to have little effect, above-ground clipping and leaving

roots to decay in the soil is likely to be a better approach to removal

experiments which are used in this research programme.

2.2. Introduction

Experiments involving the manipulation of plant density are widely employed

in the study of competition in the field (e.g. Wilson 1993 and see reviews by

Law & Watkinson 1989; Aarssen & Epp 1990; Goldberg & Barton 1992) and the

selective removal of vegetation is the most commonly used method of

achieving this aim (Aarssen & Epp 1990). However, it is impossible to

manipulate density alone without altering other important environmental

42
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factors and these undesired side-effects may confound the interpretation of the

results if they have a significant effect on plant performance.

Removal of above-ground biomass may be achieved either by clipping, in

which case active roots will remain in competition with the target plants (Evans

1971) and regrowth of shoots may occur, or by herbicide application, leaving

decaying roots which may either provide a pulse of nutrients into the soil

(Putwain & Harper 1970; Berendse 1983) or lead to mineral sequestration by an

enhanced soil microflora (Diaz et al. 1993). Manual extraction of roots disturbs

the soil and may disrupt the network of mycorrhizal mycelium, subsequently

affecting the performance of plants not removed. The design of removal

experiments therefore inevitably involves a choice between removing the roots

(and disturbing the soil and the mycorrhizal network) and leaving the roots

(which may subsequently affect the nutrient status of the soil).

This chapter describes the results from two bioassays designed to investigate

the magnitude of two possible side-effects which may influence removal

experiments carried out as part of this research project (chapter 3). The aims of

the bioassays were, firstly, to determine the extent to which decaying roots left

in the soil affect soil fertility over the time period of the experiment and,

secondly, to determine the effect of disturbing the soil on the mycorrhizal

colonisation and performance of plants. This allows an assessment of which

factors have undesired effects on target plant performance and this knowledge

can be used to improve the design and interpretation of field removal

experiments.

2.3. Materials and methods

Two glasshouse bioassay experiments were performed; in both, the soil was

obtained from Priestcliffe Lees Nature Reserve. Soil was obtained from the field

by the extraction of randomly positioned cores of 5 cm radius and 10 cm depth.
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2.3.1. Experiment One

In the first experiment, 30 soil cores were taken from the site and these were

split into three equal sections vertically down the core such that there was no

difference in the depth of the cores between treatments. Two of these sub-cores

were sieved through 2 mm sieves and the roots removed, the final sub-core

being left unsieved with the roots remaining. In one of the sieved soils, the

roots were returned to the sample. There were thus three treatments; sieved

soil (without roots), sieved soil (roots replaced) and unsieved soil (with roots).

A fourth treatment in which roots were removed without sieving would have

been desirable in order to have a fully factorial design but is impossible to

achieve using field cores.

Each of the treatment soils were randomly placed in a compartment of a seed

tray (4 cm x 4 cm cross-section and 5 cm deep), and a 5 day old Holcus lanatus

seedling was planted in each. Holcus lanatus was selected as the study species

since it occurs naturally at Priestcliffe Lees and is relatively fast growing, such

that any differences in growth between treatments should rapidly become

apparent. The seed trays were placed in a glasshouse with 16 hour sodium

lighting and were watered daily. The temperature range experienced by the

plants was approximately 15-25°C. Half of the plants were harvested after 65

days and the remainder were left to grow for a further 25 days to determine

whether there was a difference in mineral release or sequestration of the

decaying roots over time. The 90 day growing period was chosen because this

was the approximate length of the field removal experiments. At each harvest,

plant material was split into above- and below-ground parts, dried for four

days in an oven at 100°C and then weighed. The effects of the three treatments

and possible interactions with the time of harvest were analysed using a two-

way analysis of variance.

2.3.2. Experiment Two

The second bioassay was designed to determine the effect of soil disturbance

on mycorrhizal colonisation and plant performance for two target species,
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Holcus lanatus and Cerastium fontanum. Holcus lanatus is usually found to be

colonised by arbuscular mycorrhizal fungi (Harley & Harley 1987) whereas

Cerastium fontanum, which also occurs naturally at Priestcliffe Lees, is non-

mycorrhizal (Harley & Harley 1987).

Twenty-five cores were taken from Priestcliffe Lees; each was split into four

subcores, two of which were sieved and had the roots replaced and two of

which were not manipulated. Therefore all the subcores contained roots and

differed only in the presence or absence of sieving. These subcores were placed

into the same growing trays used in the first experiment. Two seedlings of

each species were planted into separate sieved and non-sieved soil from each

core such that both species were present in all treatments from all cores. Two

seedlings were planted into each core because of the substantial mortality

observed in the first experiment; the smaller seedling in each compartment was

removed after two weeks. All above-ground plant material was harvested after

90 days and dried and weighed as in experiment 1. Differences in shoot dry

weight between the sieved and unsieved treatments and between species were

tested using a two-way anova.

The level of arbuscular-mycorrhizal colonisation of plant roots was determined

using the following procedure. The roots of all plants were washed in water

and cleared in 10% KOH at 90°C for 5 min. The roots were then rinsed three

times in water, acidified in cold 1% HO for 15 min and stained in 1% acid

fuchsin at 90°C for 15 min. The roots were mounted in lactoglycerol on a slide

after destaining overnight in lactoglycerol at room temperature. The degree of

colonisation of arbuscular mycorrhizal fungi in the roots was determined by

epifluorescence microscopy (Merryweather & Fitter 1991) at x250 magnification

using 100 intersections per slide (McGonigle et al. 1990).
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Figure 2.1. Means (± SE) of shoot E and root El dry weight of Holcus lanatus
plants grown in field soil in a glasshouse bioassay for 90 days. Treatments are
unsieved soil with roots present (UR, N=24), sieved soil with roots (SR, N=18)
and sieved soil with the roots removed (SN, N=25). Two-way analysis of
variance (treatment x harvest) carried out on log transformed data revealed
significant differences between treatment means of shoot weights (F261 = 3.48, P
<0.05) but similar analysis of root dry weight demonstrated no treatment effect
(Fzed = 0.53, P> 0.05). Treatment means significantly different from each other
at P < 0.05 were determined using Duncan's multiple range test and are
denoted by different letters.

2.4. Results

2.4.1. Experiment One

Of the 90 seedlings planted in this experiment, only 67 survived to be

harvested. Seedling mortality was random with respect to the treatments.

Shoot weight but not root weight differed significantly between treatments

(Fig. 2.1). A Duncan's Multiple Range test demonstrated that when plants were

grown in the presence of roots, those in the sieved soil were smaller than those

in unsieved soil (P < 0.05) but that restoring roots to the sieved soil had no

effect on plant growth. The root/total weight ratio of plants grown in the

presence of roots was less in unsieved soil than plants in sieved soil but neither

was significantly different from the third treatment (soil without roots) (Fig.

2.2). The time of harvest had a significant effect on both root weight (F,,,,
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Figure 2.2. Means (± SE) of the root/total weight ratio of Holcus lanatus plants
grown in field soil in a glasshouse bioassay for 90 days. Treatments are
unsieved soil with roots present (UR, N=24), sieved soil with roots (SR, N=18)
and sieved soil with the roots removed (SN, N=25). A two-way analysis of
variance (treatment x harvest) performed on log transformed data revealed a
treatment effect (F241 = 3.35, P < 0.05) and a harvest effect (F, ,,, = 7.22, P < 0.01).
The interaction term was not significant. Different letters denote treatments
significantly different (P < 0.05) as determined by Duncan's multiple range test.

=24.65, P < 0.001), shoot weight (F,„,, = 11.86, P < 0.001) and root/total weight

ratio (F141 = 7.22, P < 0.01) but there were no significant interactions between

treatment and harvest.

2.4.2. Experiment Two

There was less seedling mortality in this experiment than in the first; only one

Holcus lanatus and three Cerastium fontanum plants died after the first two

weeks. Cerastium plants were smaller than Holcus and exhibited no response to

the sieving treatment (Fig. 2.3). The roots of Cerastium were found to contain

no mycorrhizal colonisation but structures normally associated with arbuscular

mycorrhizal fungi were present in the roots of Holcus. By contrast Holcus plants

were heavier in the unsieved treatment. No arbuscules were recorded in any

intersection and where they were seen to be present on other parts of the slides
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Figure 2.3. Mean shoot dry weight for Cerastium fontanum (a non-mycorrhizal
species) and Holcus lanatus (a mycorrhizal species) plants grown in a glasshouse

bioassay in field soil for 90 days. The two treatments are undisturbed E and

disturbed El soil. A two-way analysis of variance (species x treatment)
performed on log transformed data demonstrated an effect of species (F1,70 =
16.64, P < 0.001), no treatment effect (Fuo = 0.19, P > 0.05) and a significant
interaction of species x treatment (F 1,70 = 6.16, P < 0.05).

they were either poorly stained or degenerate, as is often the case in old

colonisation. The percentage root length colonised by hyphae, vesicles and

total colonisation (the sum of hyphal and vesicular colonisation) were

significantly greater in the plants grown in unsieved soil (Table 2.1), although

total colonisation rates were low (<20% root length). The dry shoot weight of

plants was weakly positively correlated with the percentage hyphal infection of

the roots (Fig. 2.4).

2.5. Discussion

2.5.1. The effect of decaying roots on plant performance

The lack of effect of root removal on plant root and shoot growth suggests that

leaving roots to decay in the soil would not significantly alter the outcome of a

manipulation experiment in this system. There was no interaction between

harvest and treatment which demonstrates further that roots appear to have no
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Table 2.1. Analysis of variance of arbuscular mycorrhizal colonisation (as a
percentage of root length) of Holcus lanatus plants grown in a glasshouse
bioassay in unsieved (control) and sieved field soil (N = 17 and 20
respectively). The F-value is taken from a one way analysis of variance carried
out on arcsine transformed data. The means of each treament are given ± SE.. *
indicates P < 0.05, ** indicates P < 0.01.

Parameter Treatment Significance

Total infection (%) control 7.7 ± 1.5
sieved 3.2 ± 0.7

F,„ = 6.52 *

Hyphae (%) control	 4.8 ± 1.0
sieved	 2.3 ± 0.5

F,„ = 4.62 *

Vesicles (%) control	 2.9 ± 0.7
sieved	 0.9 ± 0.3

F,„ = 8.06 **

effect on the soil fertility within three months of above-ground removals. This

conclusion is supported by that of Seastedt (1988) who reported that the release

of nutrients from decaying roots in tall grass prairie is very slow, with only

10% of initial nitrogen present in roots being lost within one year. Phosphorus

mineralisation was faster, but decaying roots still retained around 60% of the

original nutrient concentration after one years decay. Berendse (1983) found no

difference between yields in unfertilised removal and control plots after

removing part of the above-ground vegetation even after the removal plot had

recovered from the disturbance. If decaying roots had provided a pulse of

nutrients into the soil then it would have been expected that the manipulated

plot would yield greater biomass than the control plot. In these experiments

microbial activity should be increased in the glasshouse relative to the field

because of the higher temperature and supply of moisture in the protected

environment. In addition all nutrients released would be confined to the

experimental pots. It would thus be expected that both nutrient release from

decaying roots and possible nutrient sequestration by the microbiota would be

less important under natural conditions.
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Figure 2.4. Dry shoot weight of Holcus lanatus plants grown in a glasshouse
bioassay in field soil for 90 days as a function of the percentage of root length
colonised by vesicular-arbuscuar mycorrhizal hyphae. Spearman's rank
correlation coefficient, R = 0.31 (P = 0.062).

In the first experiment, the shoot dry weight of Holcus plants was lower in

sieved than in unsieved treatments (both treatments containing roots)

suggesting that sieving has a detrimental effect on plant growth (Table 2.1).

However, it might also be expected that there would be a significant difference

between the unsieved treatment and the sieved treatment without roots since

the presence or absence of roots seemed to have little effect on shoot weight.

The result that the shoot weight of plants in the sieved treatment containing

roots was not significantly less than the unsieved treatment suggests that roots

left in the soil may actually have a small detrimental effect on plant growth.

This could arise as a result of increased numbers of pathogens present on dead

roots in the soil (West, Fitter & Watkinson 1993) or slight uptake in nutrients

caused by increased microbiotic activity (Seastedt 1988).


