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Abstract 
The aim of the study was to understand the impact of rabbit herbivory on plant population 

biology and community structure in acid grassland. Wild Rabbits (Oryctolagus cuniculus) 
were excluded from areas of acid grassland and responses of plant populations monitored. 
Observational studies on pasture use by rabbits, coupled with trapping and tagging, were 
carried out to determine variation in habitat use during the study period. 

Variability in plant species palatability, variability in distribution and density of plants, 
and inter and intra specific competition all played a major role in determining a plant species' 
response to grazing. Plant responses to grazing were highly species- and site-specific, with 
certain species increasing under one set of conditions and decreasing under another. Only a 
few plant species exhibited a consistent response to rabbit grazing (increasers, decreasers or 
non-responders). 

The responses of plant populations to grazing in the intact grassland depended upon 
plant patch size and structure, varying with species' ability to produce vegetative shoots, 
species palatability and the competitive ability of the species, and with the identity of 
neighbouring patches. Seed limitation, seedling survivorship and microsite availability were 
investigated as potential constituents in the regulation of plant populations. For most species 
seedling recruitment played a negligible role in regeneration and colonization within the intact 
grassland. 

In the cultivated community, plant species richness was enhanced by profuse seedling 
recruitment from the seed bank. However, the dominant species in the cultivated plots were 
those which regenerated through vegetative regrowth rather than from seed. Competitive 
release was an important component of individual plants responses to grazing. As species 
densities were reduced under grazing, the performance of the surviving individual plants was 
increased. Perennial species typically increased the rate of leaf production under grazing, 
which was associated with a reduction in plant density. 

These field studies were complimented with a greenhouse experiment examining the 
competitive responses of palatable and unpalatable grass species under differential artificial 
defoliation. The experiment emphasized the importance of the interplay between herbivory 
and plant competition, and how these in turn are affected by a complex of interacting biotic 
and abiotic factors, which determine the plant population's responses to herbivory. 

1 



Acknowledgement 

All my greatest thanks goes to my supervisor Dr Mick Crawley for his continued support 
and invaluable time regarding the many discussions surrounding the complexity of ecological 
systems. However, I would also like to thank Professor Mike Hassell for allowing me to 
undertake these studies at Silwood Park and Dr Mike Gillman for his continued 
encouragement. 

The three years at Silwood Park produced many mixed and rewarding experiences, and 
far too many to mention are responsible for the endless number of enjoyable hours, however, 
the notable Silwoodian exceptions include Pete the Gardener and Golley for many bar hours, 
as well as Gail, Neill, Chris the Gardener, Anne, Pauline, Mijo, Guy, Rufus and of course 
Tanya. Other non-Silwoodians to whom I owe my survivorship at Silwood over the past 
three years include Gail, Liz and most notably Kerry. Most of all and most recently all my 
gratitude goes to Minty. Thank you! 

Additional thanks go to the team members of the Guyana '90 expedition (including 
Captain Andrez!), for those many, and many more rememborable moments at Kurupukari. 
Lastly I wish thank my parents for their support throughout, and I wish to dedicate this thesis 
and all my future studies regarding applied tropical ecology to my father. 

2 



Table of Contents 

Abstract 	 1 
Acknowledgement 	 2 

Table of Contents 	 3 
Table of Tables 	 8 
Table of Figure 	 10 

Chapter I 
Rabbit Grazing and the Dynamics of Plant Communities 

1.1 Introduction 	 11 
1.2 Plant Ecology: Population Dynamics, Competition and Limitations 	12 

1.2.1 Dynamics of Plant Populations 	 14 
1.2.2 Competitive Interactions and Resource Utilization 	 14 
1.2.3 Constraints, Trade-offs and Reproductive Effort 	 16 

1.3 Herbivore Ecology: The European Rabbit 	 17 
1.3.1 Mortality 	 18 
1.3.2 Reproduction 	 19 
1.3.3 Dispersal 	 19 

1.4 Plant-herbivore Interactions: Feeding Strategies and Plant Ecology 	20 

1.4.1 Food Availability 	 20 
1.4.2 Feeding Preferences 	 21 

1.5 Plant-herbivore Interactions: Plant Responses to Herbivory 	 23 

1.5.1 Compensatory Responses and Inconsistency 	 23 
1.5.2 Rabbit Grazing and Plant Responses 	 25 
1.5.3 Community Assemblage and Rabbit Grazing 	 26 

Chapter II 
Rabbit Populations and Experimental Design 

2.1 Introduction 	 29 
2.2 Experimental Design 	 29 
2.3 Rabbit Populations of Nash's Field 	 31 

2.3.1 Study Methods 	 31 

3 



2.3.2 Variation in Rabbit Densities 	 32 
2.3.3 Variation in Grazing Intensity and Feeding Patterns 	 35 

Chapter III 
Impact of Rabbit Grazing on Plant Recruitment 

and Spatial Heterogeneity 

3.1 Introduction 	 38 
3.1.1 Importance of Herbivores 	 38 
3.1.2 Vegetative Regrowth 	 39 
3.1.3 Seedling Establishment 	 40 

3.2 Material and Methods 	 41 
3.2.1 Statistical Analysis 	 41 

3.3 Results 	 42 
3.3.1 Species Regeneration in Intact Grassland 	 42 
3.3.2 Seedling Recruitment in Intact Grassland 	 42 
3.3.3 Shoot Densities in Intact Grassland 	 44 
3.3.4 Species Regeneration in Cultivated Plots 	 49 
3.3.5 Seedling Recruitment in Cultivated Plots 	 50 
3.3.6 Vegetative Regrowth in Cultivated Plots 	 56 

3.4 Discussion and Conclusions 	 60 
3.4.1 Species Responses and Susceptibility to Grazing 	 60 
3.4.2 Response Mechanisms and Plant Population Patterns 	 62 

Chapter IV 
Plant Responses to Grazing and the Structure of Individuals 

and Populations 

4.1 Introduction 	 64 
4.1.1 Productivity and Species Richness 	 64 
4.1.2 Plant Performance and Size Variation 	 65 
4.1.3 Dynamics of Plant Growth and Structure 	 66 

4.2 Material and Methods 	 68 
4.2.1 Statistical Analysis 	 68 

4.3 Effect of Grazing on Population Structure 	 70 
4.3.1 Rabbit Grazing and Plant Densities 	 70 

4 



4.3.2 Rabbit Grazing and Plant Biomass 	 72 
4.3.3 Species, Density and Biomass Interactions 	 73 

4.4 Effect of Grazing on the Performance of Individuals 	 75 

4.4.1 Rabbit Grazing and Plant Performance 	 75 
4.4.2 Rabbit Grazing and Plant Structure 	 77 
4.4.3 Plant Performance and Density Interactions 	 81 

4.5 Variation in Plant Density and Structure 	 82 
4.6 Discussion and Conclusions 	 85 

4.6.1 Variation in Plant Responses to Grazing 	 86 
4.6.2 Population Responses and Structural Interactions 	 88 
4.6.3 Herbivory and Plant Size-inequality 	 89 
4.6.4 Species Responses and Dynamics 	 90 

Chapter V 
Impact of Grazing on Patch Size Variation 

and Structure 

5.1 Introduction 	 91 

5.1.1 Species Coexistence, Genotypic and Phenotypic Plasticity 	91 
5.1.2 Grazing and Grassland Dynamics 	 93 

5.2 Material and Methods 	 93 
5.2.1 Sampling Techniques 	 94 
5.2.2 Statistical Analysis 	 94 

5.3 Results 	 95 
5.3.1 Patch-forming Species (Technique I) 	 95 
5.3.2 Continuous Sward-forming Species (Technique II) 	 97 

5.4 Discussion 	 102 

5.4.1 Patch Competition and Responses to Grazing 	 102 
5.4.2 Inconsistent Patch Responses and Competition 	 104 
5.4.3 Genotypic Variability between Patches 	 108 

Chapter VI 
Rabbit Grazing and the Dynamics of Seed Limitation 

6.1 Introduction 	 110 

6.1.1 Plant Populations and Seed Limitation 	 111 

5 



6.1.2 Herbivore Intervention 	 113 
6.2 Method and Materials 	 114 

6.2.1 Seed Limitation in Grassland SiArard 	 114 
6.2.2 Seed Limitation and Microsite Suitability 	 114 
6.2.3 Seedling Survivorship 	 115 
6.2.4 Statistical Analysis 	 115 

6.3 Results 	 116 

6.3.1 Seed Limitation and Microsite Suitability 	 116 
6.3.2 Seedling Survivorship 	 119 

6.4 Discussion 	 122 

6.4.1 Rabbit Grazing and the Dynamics of Seed Limitation 	 122 
6.4.2 Seedling Recruitment and Survivorship 	 124 
6.4.3 Microsites and Implications of Seed Loss 	 124 
6.4.4 Role of Germination Success in Population Regulation 	 126 

Chapter VII 
Effect of Artificial Defoliation on Plant Performance 

and Competitive Interactions 

7.1 Introduction 	 129 

7.1.1 Physiological and Morphological Effects of Tissue Removal 	129 
7.1.2 Plant Competition and Experimentation 	 130 
7.1.3 Competition Modelling 	 131 
7.1.4 Predicting Responses to Defoliation 	 132 

7.2 Material and Methods 	 133 
7.2.1 Statistical Analysis 	 134 
7.2.2 Definitions 	 134 

7.3 Results 	 135 

7.3.1 Competition in Undefoliated Treatments 	 135 
7.3.2 Defoliation, Plant Biomass and Tiller Production 	 137 
7.3.3 Defoliation and Compensatory Regrowth 	 145 
7.3.4 Competition, Defoliation and Total Plant Yields 	 147 
7.3.5 Yield Suppression and Relative Yield Totals 	 150 

6 



7.4 Discussion and Conclusions 	 151 

7.4.1 Density and Defoliation Effects 	 151 
7.4.2 Relative Importance of Defoliation and Density 	 152 
7.4.3 Plant Responses and their Implications 	 153 

Chapter VIII 
General Discussion 

Rabbit Grazing and the Dynamics of Plant Communities 	 155 
8.1 Plant Responses and Dynamics 	 157 

8.1.1 Resources, Competition and Herbivory 	 158 
8.1.2 Storage Effects, Competitive Interactions and Species Coexistence 	159 

8.2 Grazing Systems and the Importance of Variation 	 160 

References 	 162 
Appendices 	 186 

7 



Table of Tables 

Table 2.1 Rabbit population and survivorship estimates 	 33 
Table 2.2 Rabbit capture and recapture data 	 34 
Table 2.3 Rabbit observational data 	 35 
Table 2.4 Rabbit activity data 	 35 
Table 3.1 Regeneration in grassland plots 	 42 
Table 3.2 Seedling densities in grassland plots 	 43 
Table 3.3 Shoot densities in grassland plots 	 45 
Table 3.4 Summary of plant species responses 	 46 
Table 3.5 Shoot densities in grassland plots 	 49 
Table 3.6 Regeneration in cultivated plots 	 50 
Table 3.7 Seedling densities in cultivated plots 	 51 
Table 3.8 Summary of seedling responses 	 52 
Table 3.9 Vegetative regrowth densities in cultivated plots 	 56 
Table 3.10 Summary of vegetative regrowth responses 	 57 
Table 4.1 Effect of grazing on plant densities 	 71 
Table 4.2 Species density responses to rabbit grazing 	 71 
Table 4.3 Effect of grazing on above and below ground biomass 	 73 
Table 4.4 Individual plant performance and responses to grazing 	 76 
Table 4.5 Non-allometric and allometric models and implications 	 77 
Table 4.6 Plant above and below ground biomass relationships 	 81 
Table 4.7 Plant structure and plant density relationships 	 82 
Table 4.8 Effect of grazing on plant biomass variation 	 84 
Table 5.1 Species excluded from analysis 	 95 
Table 5.2 Plant densities for patch-forming species 	 96 
Table 5.3 Mean, SE and CV for patch-forming species 	 97 
Table 5.4 Plant densities for sward-forming species 	 100 
Table 5.5 Mean, SE and CV for sward-forming species 	 101 
Table 5.6 Categorisation of patch responses to grazing 	 106 
Table 6.1 Species sown and recorded with seed addition 	 116 
Table 6.2 Plant densities with and without seed addition 	 118 
Table 6.3 Seed addition statistical details 	 119 
Table 6.4 Cohort seedling densities for F.rubra 	 121 
Table 6.5 Cohort seedling densities for R.acetosella 	 121 
Table 6.6 Cohort seedling densities for R.acetosella 	 121 

8 



Table 7.1. Summary of species population characteristics 	 132 
Table 7.2 Density and defoliation effects on plant biomass 	 142 
Table 7.3 Density and defoliations effects on plant tiller plant 	 143 
Table 7.4 Individual plant biomass 	 144 
Table 7.5 Total plant yields 	 149 
Table 7.6 YSR and RYT values 	 150 
Table 8.1 Contrasting views of Grime and Tilman 	 158 

9 



Table of Figures 

Figure 2.1 Experimental design 	 30 
Figure 2.2 Block position and rabbit movement patterns 	 36 
Figure 2.3 Variation in faecal deposits 	 37 
Figure 3.1 Seedling densities, grassland plots 	 44 
Figure 3.2 Shoot densities, grassland plots 	 44 
Figure 3.3 Species shoot recruitment, grassland plots 	 47 
Figure 3.4 Seedling densities, cultivated plots 	 51 
Figure 3.5 Species seedling recruitment, cultivated plots 	 52 
Figure 3.6 Vegetative regrowth densities, cultivated plots 	 57 
Figure 3.7 Species regrowth densities, cultivated plots 	 58 
Figure 4.1 Effect of rabbit grazing on species richness 	 70 
Figure 4.2 Effect of grazing on standing crop 	 72 
Figure 4.3 Effect of grazing on species richness-standing crop (AGB) 	 74 
Figure 4.4 Effect of grazing on species richness-standing crop (BGB) 	 74 
Figure 4.5 Effect of grazing on species-density relationship 	 74 
Figure 4.6 Effect of grazing on the performance of Rumex acetosella 	 80 
Figure 4.7 Effect of grazing on plant density variation 	 83 
Figure 4.8 Palatability and productivity changes with grazing intensity 	88 
Figure 7.1 Plant biomass per pot in monocultures and mixtures 	 136 
Figure 7.2 Tiller densities per pot in monocultures and mixtures 	 137 
Figure 7.3 Monoculture defoliation and plant biomass per pot 	 138 
Figure 7.4. Monoculture defoliation and plant biomass per plant 	 139 
Figure 7.5 Mixture defoliation and plant biomass per pot 	 140 
Figure 7.6 Mixture defoliation and tiller densities 	 140 
Figure 7.7. Defoliation of A.odoratum and F.rubra 	 141 
Figure 7.8 Regrowth yields in monocultures 	 145 
Figure 7.9 Regrowth yields of A.odoratum in mixtures 	 146 
Figure 7.10 Regrowth yields of F.rubra in mixtures 	 146 
Figure 7.11 Regrowth yields with defoliation of A.odoratum and F.rubra 	146 
Figure 7.12 Monoculture defoliation and plant yield per pot 	 147 
Figure 7.13 Mixture defoliation and plant yields per pot 	 148 
Figure 7.14 Defoliation of A.odoratum and F.rubra. 	 148 

10 



Chapter I 

Chapter I 
Rabbit Grazing and the Dynamics 

of Plant Communities 

1.1 Introduction 

Advances in plant population ecology have emphasized the complex interplay between 
plants, available resources, and natural enemies (Harper 1977; Dirzo & Sarukhan 1984; 
Tilman 1988; Crawley 1990b). Although herbivores were once considered to play a minor 
role in determining plant performance in a community (Hairston, Smith & Slobodkin 1960), 
the importance of herbivore dynamics and their potential impact on plant community 
dynamics is now recognized (Harper 1977; McNaughton 1986; Lindroth 1990; Crawley & 
Pacala 1991). Herbivores form a crucial link in multi-trophic-level organization involving 
predator, herbivore and plant interactions (Tilman 1988). These multi-trophic-level 
interactions, determined by population dynamics (Pimm & Lawton 1977), are fundamental 
to our understanding of ecological food chains and ecosystem stability. 

Spatial and temporal variation in herbivory has been investigated throughout a wide 
range of ecological systems, from inter-tidal (Lubchenco 1978; Silander & Antonovics 1982), 
to tropical rainforests (Whitmore 1975, 1989; Hubbell & Foster 1986; Swaine 1989) and 
grasslands (Collins & Glenn 1990). It is probable that this variation plays a critical role in 
determining species coexistence, population and species interactions and community stability 
(Lomnicki 1980; Hanski 1982; Aarssen 1989; Kareiva 1990; Pacala, Hassell & May 1990), 
although this kind of biotic variability is difficult to separate from 'random environmental 
fluctuations' (Hassell, Comins & May 1991). 

The dynamic responses of plant populations to herbivory has long been discussed 
(Belsky 1987; Meijden 1990; Aarssen & Irwin 1991), particularly with regard to the large 
variation in plant responses to herbivory (Noy-Meir et al. 1989). However, like any other 
system, the mechanism(s) behind such variation and its importance in population regulatory 
processes still requires detailed experimental examination. By investigating plant population 
responses to herbivory, not only are plant-herbivore interactions better understood, but factors 
with the potential to limit plant population growth can be assessed and related to general 
ecological theory. 
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Chapter I 

From a wide range of studies it is evident that specific conceptual issues are central to 
understanding plant responses to herbivory, involving interactions between both plant and 
herbivore ecological characteristics. Competitor release is perhaps the most fundamental of 
these concepts, whereby the competitive dominant species is selectively removed by the 
herbivore and which allows previously restricted species to increase in abundance. Related 
to competitive dominance and success of a particular species to withstand grazing is 
defoliation tolerance and the ability of a particular individual to escape herbivory. Likewise 
the selective grazing and feeding preferences of the herbivore may determine plant population 
densities and the relative abundance of species within the community. Species recruitment 
and germination success have long been recognized as important processes in plant population 
dynamics, and hence species competitive ability during regrowth and the rate of regrowth 
after grazing may determine the establishment of species in the community. As a result of 
these processes, species can be labelled as increasers and/or decreasers in their responses to 
grazing. Populations which either increase or decrease in abundance with grazing may exhibit 
particular traits. These concepts form the framework for the studies presented in this thesis. 

1.2 Plant Ecology: 
Population Dynamics, Competition and Limitations 

Plant species exhibit a wide range of life history strategies, ranging from short-lived 
annuals to long-lived polycarps (Crawley 1990b), with large variation in life history 
characteristics (Davy & Smith 1988; Symonides 1988). Each life history strategy exhibited 
by a particular species may in turn determine the population dynamics of the species and 
influence ways that the species responds to disturbance, competitive reciprocations, species 
interaction (both within and between species of different strategies) and to herbivory. 
However, whatever the strategy exhibited by a particular species, or the processes regulating 
the dynamics of plant populations, similar successional changes tend to occur over a wide 
range of habitats (Grime 1979; Tilman 1988). 

Plants may be divided into five general classes on the basis of their life history strategies; 

a) Annuals without seed banks 
b) Annuals with seed banks 
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Chapter I 

c) Short-lived monocarps 
d) Long-lived monocarps 
e) Long-lived polycarps 

Particular 'key factors' are responsible for this general classification system, including 
growth form, fecundity, longevity, seed banks and germination biology, all of which 
contribute towards the species persistence and stability within the community, by influencing 
the species population dynamics. 

Regarding growth form, many species which exhibit highly modular growth recruit 
from seed infrequently (e.g. Festuca rubra), so that a plant community may comprise only 
a few individual genets. These long-lived species rarely (if ever) produce oscillatory or cyclic 
dynamics (see Crawley 1990b). The dynamics of long-lived polycarps, such as Quercus spp. 
are totally unknown simply because the life-span of any individual greatly exceeds human 
life. Many rhizomatous and stoloniferous clonal plants have been described has having the 
ability to 'forage' within the community. Such 'foraging ability' may depend upon plant 
density and the spatial heterogeneity in available resources (Slade & Hutchings 1987; 
Hutchings 1988). 

Seed banks are crucial in allowing annual species to persist (MacDonald & Watkinson 
1981; Crawley & May 1987; Kelly 1989c) and to re-colonize communities which are 
frequently disturbed. Substantial spatial variation exists in most soil seed banks (Chippendale 
& Milton 1939; Thompson 1986) and the species composition of the bank rarely reflects the 
species composition of the sward (Rice 1989). These annual species typically exhibit 
ephemeral, pulsed dynamics (Crawley 1990b), often with two recruitment peaks (Law 1981), 
where the number of recruits within one year is not related to the number of seeds produced 
in the previous year (i.e recruitment is not seed limited). The species germination success 
may depend on the frequency of disturbance (Watt & Gibson 1988), the size of the gap created 
after disturbance (Maun & Cavers 1971; Fenner 1978a 1978b; Watt & Gibson 1988), as well 
as the ability of species existing within the sward to outcompete and re-colonize the disturbed 
area or gap (Ross & Harper 1972; Liddle et al. 1982; Goldberg & Fleetwood 1987; Peart 
1989b). Once environmental conditions have stimulated germination (see Grime et al. 1981), 
seedling survivorship is often low, with seedlings prone to pathogens (Augspurger 1983; 
Augspurger & Kelly 1984), invertebrate (Dirzo & Harper 1980) and vertebrate herbivory 
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(Pigott 1985; Pyke 1986; Crawley 1990a; Hulme 1990). While many species rely on seed 
germination from seed banks to become established within a community, other species 
produce few seeds and do not form seed banks. Seed production is essential, however, in 
maintaining genetic variation within the population (Evans & Turkington 1988). Although 
seed production may be high, it is the number of seeds successfully recruiting to the next 
generation which is crucial in predicting a plant's dominance in the community. 

1.2.1 Dynamics of Plant Populations 

The dynamics of plant populations are regulated through a range of density-dependent 
processes (Antonovics & Levin 1980; Fowler 1986; Watkinson 1986; Crawley 1990b), with 
the main differences in the dynamics between different life history strategies resulting from 
the involvement of different time scales (Symonides 1988). 	Although these 
density-dependent processes may be difficult to detect in the field (Hassell, Latto & May 
1989), much experimental and theoretical work has emphasized the importance of 
density-dependence in both plant and animal populations (Anderson & May 1978; Hassell 
1975; 1978; 1987; Crawley 1986). 

Many factors may limit plant performance and population growth. Seed production 
may be limited by the number of pollinators (Bierzychudek 1981), recruitment may be limited 
by microsite availability (Harper et al. 1970; Andersen 1989; Peart 1989b), or by shortage 
of seed (Duggan 1986; Fowler 1986; Crawley 1990b, see chapter VI), or by high seedling 
mortality (Miles 1972; Howe & Snaydon 1986; Kelly 1989b; Peart 1989a; see chapter III). 
All these demographic factors have the potential to regulate population dynamics in a 
density-dependent manner (Watkinson 1986). In most plant populations, regulation tends to 
occur as a result of density dependent competition for limited resources (Tilman 1986, 1988). 

1.2.2 Competition, Density Relationships and Resource Utilization 

A key factor in determining plant performance and the role of density-dependence 
within the community is the 'competitiveness' of an individual in relation to the 
'competitiveness' of its neighbours (Pacala & Silander 1985, 1990; Silander & Pacala 1985). 
As population density increases, the yield of the individual plant decreases while total biomass 
remains more or less constant (known as the 'law of constant yield', Hutchings 1986). Also 
as total plant biomass increases, plant density may decrease due to density-dependent 
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mortality (known as 'self-thinning' ). Many studies have investigated and discussed the 
implication of 'self-thinning' or the '-3/2 rule' (Yoda et al. 1963; White & Harper 1970; Kays 
& Harper 1974; Hutchings 1979; Westoby 1981; Watkinson 1986; Weller 1987; 1989). While 
the 'self-thinning' relationship remains relatively constant throughout a range of nutrient 
regimes (Watkinson 1984), caution is required when comparing interspecific relationships 
and within-population relationships which exhibit the same yield-density relationship (Weller 
1989), because there are large variations between plant groups (Weller 1987). 

Resource competition and nutrient availability have long been the central theme of plant 
ecological discussion, relating species diversity/richness to nutrient levels and community 
productivity and structure (Grime 1973, 1979; Newman 1973; Bazzaz 1975; Denslow 1980; 
Tilman 1988; Silvertown 1991), with n-shaped or declining relationships observed between 
species richness and resource availability (see Tilman 1986). Recent studies on resource 
competition (Tilman 1982, 1986, 1988) have investigated resource-dependent growth 
isoclines and resource supply points, in an attempt to describe plant coexistence and 
competitive displacement. Tilman's hypothesis states that plant nutrient uptake will reduce 
resource supply rate and that the species which can reduce the limiting nutrients to the lowest 
rate of supply may exclude all other species (because these have higher resource 
requirements). The theory predicts as many coexisting plant species as there are unique 
combinations of exploitable resources. 

The number of plant resources will of course be limited, and under specific conditions, 
domination by a single species might be expected. This, however, is rarely the case (as 
observed in the Park Grass experiment). Species domination may not occur if there is large, 
within-species variation in the plant's ability to utilize the resources as well as large spatial 
and temporal heterogeneity in resource availability. Tilman's hypothesis is not without its 
critics (Thompson 1987; Thompson & Grime 1988; Shipley & Peters 1989) and has stimulated 
considerable discussion (Tilman 1987, 1988, 1989; Grace 1991). 

Grazing is most likely to affect resource competition through a reduction in plant density 
(reduction in resource consumption after plant removal increasing resource availability), but 
may also reduce the plant's efficiency in resource utilization through defoliation. Defoliation 
may reduce the plant's resource consumption rate to the point at which it is no longer 
competitive with its un-defoliated or less susceptible neighbours. 
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1.2.3 Constraints, Trade-offs and Reproductive Effort 

Persistence of species in the community may depend on the constraints upon plant 
species, and the trade-offs associated with these constraints (Tilman 1988). The cost of 
reproduction for instance, has to be paid in terms of reduced survival or reduced future 
reproduction (Stearns 1989). Gillman & Crawley (1990), studying Senecio jacobaea, found 
that there was a trade-off in the allocation of resources such that plants which directed 
resources into capitulum production in one year suffered reduced overwintering survivorship. 

These constraints and trade-offs upon individual plants may vary depending on the life 
history strategy of the species, and this variation in life history strategy is subject to 
environmental variation depending upon the degree of phenotypic plasticity of which the 
species is capable (Davy & Smith 1988). Annuals may be subject to different constraints and 
limitations than long-lived polycarps. For instance, herbivory may greatly affect the 
reproductive effort of annuals while the impact of herbivory upon the reproductive effort of 
long-lived perennial grasses, which have high regrowth and reproductive potential, may be 
negligible. 	' 

The contribution of reproductive effort in influencing plant population dynamics has 
stimulated some recent discussion (Rees & Crawley 1989, 1991; Silvertown 1991), about the 
interaction between plant fitness and resource utilization (Samson & Werk 1986; Lomnicki 
1988; Weiner 1988). Crawley & Rees (1989) showed that reproductive thresholds were 
almost ubiquitous in animal species, but were largely absent in plants, and they argued that 
this difference was fundamental to the stability of plant populations compared with animal 
populations (monotonic dynamics rather than cyclic or chaotic). The hypothesis that 
reproductive thresholds are destabilizing depends upon the resource allocation between 
individuals within the population; whether evenly (scramble) or unevenly distributed between 
individuals (contest competition). If the net-reproductive rate (r) of a plant is low (less than 
the threshold between monotonic damping and damped oscillations) then the distribution of 
resource allocation between individuals is un-important (b-value), because populations will 
always be stable (see May 1975, May & Oster 1976). Plants exhibit strong asymmetrical 
contest competition (Weiner & Thomas 1986; Weiner 1988, Crawley 1990b), hence resource 
allocation is unlikely to be even (b-values=1), so that plant populations would not be expected 
to exhibit cyclic or chaotic population dynamics. Although many factors are responsible for 
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chaotic or cyclic dynamics in animal populations, the results presented by Rees & Crawley 
(1989) are not conclusive (Silvertown 1991). Yet there is no reliable evidence to suggest that 
plant populations do exhibit genuine cyclic dynamics (Rees & Crawley 1991). Such 
reproductive thresholds (or to be more precise the lack of) are obviously important in 
determining population stability, but there are many other constraints and regulatory factors 
involved in influencing plant dynamics, stability and long-term successional changes. 

1.3 Herbivore Ecology: 
The European Rabbit 

The European Rabbit (Oryctolagus cuniculus) was first introduced into Britain in the 
11th Century (earliest record 1016). It was not until the 1800's that rabbits became common 
throughout Britain, and 150 years later they were regarded as an important agricultural pest 
(see Thomas 1960 for a historical review). The Myxomatosis epidemic in the 1950's reduced 
the British population by approximately 99% (Ross & Tittensor 1986), and led to many other 
ecological consequences (see Sumpton & Flowerdew 1985). Recently, rabbit populations 
within Britain have returned to pest levels, with populations still on the increase, but with 
considerable regional variation (MAFF 1982; Trout, Tapper & Harradine 1986). 

Krebs (1986) discussed the similarities and differences between cyclic small mammal 
population dynamics and rabbit populations, which were found to exhibit tenuous quasi-cycles 
from 8-10 to 13-15 years (Tapper 1987). Krebs concluded that mechanisms determining 
microtine rodent cycles were principally intrinsic (see Krebs & Myers 1974 for general 
review), while lagomorph population cycles were extrinsically determined. Vaughan & Keith 
(1981) concluded that lagomorph (Snowshoe Hares) population cycles were triggered by 
'delayed density dependent nutritional problems', and the importance of plant nutritional 
content is recognized (Bryant 1980). Henderson (1979), Cowan & Garson (1985) and Cowan 
(1987) emphasised the important link between social behaviour and community structure in 
rabbit populations, in contrast to Krebs who suggested that social behaviour did not seem to 
be an important determinant of lagomorph population dynamics. Although no study disputes 
the importance of intrinsic factors, herbivore population regulation is dominated by extrinsic 
factors such as food availability/quality and predation (Crawley 1983; Hanski 1991), and 
multi-trophic-level interactions as discussed by Tilman (1988). The importance of predation 
and food availability in determining population growth has been recently investigated for 
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many large herbivores, including White-tailed Deer Odocoileus virginianus (Messier 1991), 
Moose Alces alces (Messier 1991), and Soay Sheep Ovis aries (Clutton-brock et al. 1991). 
See 1.4.1 for further details. 

1.3.1 Mortality 

Rabbit mortality is dependent on age, sex, weight, time of birth, social ranking and the 
population density, and varies substantially between populations. Rabbit mortality appears 
to have a greater influence on rabbit population density than reproduction, notably due to 
high juvenile mortality. This is the case for many mammal species (See Flowerdew 1989), 
where juvenile mortality is strongly density-dependent (Cowan & Garson 1985; Cowan 1987). 
Annual juvenile rabbit mortality (4-39 weeks old) ranges from 88 to 100% (Wood 1980; 
Cowan 1987), whereas adult female mortality averaged 53%, and male mortality 64%. High 
juvenile mortality is considered to be due to; 

1. Increase in predation rates and disease transmission, acting in a density-dependent 
manner (Parer 1977). 

2. Decline in food availability and competition with adults, hence reduced growth rate 
(Mykytowycz 1960; Myers & Poole 1963; Gibb 1979). 

3. Flooding of the burrows, especially during early spring (Gillham 1955). 

Factors contributing to adult mortality differ between males and females. Male mortality 
was considered by Cowan (1987) to be associated with competition for mates, resulting from 
behavioural changes with attaining sexual maturity, higher rates of dispersal, or increased 
energy expenditure during copulation. Dominance hierarchies, for both males and females, 
also play an important role in mortality and rabbits of lower social status typically exhibit 
reduced survivorship (Henderson 1979). 

The importance of nutritional conditions in determining rabbit survivorship has been 
emphasised by Myers & Poole (1962). During periods of low nutrient content of plants average 
doe weight was reduced, leading to increased developmental time period to puberty, which 
in turn reduced female reproductive success. 

The extent to which predation and disease regulate rabbit population is uncertain. 
Myxomatosis and Coccodiasis used to be important determinants of rabbit population 
densities (Lockley 1961, 1966), although there is no direct evidence to suggest that 
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Myxomatosis acted in a density-dependent manner. However, Cowan & Garson (1985) and 
Trout & Tittensor (1989) concluded that predation had no affect on the rabbit population 
through density-dependent processes, but that predation suppressed population levels below 
the carrying capacity determined by other factors, such as food availability. Generally, it 
would appear that a combination of factors limit population growth, such as predation and 
disease (Wood 1980), or food shortage and predation (Gibb 1979, 1981) or even a combination 
of extrinsic factors and behavioural/social mechanisms (Cowan & Garson 1985; Lockley 
1964). The determinants of population limitation vary spatially and this accounts for the 
large variation in rabbit population densities. 

1.3.2 Reproduction 

Southern (1940) estimated that each breeding doe weaned an average of eight young 
over two litters, with the breeding season ranging from November through to June. Individual 
rabbit reproductive success was dependent on the social status of the animal, with dominant 
does producing larger litters than subordinate does. The survivorship of dominant doe young 
was also increased; young from dominant does were born earlier in the season, with an increase 
in juvenile mortality with delayed reproduction (Mykytowycz & Fullager 1973). Henderson 
(1979, 1981) and Wood (1980) also found that an increase in food availability resulted in an 
increased number of young born to each female. Many studies have shown that nutritional 
factors influence mammalian reproductive success (Rattray 1977; Flowerdew 1987). 

1.3.3 Dispersal 

Rabbit dispersal is considered to be relatively unimportant compared to most 
mammalian species (Flowerdew 1987). Rabbits will feed in specific areas near to the warren 
or at least near suitable vegetative cover. Southern (1940) noted that migrating rabbits were 
the young of that year, with a relatively constant dispersal rate between March and August. 
However, recent studies by Kolb (pers. comm.) have shown much greater variability in rabbit 
dispersal patterns and inter-population warren use than was originally imagined. 
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1.4 Plant-Herbivore Interactions: 
Feeding Strategies and Plant Ecology 

The success and performance of the herbivore may depend on its efficiency in locating 
and utilizing available food resources and these may vary temporally and spatially (Crawley 
1983). Several simple models have been developed to investigate the dynamics of grazed 
systems, principally based on a logistic model (May 1973; Caughley 1976) and these models 
have predicted only two possible outcomes: stable equilibrium or stable limit cycles. It is 
evident that plant-herbivore interactions and stability do not exhibit any form of typical pattern 
(Crawley 1983), particularly as herbivore and plant populations may be regulated by other 
and very different factors, and not necessarily by the key factors which determine year to 
year variation in abundance. Population models of plant-herbivore interactions (Caughley 
1982; Crawley 1983) predict that stability results from the plants ability to 'escape' herbivory, 
either as a result of the feeding strategy of the herbivore, or the ability of plants to form 
'ungrazable reserves' (e.g. rootstocks) or recruitment reserves (i.e. seed banks). Stability 
may also depend on the plant's compensatory regrowth ability and the frequency and timing 
of grazing. 

1.4.1 Food Availability 

Work by Sinclair (1973, 1974, 1975, 1986) has shown that food availability has the 
potential to determine herbivore numbers and population dynamics, and can act in a potentially 
regulating, density-dependent manner. Studies on the Snowshoe Hare (Lepus americanus) 
by Sinclair et al. (1982) and Vaughan & Keith (1981) summarized that as food 
availability/quality declined, one or more of the following responses was likely to be observed 
in the herbivore population (based on optimal foraging theory); 

1) The diet of the herbivore should include a greater proportion of lower quality, or 
less preferred food items, which will cause a reduction in herbivore weight, and 
reproductive success. 

2) The herbivore should increase the quantity of food consumed, to compensate for 
the loss in food quality, and this could result in by changes in feeding behaviour, 
increasing the proportion of time spent feeding. 
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3) The herbivore may reduce the amount of food consumed by actively searching out 
the preferred high quality food items, but at the cost of increased searching time, which 
would typically lead to a reduction in body weight. 

Herbivore responses to food shortages and reductions in plant quality covering those 
discussed by Sinclair et al. (1982) have been recorded from a whole range of vertebrate 
herbivores, including primates (Milton 1977; Foster 1982; Leighton & Leighton 1983). 

Sinclair et al. (1982) used faecal protein content as an indicator of food quality in 
Snowshoe Hare populations. Sinclair's studies showed that food shortage does occur, notably 
during late winter when large weight loses were noticeable (e.g. a reduction of 25% body 
weight usually causes death, Pease et a/. 1979). Certainly, weight loss during winter months 
is well documented in rabbit populations. Wallage-Drees (1977) found that during winter 
months faecal crude protein levels were reduced but not below the estimated maintenance 
threshold of 12%. Recently Monk (1989) has emphasised the high digestibility efficiency 
ofprotein, and low fibre digestibility capabilities of wild rabbits, and this may have contributed 
to the colonization success of the rabbit. 

When food shortages are apparent (e.g. during droughts) changes in rabbit behaviour 
have been recorded. During the Australian summers severe food shortages can occur and 
rabbits cease to reproduce as their body weight falls (Myers & Poole 1963). Individuals 
increase their home range size in search of food, and activity increases especially during 
daylight hours (making the animals more prone to predation). More importantly these two 
responses are also observed during an increase population density (Gibb 1979), which implies 
that food shortage is an important factor determining rabbit distribution and population size 
throughout the year. Many other workers have discussed the importance of food availability 
in affecting rabbit population biology (Southern 1940; Gillharn 1955; Monk 1989). 

Generally, although conclusive experimental evidence is usually lacking, it would 
appear that many vertebrate herbivore populations are limited by food availability, rather 
than by natural enemies (see Crawley 1983; chapter VI). 

1.4.2 Feeding Preferences 

Rabbit feeding preferences have been investigated either indirectly through 
observations on the changes in vegetation that occur with grazing (see section 1.5.2) or by 
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analysis of plant fragments (e.g. leaf epidermis) in the faeces. Differential feeding preferences 
by the principal herbivores have the potential to exert a profound impact on species 
composition and the relative abundance of plants within communities. The trade-off between 
plant palatability and competitiveness is particularly important in determining the outcome 
of this interaction (Crawley & Pacala 1991). 

Analysis of herbivore faeces for determining feeding preferences has both major 
advantages and disadvantages. The method allows direct examination of the rabbit's plant 
consumption without any disturbance to the animal. However, the results depend on the 
inter- and intra-specific variation in digestibility of the plant matter, and this may vary between 
seasons (Stewart 1967; Soane 1980), as well as depending on plant growth rates and growth 
form. 

Bhadresa (1977, 1987) and Williams et al. (1974) studied rabbit feeding preferences 
using faecal analysis. The studies showed marked changes in the feeding habit of the rabbit 
in Summer and Autumn. Throughout the year Festuca rubra along with Agrostis capillaris 
and Holcus lanatus were favoured (the proportion of material in the faeces was greater than 
the proportional plant community composition). However, in June the amount of F.rubra in 
the faeces declined with an increase in consumption of less common species, presumably 
because of a decline in plant palatability after flowering. Many difficulties occur when 
measuring herbivore feeding preferences. Food availability, for instance, needs to be 
measured in the way it is perceived by the grazing animal, and suitability of the food plant 
(quality) will vary substantially (as shown by Bhadresa 1987 et al.). 

Like other studies Soane (1980) analysed rabbit food selection from faecal material, 
but the work was backed up by preference trials on captive rabbit populations. She showed 
that certain species, such as Lolium and Festuca, were consistently preferred, while other 
species, such as Dactylis glomerata showed seasonal variation in their consumption. This 
variation in the order of preferred species was assumed to be due to the fact that rabbits 
preferred grasses just before flowering when their digestibility was at a maximum. Feeding 
preferences were also dependent on the rabbits 'previous experience'. Captive rabbits in 
feeding trials showed the following order of preference: 

Dactylis > Lolium > Festuca > Agrostis > Anthoxanthum 
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However, Soane found large variation in individual rabbit preferences towards 
Anthoxanthum odoratum. This might reflect variation in the palatability ofA.odoratum, which 
could be related to the known genotypic polymorphism of the species (see chapter V). 

1.5 Plant-Herbivore Interactions: 
Plant Responses to Herbivory 

Herbivores may affect plant populations directly through plant tissue removal 
influencing plant growth, fecundity, mortality and seed production, or indirectly by 
influencing the competitive interactions between plants (Crawley 1988). Herbivory is 
documented as having its greatest effect on plant populations through the modification of 
plant competitive ability (Harper 1977; Crawley 1988). Herbivores removing a particularly 
palatable species from a community may release species which were previously restricted in 
distribution and abundance. Equally, however, grazing may cause the community to become 
dominated by an unpalatable species, excluding previously abundant species ('competitive 
exclusion' by 'increasers'). 

One factor influencing plant responses to herbivory which has attracted considerable 
interest is the variation in grazing intensity. This was first recognized by Jones (1933) and 
later re-emphasised by McNaughton (1979) in his the Grazing Optimization Hypothesis. The 
hypothesis states that net primary production may increase with grazing, but only at low to 
intermediate levels of grazing intensity. The hypothesis has been used to explain increased 
plant biomass at low to intermediate grazing intensities, in a variety of herbivore communities 
(Hilbert et al. 1981; McNaughton 1983; Hik & Jefferies 1990). 

1.5.1 Compensatory Responses and Inconsistency 

A wide range of under- and over-compensatory responses of plants to grazing have 
been alleged (see Belsky 1986; Crawley 1987; Paige & Whitham 1987; Aarssen & Irwin 
1991). Conclusive evidence confirming a beneficial effect of herbivory on plant fitness is 
entirely lacking (Belsky 1986, Bergelson & Crawley 1992). Westoby (1989) concluded that 
herbivores may benefit plants directly through three basic processes: reducing competition 
for light through canopy 'thinning', reduced self-inhibition (removal of apical buds, Aarssen 
& Irwin 1991) and nutrient addition. Fitter (1989) argued that such beneficial effects may 
depend on the extent of competition for resource before herbivory, and that nutrient addition 
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through defecation would only alter the rate of cycling or distribution of nutrients and not 
the overall level of nutrient availability. If nutrient addition from defecation was an 'active' 
contributor to 'beneficial herbivory', the number of species within the grazed community 
might be expected to decline (see section 1.2.2). 

A vast literature exists on the importance of herbivores on plant community structure 
and dynamics (Pearson 1965; Morley 1966; Noy-Meir 1975; Owen & Wiegert 1976, 1981, 
1982; Chew 1977; May 1977; Owen 1980; Silvertown 1982; McNaughton 1983, 1984, 1986; 
Rhoades 1985; Belsky 1987; Fitter 1989; Maschinski & Whitham 1989). Recently, however, 
there has been a trend towards stressing the inconsistency of plant responses (Maschinski & 
Whitham 1989; Crawley 1990b), and it would appear that it is this inconsistency in response 
to herbivory may be of considerable importance. 

Noy-Meir et al. (1989) discussed five inter-related hypotheses embodying conventional 
wisdom on plant-herbivore dynamics, setting out the general trends shown in plant 
communities in response to vertebrate grazing. The five key points were; 

1. Grazers are predominantly selective in the removal of living matter, hence differential 
between plant species. 

2. Grazing introduces disturbance into a grassland system, affecting plant competition 
for resources in an ungrazed/'climax' grassland and producing a new stable balance 
('grazing disclimax') which is dependent on differential defoliation and regrowth. 

3. Changes in species composition in response to changes in grazing intensity are 
consistent, reversible and continuous. 

4. The relative abundance of some plant species decreases consistently in response to 
increased grazing intensity ('Decreasers'), while others increase consistently 
('Increasers'); some species only appear above a certain grazing intensity ( 'invaders '). 

5. Decreasers are plants with attributes that favour them in competition for space and 
resources, but disfavour them under differential defoliation, particularly grasses and 
legumes. 

Noy-Meir et al. concluded that these hypothesis did not accurately describe grazed 
systems, perhaps because: 
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1. Plant responses to grazing depend on a multitude of factors in addition to grazing 
intensity, including grazing schedules (timing and intensity) and the identity of the 
grazer species. 

2. Site variation or seasonal conditions are also of importance in the plant's response 
to grazing. 

3. The grazing history of the sites and interactions with demographic attributes of species 
may contribute to local variation. 

4. The consequences of herbivory may change as succession proceeds. 

5. Secondary effects (e.g. grazing of one herbivore may increase or decrease the activity 
or importance of another herbivore or abiotic factor). 

These explanations give the impression that inter- and intra- specific resource utilization 
combined with variation in resource availability can contribute to the inconsistent responses 
of a plant to grazing. This is consistent with studies by Maschinski & Whitham (1989) who 
summarized that the plant's response to grazing is variable, with plant responses to grazing 
depending on plant associations, nutrient availability and timing of grazing. 

1.5.2 Rabbit Grazing and Plant Responses 

The classic long term study of rabbit exclusion is that of Watt (1957,1960,1962 & 1981), 
but studies by Tansley & Adamson (1925), Bakker (1985), Fenton (1940), Gillharn (1955) 
and Myers & Poole (1963) have also shown the important role that rabbit herbivory can play 
in determining plant community structure and composition. 

It may be expected on simple statistical grounds that if grazing reduces total plant density 
then species richness should be reduced, because rarer species are likely to be eliminated. 
However, if the dominant plant is selectively reduced then this may allow rarer species, or 
suppressed plant species, to colonize or to increase in abundance. This concept has been 
labelled frequency-dependent attack. In contrast, a species may simply be excluded from the 
community due to its high palatability ('ice-cream species', Crawley 1989), so that 
communities may become dominated by grazing tolerant, fast-colonizing species (Harper 
1977; Crawley 1983, 1988). 
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Plant mortality under herbivory is difficult to quantify, as rabbits may remove the whole 
plant during grazing (e.g. seedlings or young vegetative shoots, Tansley 1939; Crawley 1988, 
1990a), or remove a portion of the plant, which may lead to an increased risk of death through 
competition with neighbouring plants (see section 1.4). However, it is unusual for herbivores 
to kill mature plants, unless grazing is coupled with other factors, such as drought (Bishop 
& Davy 1984), fire (Leigh et al. 1987) or attack by other herbivores (Williams et al. 1974; 
Hulme 1990). (e.g. seedlings or young vegetative shoots, Tansley 1939; Crawley 1988, 
1990a). 

1.5.3 Community Assemblage and Rabbit Grazing 

Apart from studies involving faecal analysis (see section 1.4.2), most work on the 
importance of rabbit herbivory in plant communities can be divided into two broad groups: 
(1) studies which have examined changes in vegetation following Myxomatosis (e.g. Farrow 
1917; Tansley 1939; Fenton 1939, 1940; Costin & Moore 1960; Thomas 1960, 1963; Ranwell 
1960; Gillham 1963, also see Sumption & Flowerdew 1985); and (2) studies which have 
involved rabbit exclusion (e.g. Watt 1926, 1981 et al.; Gillham 1955; Crawley 1990a). A 
few studies have considered the effect of rabbit grazing on sown pastures, such as Phillips 
(1953) and Myers & Poole (1963). Studies on the effect of herbivory on individual plant 
dynamics have also been few (Bishop & Davy 1984; Harris & Davy 1986), but the effects 
of artificial defoliation on plant performance have long been documented (Albertson et al. 
1953; Lee & Bazzaz 1980; Ryle & Powell 1975). 

Early qualitative studies on rabbit herbivory (e.g. Fenton 1939, 1940; Farrow 1917), 
documented the variability in plant species palatability and resistance to rabbit grazing, and 
discussed the impact of heavy grazing on plant communities. Thomas (1960 & 1963) 
undertook a comprehensive review of the changes in the vegetation after the Myxomatosis 
outbreak during the 1950's. He suggested that rabbit herbivory in natural vegetation was 
negligible before the 1850's, and emphasized the current importance of rabbit grazing, stating 
'the course of plant succession observed in the presence of rabbits differs from the succession 
in their absence'. Other studies by Gillham (1955), Thomas (1963) and Ranwell (1960) also 
emphasised the importance of rabbit grazing in preventing succession from grassland to 
woodland. 
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Watt's (1926,1981) 38-year study exposed variable trends in plant species response to 
grazing, not just with the normal increaser and decreaser plant species, but also with 
individuals showing cyclic changes in abundance within the grazed grassland (e.g. Thymus 
spp.). Watt, however, used small study plots which confounds the interpretation of his results. 
Instead of monitoring the changes in plant density, the size of the quadrats was smaller than 
the size of the individual plant patches, and therefore changes in patch size and the movement 
of these patches within the sward were monitored, rather than plant density (see Kershaw 
1971; Crawley 1986) These and many other studies clearly indicate the complex interactions 
of grazing effects on inter-specific plant competition through selective grazing and,  
competitive release, as well as the importance of biotic conditions in terms of seasonal affects 
(as emphasized by Watt 1981b). Both Gillham (1955) and Watt (1981) placed species into 
groups with respect to their response to grazing and their palatability. Watt divided species 
into four categories in accordance with changes in plant density after rabbit exclusion, thus: 

Group 1 	Species eliminated from ungrazed plots, mainly annuals (16.3% of 
recorded species). 

Group 2 	Species of variable incidence, with no definite trend in abundance. Sporadic 
or persistent species (27.0%). 

Group 3 	Species with a distinct fluctuating pattern on grazed plots. Variable 
response due to changes in abiotic factors (23.2%) 

Group 4 	Species absent from grazed plots, but found in exclosures (33.5%). 

Crawley (1990a) compared the vegetation changes, with and without rabbit grazing in intact 
and cultivated grassland. As in other studies, certain species increased in abundance with 
grazing, suchAnthoxanthum odoratum, while other species decreased, such as Holcus lanatus. 
However, certain species decreased under one set of conditions but increased under another, 
and this inconsistency in response to grazing seems to be a common phenomenon. 

Although our understanding of plant-plant and plant-herbivore interactions has 
improved over the past ten years (Crawley 1983, 1986; Belsky 1986; Harper 1988; Symonides 
1988; Thrall, Pacala & Silander 1989), difficulties still remain in predicting the regulation of 
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herbivore communities. These may continue, so long as the relative importance of herbivores 
in affecting plant population dynamics is unresolved (Crawley 1990b; Crawley & Pacala 
1991). 

Recent interest in grazing systems has emphasised the large intra- and inter-specific 
variation in plant responses to grazing (Maschinski & Whitham 1989; Noy-Meir, Gutman & 
Kaplan 1989), but the mechanisms underlying these responses are largely speculative at 
present. The challenge in the study of herbivory (through theoretical studies and manipulation 
experiments) is to incorporate this variability into an understanding of the processes that 
affect population interactions and community stability, much as the incorporation of 
heterogeneity in the risk of parasitism has revolutionized thinking about host-parasitoid 
interactions (the CV2  rule; Pacala et al. 1990). 

The objectives of the present study of rabbit grazing and plant population biology were 
to investigate the ways in which different plant species respond to herbivory at the individual, 
population and community level, and to explore the mechanisms and related concepts behind 
these responses to herbivory. The aim was to assess the direct and indirect effects of rabbit 
herbivory in determining patterns and processes in plant population dynamics. 

28 



Chapter II 

Chapter II 
Rabbit Populations and Experimental Design 

2.1 Introduction 

The validity of the conclusions of any ecological study depend critically upon the 
experimental design and protocols employed. The importance of study methods and design 
have long been recognized in plant ecology (Kershaw 1971; Greig-Smith 1983), but advances 
in ecological research are being directed towards greater precision (Grubb & Whittaker 1989). 
One school of thought argues that the only way to understand the mechanisms and regulatory 
processes behind population dynamics is through experimental manipulation (Chew 1977; 
Hairston 1989), after which it might be possible to make predictions about population and 
community dynamics. This study has concentrated on the manipulation of a plant-herbivore 
system, excluding rabbit populations by fencing from selected areas of acidic grassland. 

All the field experiments described in this thesis were carried out within Nash's Field, 
Silwood Park, Berkshire (National Grid Reference 41/944691). Further details of the study 
site are given in Crawley (1990a). This chapter describes the basic experimental protocol 
undertaken to investigate the impact of rabbit grazing on the dynamics of plant communities. 
Essential background data collected over three years on the distribution and abundance of 
the rabbits within Nash's field are also presented. 

2.2 Experimental Design 

Manipulation experiments are an essential component of our understanding of the 
complex interactions between trophic levels, between populations and between individuals, 
whatever the ecosystem under study (Hairston 1989). To investigate the impact of rabbit 
grazing on plant population structure and the responses of plant populations and individuals 
to grazing, free living rabbit populations were excluded from six experimental areas (blocks). 
Each block consisted of a 22  factorial experiment: plus or minus fencing (with and without 
rabbit grazing) and plus or minus cultivation (cultivated and intact grassland). Each of the 
four treatment plots measured 10m by 10m with a lm guard stripe to minimize edge effects 
(see figure 2.1). The blocks were positioned within Nash's Field in pairs, and covered a 
representative range of grassland communities (see Crawley 1990a for further details). 
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Figure 2.1. Diagram showing one experimental block, each block comprising four treatment plots, each 100m2  with a lm guard stripe to reduce edge effects. See text for details. 

Cultivated plots were prepared annually during September/October. Each plot was 
sprayed with 'Tumbleweed' (ICI), then ploughed, rotovated and raked. In 1988, at the start 
of the present study, the intact grassland plots were mowed to standardize vegetation heights 
on both sides of the fence. The experimental blocks were first constructed in 1986 (see 
Crawley 1990a), using lcm wire mesh fences up to a height of lm. Fences were regularly 
checked for damage and invading rabbits. 

During the study period no attempt was made to exclude small mammals (predominantly 
Microtis agrestris and Apodemus sylvaticus) or invertebrate herbivores from the experimental 
blocks. The acid grassland study site was dominated by a Festuca I Anthoxanthuml Agrostisl 
Holcus (nomenclature follows Clapham, Tutin & Moore 1987) plant community, with large 
patches of Stellaria graminea and Veronica chamaedrys. A total of 59 vascular species were 
recorded from the six experimental blocks (see Appendix I). 
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2.3 Rabbit Populations of Nash's Field 

Plant and herbivore population dynamics are intimately dependent upon each other, yet 
apart from some theoretical considerations (Noy-meir 1975; Caughley 1982; Crawley 1983), 
very few studies have examined both herbivore and plant population dynamics 
simultaneously. The few studies which have been carried out, provide valuable insights into 
population and community processes (Dempster 1971, 1975; Sinclair 1975; Vaughan & Keith 
1981; Crawley & Gillman 1989). The present study does not attempt to examine the 
population dynamics of rabbits, but concentrates on the way that plant populations respond 
to grazing. Background information was obtained on the distribution and abundance of rabbits 
within the study area, with particular attention to the importance of variable grazing intensity 
(McNaugton 1979; Noy-Meir et al. 1989), and on how variation in grazing intensity may 
contribute towards the plant's response to herbivory. 

The objectives of the study on the rabbit populations of Nash's Field were: 

1) To obtain background details on the variation in rabbit grazing intensity between the 
six experimental blocks, 

2) To assess the changes in rabbit population densities over the 3 years of the study, 
and to determine the rabbit feeding patterns within Nash's field. 

2.3.1 Study Methods 

Rabbit populations were indirectly monitored at the main warren serving Nash's Field 
(see section 2.3.3) from April 1989 to May 1990. Fifteen standard MAFF tunnel traps were 
placed at pre-set permanent positions surrounding the rabbit warren, between the warren and 
the rabbits' feeding grounds, about five to 10 metres from the entrance of the warren. Trapping 
took place over seven consecutive nights at monthly intervals. Traps were baited with carrots 
as recommended by MAFF. Each rabbit caught was tagged, sexed and weighed before release. 
Rabbit trapping was restricted as a result of disturbance by foxes (Vulpes vulpes) which killed 
rabbits in the traps before release, which limited the amount of usable data to only 9 trapping 
events. 

Population estimates, for investigating annual variation, were calculated using the 
Jolly-Seber method (Begon 1979 for details), and monthly population estimates using the 
Fisher-Ford method. Bailey's correction for small sample sizes was used for both models. 
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The Fisher-Ford method was used because the model is less prone to sampling error, 
particularly when associated with low sample sizes and low recapture rates. However, all 
population estimate models have restrictions (Montgomery 1987; Hulme 1990). 

Rabbit faecal counts were undertaken to provide an estimate of the variation in rabbit 
activity between the experimental plots. Ten 50 x 50cm quadrats were thrown at random 
within each of the twelve unfenced experimental plots, and the number of faeces within each 
quadrat recorded, from January to August 1990. It was assumed that faeces decomposed 
between the monthly counts, and no attempt was made to remove faeces from fixed quadrats, 
which would be an alternative to assuming decomposition between sampling dates. Results 
from faecal counts need to be treated with caution, and counts can only be used as a rough 
estimate of rabbit activity between the experimental plots. The number of faeces per unit 
area cannot be used to estimate rabbit numbers (due to latrine usage, Lockley 1964). 

In addition to the faecal counts used in assessing rabbit activity, two traps were placed 
within each of the 12 unfenced experimental plots, trapping over seven nights and tagging 
all rabbits captured. Observations on rabbit activity were also made during April, May and 
June of 1989 and 1990 to provide details on the movement and feeding patterns of rabbits 
within Nash's Field. 

2.3.2 Variation in Rabbit Densities 

A total of 32 individual rabbits were tagged over the two year study period from the 
main warren on Nash's Field (see figure 2.2). However, the rabbit population within this one 
warren was found to be highly dynamic, with little overlap in the rabbit community between 
the two years (see table 2.1). No rabbits which were captured in early 1989, were re-captured 
during 1990. Only 2 out of the 15 juveniles trapped were subsequently recaptured, although 
juvenile recapture rate was higher within any given month. It seemed clear that the rabbit 
population structure in 1989 was different from that in 1990. It was possible that the 
populations in 1989 crashed during the late summer (indicated by a failure to recapture adults 
after July), then in late 1989/early 1990 the warren was re-colonized by adult rabbits. The 
crash in rabbit number could have been associated with the drought during 1989, through an 
increase in rabbit number after juvenile emergence and food shortages. The large standard 
errors in the population estimate models reflect this poor recapture rate (see table 2.2). 
However, this needs to be treated with caution due to potential variability in trappability of 
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any given individual, since rabbits may become 'trap shy' after initial trapping. Although 
this undoubtedly occurs, it seems unlikely that it would account for the very low recapture 
rates encountered. The proportion of unmarked rabbits within the warren was unknown, but 
expected to be high, due to frequent observations of untagged rabbits within the warren area. 

The populations in 1990 were slightly lower overall than in 1989, with juvenile 
emergence occurring in June & July 1989 and May 1990. The overall survival rate of the 
rabbit warren was 0.69, with a life expectancy of 2.73 months. The sex ratio of the rabbit 
population was 0.78. The monthly survival rates varied, reflecting changes in population 
structure within the warren, with juvenile recruitment and adult loss. 

1989 1990 
April  May June July Nov. Jan. Feb. Mar. May 

F- F Estimate Pop. 7 5 11 7 21 13 6 4 6 
J- S Estimate Pop. - 8 29 12 9 13 7 7 

SEpop  - 3 21 7 4 6 3 4 
Survival rate Surv. - 0.81 1.23 I 0.32 1.11 0.61 0.84 
	  SEs - 0.18 0.69 0.25 0.17 0.36 0.27 0.42 

Table 2.1. Population and survivorship estimates and standard errors using Fisher-Ford and Jolly-Seber models 
for the rabbit trapping data presented in table 2.2. 
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1989 1990 
Identification Tag Sex April May hJune I July Nov. Jan. I Feb. 	I Mar. May L A m + 
bbWR f 
BBBR f * 
WYBB m 
BBOY f + 
5802 f * 
BBYR f 
YRBB m * * 
RRBB m  * * * 
B f -  + 
5822 f 
5824 f 
5833 m 
5824 f 
5803 m 
5835 m 
5846 m 
5831 f * 
OYBB f * * 
WWBB f 
5838 f 
YY00 f * 
OOYW m * 
000R m * * 
OOBR m * * 
5926 f + 
00Bb m * * 
bb00 f * 
5929 m * 
5932 m * 
5934 f + 
5936 f 
Number trapped  9 6 8 4 6 5 5 3 5 

Table 2.2. Rabbit capture and recapture da a for all individuals caught from Nash's Field warren from April 
1989 to May 1990. Identification tag refers to the rabbits ear tag colour or number, numbers represent 
juvenile rabbits. * indicates a live capture and + indicates a trap death. 
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2.3.3 Variation in Grazing Intensity and Feeding Patterns 

Variations in the number of rabbits between experimental blocks were examined from 
observation and trapping. From both studies it was evident that rabbit grazing activity was 
highly aggregated. Block F was much the most frequently used of the blocks, followed by 
Block A. Table 2.3 gives the number of rabbits observed in each of the experimental plots. 
Results of rabbit trapping on the experimental blocks is shown in table 2.4, and partly reflect 
observational studies, although the number of rabbits trapped within blocks A and B was far 
fewer than observed. The probability of an individual being trapped was assumed to be 
constant between blocks and cultivated treatments. 

Block A B  C D E F Total 
May '89 Grass. 1 3 6 10 

Cult. 2 1 3 
June '89 Grass. 2 8 10 

Cult.  	8 4 12 

Table 23. Rabbit observational counts for May and June 1989, with the total number of individuals observed 
per plot, over a seven night observation. 

April May June Sept. 
BLOCK  Grass Cult. Grass Cult. Grass Cult Grass Cult. 
A I 1 
B 1 I 
C 1 
D I I 1 I 
E 1 3 3 1 4 
F I 2 2 5(3) 1 1 1 
Total 3 6 2 9(7) 4 8 1 1 

Table 2.4. Rabbit activity results from trapping within each of the 12 experimental plots for April, May, June 
and September 1989. Trapping over seven consecutive nights. Total number of rabbits caught in each 
plot is given, the number of individual rabbits trapped in each plot in brackets. 

The variation in faecal deposits between blocks and treatment plots is shown in figure 
2.2. Rabbit activity was higher in the intact grassland than the cultivated plots for all blocks 
which was the reverse for the rabbit trapping data. This highlights the difficulties in estimating 
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rabbit feeding activity. The amount of variation in faecal deposits explained by block 
treatments was lower than the variation explained by cultivation until May, when block and 
cultivation treatment were similar in their variation in faecal deposits. Differences in rabbit 
activity between the intact grassland and cultivated plots was presumably reduced due to an 
increase in rabbit numbers, and an increase in the amount of material available to the grazers 
in the cultivated plots. Overall, the block order for rabbit activity was E<D<F<C<A< 
B, although the order varied substantially throughout the year. 

In conjunction with rabbit trapping and faecal counts to assess grazing activity between 
the experimental blocks, observations were made on the distribution and movement of rabbits 
within Nash's Field from the six warrens which serve the area. The warren positions and 
rabbit movements are shown in figure 2.3. 

Figure 23. The location of the six experimental blocks (A to F), the six rabbit warrens (a to f) and rabbit 
movements (arrows) within Nash's Field, Silwood Park. The number and length of the arrows reflect 
the rabbit activity from the warren. See figure 2.1 for experimental block design. 

The three techniques used in assessing the variation in rabbit grazing activity (trapping, 
observations and faecal counts) all showed substantial variation between blocks, but this 
variation seemed to decline with increasing rabbit population densities. 
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Figure 2.2. Variation in faeces deposits between the six experimental blocks for intact and cultivated grassland, Nash's Field, on 8 sampling 
occassions (1-8) between January and August 1990 (1 to 8). Faecal densities per 0.25m2. Bars represent one standard error of the mean (n=10). See text for further details. 
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Chapter III 

Chapter III 
Impact of Rabbit Grazing on Plant Recruitment 

and Spatial Heterogeneity 

3.1 Introduction 

Plant regeneration and recruitment have been considered to play a key role in regulating 
plant performance and population dynamics (Linhart 1976; Grubb 1977; Goldberg & Werner 
1987; Thrall, Pacala & Silander 1989). Competitive interactions between and within species 
during colonization may determine both the composition of the community and the rate of 
successional change. Competitive ability is linked not only to colonization ability, but also 
to the species' ability to inhibit neighbouring colonizers (Goldberg & Fleetwood 1987; Peart 
1989). 

Crawley & May (1987) investigated the potential coexistence of an annual and perennial 
species using stochastic simulation models, and concluded that coexistence was possible only 
when the fecundity of the annual was greater than the inverse proportion of empty spaces. 
The presence of a seed bank increased the probability of establishment. The least realistic 
assumption of the model was that the plants existed in a spatially uniform environment. Spatial 
heterogeneity has frequently been invoked as an important factor in community stability 
(Ricklefs 1977; Tilman 1988; Lomnicki 1980; Pacala, Hassell & May 1990; Grace 1991), 
and understanding the implications of spatial heterogeneity is fundamentally important to 
population ecology. 

3.1.1 Importance of Herbivores 

The relative importance of vertebrate and invertebrate herbivores in succession has been 
discussed by Crawley (1983, 1988, 1990); Brown (1985); Edwards & Gillman (1987) and 
Gange et al (1989). Generally herbivores may slow down successional change by restricting 
or inhibiting colonization of particular (often late successional) species (Gillham 1955; 
Bakker 1985). The timing, the herbivore species involved and the intensity of herbivory, also 
affect the rate and direction of successional change in the community (Jones 1933; Bakker 
1985; Gibson, Brown & Jepson 1987). 
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Rabbit grazing has been shown to reduce tiller production (Bishop & Davy 1984; Harris 
& Davy 1986) and inflorescence production (White 1961). Inflorescence removal by 
herbivores may reduce seed input into seed banks, with a long-term reduction in the number 
of seedlings recruiting each year and a depletion of seed bank reserves (see chapter VI). 
Distinguishing between direct seedling herbivory and reduction in seedling recruitment 
through inflorescence removal has difficulties. Many herbivores do play an important direct 
role in seedling population regulation (Dirzo & Harper 1980; Pyke 1986; Hulme 1990), but 
in rabbit grazed systems both must be considered (White 1961; Crawley 1990a) although 
inflorescence removal may well be the more important processes. 

3.1.2 Vegetative Regrowth 

Species ability to colonize or to re-colonize after disturbance will contribute to the 
species' composition of that community (Bhadresa 1987; Crawley 1987, 1988), while spatial 
variability also plays a crucial role (Hutchings 1986). The success of a given species to 
colonize could also depend on the delay time between tissue removal and regrowth, so that 
those species with fast response times outcompete the 'slow responders'. However, species 
with fast response times may not necessarily be the superior competitors in later stages, and 
species with slower response times may gradually outcompete 'pioneering' gap colonizing 
species. 

Palatability of regrowth shoots may vary (Belsky 1986), complicating species responses 
to herbivory. Competitiveness of regrowths may also vary, although this is not documented 
other than between species which do and do not produce regrowth shoots (Crawley 1988). 
Regrowth after herbivory also affect the quantity and quality of seed produced (Islam & 
Crawley 1983; Paige & Whitham 1987). The potential for regrowth to withstand herbivory 
may also vary between species, depending on the nutrient resources supplied from the parent 
plant (Grime 1979) or the size of the ungrazable reserve (Crawley 1983). The probability of 
a perennial plant withstanding grazing will also depend on the age and size of the plant, with 
older and larger plants usually having an increased probability of survival (Solbrig 1981; 
Pyke 1986). 
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3.1.3 Seedling Establishment 

Seedling recruitment into the community depends on numerous conditional factors (see 
chapter VI). Species' recruitment success has been shown to depend on the biomass of 
neighbouring established plants or seedlings (Ross & Harper 1972; Peart 1989a) as well as 
on competition for light, water and nutrients (Harper 1977; Hutchings 1986). The probability 
of successful seedling recruitment, and then plant performance, is also determined by 
frequency of disturbance, and by the number of herbivore-generated gaps, gap size (Watt & 
Gibson 1988), seed size (Grime et al 1981; Gross & Werner 1982), the timing and order of 
emergence (Sagar 1959; Ross & Harper 1972; Weaver & Cavers 1979; Kelly 1989c) and 
abiotic conditions (Grime et al 1981; Mack & Pyke 1983), while the performance of seedlings 
after germination will depend on the density of seedlings already emerged (Ross & Harper 
1972). 

Herbivores can affect seedling populations either directly through removal of 
individuals (complete removal of a species is only likely to occur if seedling density is low, 
and herbivore feeding preference is high; Crawley 1988), or indirectly through alteration in 
the micro-environment or competition with neighbouring plants. Herbivores may be 
beneficial to seedling recruitment through soil disturbance (e.g. Rabbit scratching increasing 
Senecio jacobaea recruitment, Cameron 1935) or through removal of seedlings allowing 
previously inhibited seed to germinate (Inouye 1980). The long-term effects of indirect 
herbivore seedling removal may also depend on the selective feeding of the herbivore 
(Crawley 1983, 1988). 

Seedling recruitment into grassland swards is generally considered to be low, due to 
restrictions on the number of microsites (see chapter VI). Grazing may be expected to increase 
seedling recruitment through gap generation, but studies on rabbit herbivory show that 
seedling recruitment tends to be lower in grazed than in ungrazed communities (Watt 1962; 
Bishop & Davy 1984), contrary to studies on sheep grazing (Watt & Gibson 1988). 

The aims of this investigation on the importance of rabbit grazing on plant regeneration 
were to: 

1) monitor monthly variation in plant species recruitment while investigating the 
responses and variability in recruitment to rabbit grazing; and 
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2) assess the relative importance of vegetative and sexual reproduction in population 
growth and colonization. 

3.2 Material and Methods 

The density of seedlings and vegetative regrowth shoots were recorded within ten 
625cm2  quadrats (25x25cm), within each of the twelve cultivated experimental plots from 
the six experimental blocks (see section 2.1 for details) for all species encountered. Seedlings 
and regrowth shoots were recorded from emergence in January, each month, through to the 
end of the rapid growth phase in June. Seedlings which were too small for identification 
were potted up and grown under glass until the species was recognizable. Each quadrat was 
positioned within each plot by randomly generated co-ordinates. 

Seedlings and vegetative shoots were also recorded from the twelve grassland plots 
during January, March and May. This was undertaken by removing ten 625cm2  pieces of 
turf from each plot, from randomly generated co-ordinates, then each turf was searched 
systematically by hand. The grassland plots were studied less frequently due to the destructive 
nature of the sampling necessary to find seedlings in the dense sward. 

Throughout this chapter, shoot and seedling are used as the units of study. Shoot is 
defined as a newly produced tiller or rhizome, with its first leaves not yet fully opened. 
Seedling is defined as a plant regenerated from seed with the green cotyledons or seed coat 
still attached. Regrowth shoots were produced from root fragments and rhizomes remaining 
in the soil after cultivation. 

3.2.1 Statistical Analysis 

Factorial analysis of deviance was used to investigate the effect of rabbit grazing on 
species shoot and seedling recruitment between months, blocks and treatments (fencing). 
GLIM was used for the analysis, with square root data transformation (adding 0.5 to zero 
values, Sokal & Rohlf 1981) because this produced the smallest variation in the residual 
deviance for the grassland seed and shoot data, while a log-normal transformation was best 
for the recruitment data from the cultivated grassland. In the figures, an asterisc '*' is used 
to indicate a significant difference between treatment means at p<0.05. 

41 



Chapter III 

Throughout this chapter the statistical details are kept to a minimum because of the 
large number of species and species interactions involved. Only those species which exhibited 
inconsistent and significant responses to grazing are commented upon in detail. The 
significant level is always better than 5% (see McCullagh & Nelder 1983). 

3.3 Results 

3.3.1 Species Regeneration in Intact Grassland 

A total of 34 species were recorded from the grassland plots from January to May 1989. 
Of these, 8.8% regenerated by seed alone, 55.9% regenerated by the production of shoots, 
and 35.3% of all species by both seed and shoots (see table 3.1). 

Seed only Vegetative growth only 
Vicia hirsuta 
Vicia sativa 
Poa annua 
Veronica persica 
Spergula arvensis 

Holcus mollis 	 Trifolium repens 
Holcus lanatus 	 Galium saxatile 
Anthoxanthum odoratum 	Senecio jacobaea 
Festuca rubra 	 Hieracium pilosella 
Arrhenatherum elatius 	Cerastium fontanum 
Poa pratensis 	 Medicago lupulina 
Dactvlis glomerata 	 Taraxacum officinale 
Veronica chamaedrys 	Cytisus scoparius 

Cirsium arvense 
Carex sylvaticus 

Both Seed and Vegetative Growth Regeneration 
Rumex acetosa 
Lotus corniculatus 
Plantago lanceolata 
Achillea millefolium 
Crepis capillaris 

Agrostis capillaris 
Luzula campestris 
Stellaria graminea 
Rumex acetosella 

Table 3.1. Species regeneration categories from grassland plot data, January to June 1989. Categories divided 
according to whether the species regenerates from seed or by vegetative means. 

3.3.2 Seedling Recruitment in Intact Grassland 

A total of 381 seedlings were recorded over the three months, belonging to 12 species. 
There were no significant differences in the number of species found in different blocks (range 
from 7 to 9 species per plot). 
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Mean seedling densities (irrespective of species) showed no significant differences 
between months (F[23241=0.32), but significant differences occurred between block and fencing 
main treatment effects (Fr53243=13.07 & Fr13243=30.16) as well as significant month-block 
interaction (F[103241=18.74) and month-fence interaction (F12,3241=16.6). Seedling densities 
were initially significantly higher in fenced plots than unfenced plots (F12.324]=3 .4 1 ), but over 
the following months there was reduced recruitment in fenced plots, resulting in no apparent 
significant differences between fenced and unfenced plots (see figure 3.1). Variation in 
seedling density (CV) was larger overall in grazed plots by about 20 to 40%, (see table 3.2). 
Considering total seedling densities within blocks, densities were predominantly higher in 
the fenced plots, although the differences were rarely significant (those exhibiting significant 
differences are given in table 3.2). Examining individual species, only Agrostis capillaris 
showed any significant change in abundance under rabbit grazing and this only in Block D 
during May. 

Jan March May 
Block F UF F UF F UF 

A Mean 3.4 1.2 0.20 0.20 0.50 0.20 
SE 0.87 0.46 0.13 0.20 0.22 0.16 
CV 81.0 123.0 210.8 316.0 141.4 210.8 

B Mean 1.8 1.10 0.20 0 0.60 0.10 
SE 0.88 0.52 0.20 - 0.60 0.10 
CV 154.0 151.0 316.0 - 316.0 316 

C Mean 2.70* 0.80 2.00 1.50 2.20 3.30 
SE 0.76 0.51 0.65 0.87 0.48 1.00 
CV 89.0 202.0 64.9 183.9 70.0 113.4 

D Mean 2.80*  0.10 3.20' 1.40 4.60 0.80 
SE 1.46 0.09 0.99 0.59 0.52 0.19 
CV 165.0 316.0 98.5 135.5 35.8 79.0 

E Mean 0.30 0.30 0.60 1.00 0.70 0.10 
SE 0.30 0.15 0.31 0.39 0.59 0.10 
CV 316.0 161.0 161.0 124.7 269.8 316.0 

F Mean 0.90 0.00 2.10 0.80 1.30 0.50 
SE 0.31 - 0.81 0.42 0.39 0.22 
CV 110 - 121.8 164.6 96.3 141.4 
Mean 1.94 0.58 1.38 0.82 1.65 0.83 SE 0.36 0.15 0.27 0.21 0.26 0.25 
CV 152.5 190.6 162.2 184.9 154.8 196.1 
Sv 32.42 30.24 36.9 30.76 42.22 38.19 

Table 3.2. Distribution of mean total seedling densities per 625cm2  within grassland plots (n=10), with SE and 
Coefficient of Variation (variation as expressed as the percentage of the mean) values between blocks 
and treatments from January to May 1989. Sv being the standard error of the CV. indicates a significant 
difference between fenced and unfenced means, at P<0.05, df=18, t>2.101. 
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Figure 3.1. Changes in total seedling densities from January to May 1989 from the grassland plots per 625cm2  
quadrat (n=60), irrespective of species. Bars represent one standard error of the mean. Seedling densities 
were significantly reduced with grazing in January only, see text for statistical details. 

40 

Figure 3.2. Changes in mean shoot densities per 625cm2, in fenced and unfenced grassland plots (n=60), from 
January to May 1989, irrespective of species. Grazing had no significant effect during any of the three 
sampling dates. Bars represent one standard error of the mean. 

3.3.3 Shoot Densities in Intact Grassland 

A total of 30 plant species colonized vegetatively in the grassland plots. There was no 
significant difference in species' richness (those species producing shoots) between months, 
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experimental blocks or treatments. The total number of shoots (all species) recorded ranged 
from 127 to 524 per 625cm2  quadrat. The distribution of shoot densities between blocks is 
given in table 3.3. Unlike seedling densities, vegetative shoot densities showed highly 
significant differences between months (F15.3241=185.3), as well as significant block and 
fencing effects (F[5,3243=22.90 & F[1,3243=6.28). The effect of grazing on shoot densities within 
blocks was limited, with significant differences detected only in certain months (see table 
3.3). 

January March May 
F UF F UF F UF 

A Mean 42.90 46.00 45.30 38.40 21.00 19.50 SE 5.43 3.26 3.25 2.96 1.87 1.72 CV 40.00 22.40 22.73 24.4 28.30 27.91 
B Mean 29.90 31.00 44.90 50.00 23.50 19.30 SE 2.25 1.91 2.05 6.10 2.06 2.86 CV 23.88 19.47 14.48 38.58 18.62 46.86 
C Mean 37.00* 27.60 38.20*  27.00 15.60 19.00 SE 4.45 3.16 2.51 1.38 2.53 2.49 CV 38.81 36.23 20.78 16.20 51.21 41.44 
D Mean 22.80 24.20 48.10* 27.20 15.80 18.80 SE 2.48 1.25 5.11 2.30 0.99 2.34 CV 34.39 16.39 33.59 26.78 19.96 39.39 
E Mean 47.80* 26.40 31.90 36.30 12.90 12.70 SE 5.49 2.34 3.04 1.75 0.76 1.85 CV 36.35 28.00 30.12 15.25 18.79 46.07 
F Mean 24.00 31.60 21.00 19.50 13.80 15.10 SE 1.42 1.57 1.87 1.72 1.57 2.17 CV 18.63 15.73 28.30 27.91 36.11 45.50 

Mean 34.07 31.13 38.23 33.07 17.10 17.40 SE 1.95 1.31 1.74 1.77 0.84 0.95 CV 31.99 23.04 25.00 27.91 36.11 41.19 Sv 3.25 2.93 2.61 3.20 3.44 2.66 

Table 33. Distribution of mean shoot densities per 625cm2  quadrat (n=10), with SE and CV (with CV standard 
error, Sv) values between blocks and treatments for January to May 1989, irrespective of species. * 
indicates a significant difference between fenced and unfenced means (df=18, p<0.05). 

Considering species' shoot density responses to grazing, 14% of species showed an 
increase in one or more of the blocks, 17% a decrease, and 17% an inconsistent response to 
grazing. The remaining 52% of the species did not exhibit any significant response to grazing. 
Only Anthoxanthum odoratum showed a significant increase in shoot density under grazing 
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throughout five of the experimental blocks, (see Table 3.4 & 3.5). Concerning the other 
species, the response of shoot production to rabbit grazing was found to be highly inconsistent 
between species, months and blocks (see table 3.4). Shoot densities of three species increased 
significantly with grazing only in one or more blocks, while four species decreased, and six 
species showed inconsistent responses to grazing (i.e. significantly increased in one block, 
but significantly decreased in another). Species examples are given in figure 3.3. 

Species which increased only, in one or more 
of the blocks. Species which decreased only, in one or more 

of the blocks. 
Agrostis capillaris 
Luzula campestris.  
Galium saxatile 

Festuca rubra 
Poa pratensz .s  . 
Achillea millefolium.  
Hieracium pilosella 

Species 	which 	increased 	or 
significantly in one or more blocks. 

decreased Species which show a significant change in 
abundance with grazing when combining the 
experimental blocks (i.e. block replication). 

Holcus monis 
Holcus lanatus 
Stellaria graminea 
Rumex acetosella 
Veronica chamaedrys 
Trifolium repens 

Anthoxanthum odoratum 

Table 3.4. Categorisation of the species shoot density response to rabbit grazing, within and between 
experimental grassland blocks. species at low densities. 
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Figure 3.3. Mean shoot densities per 625cm2  quadrat (n=10), for the four dominant grassland species from the 
experimental blocks, January to May 1989. Bars represent one SE of the mean. * indicates a significant 
difference (p<0.05). 
Holcus monis: 

Holcus lanatus: 
Block A 	 Block B 

	
Block C 

      

      

      

      

      

      

 

AAA AA, 

  

	 •i•  

Block D 
	

Block E 
	

Block F 

I rimed ElUnforced 

47 



Anthoxanthum odoratum: 

Block A Block B 

Stellaria graminea: 

Block A Block B Block C 

Chapter III 

Block C 

Block F 

Elum.r.d 

Block E 	 Block F 

1,1 

In 

	i 	si  

48 

Block D Block E 

C .  

0 
0 .c 
c 

2 • 

Ir•rica Un 

1. 



Chapter III 

Fenced Unfenced 
Species Month Mean SE Mean SE 

H.mollis Jan 3.07 1.85 1.20 0.72 March 2.31 0.84 3.18 1.07 May 1.23 0.25 0.87 0.17 
H.lanatus Jan 1.93 1.17 1.50 0.55 March 2.68 0.78 2.12 0.89 May 1.37 0.58 1.03 0.41 
A.capillaris Jan 7.40 2.19 8.2 2.90 March 9.38 2.12 9.98 0.85 May 3.03 0.42 3.15 0.55 
A.odoratum Jan 1.05* 0.47 3.20 1.02 March 1.07* 0.23 3.4 1.25 May 0.68 0.28 1.53 0.39 
F.rubra Jan 3.90 0.62 2.40 0.58 March 3.92 0.75 2.10 0.53 May 4.13 0.97 3.38 0.85 
L.campestris Jan 2.63 1.34 4.50 2.67 March 3.32 1.43 3.88 1.60 May 1.20 0.64 1.30 0.65 
S.graminea Jan 7.00 3.67 3.95 0.84 March 5.96 2.66 5.13 1.31 May 2.10 0.27 1.88 0.36 
V.chamaedrys Jan 2.46 1.03 1.67 1.05 March 2.68 0.90 2.90 1.60 May 1.36 0.68 0.80 0.49 
R.acetosella Jan 1.08 0.24 1.00 0.28 March 1.37 0.64 1.93 0.58 May 0.22 0.14 0.43 0.14 
T.repens Jan 0.68 1.06 0.67 0.29 March 1.06 0.48 1.02 0.36 May 0.16 0.11 0.72 0.19 

Table 3.5. Mean shoot densities for the dominant species between January and May 1989, per 625cm2  from 
grassland plots (n=60). Blocks used as replicates, differences in shoot densities within blocks are given 
in figure 3.3 and text. * indicates significant difference (p<0.05). 

3.3.4 Species Regeneration in Cultivated Plots 

A total of 44 species were recorded from the cultivated plots from January to June 1989. 
Of these 9% of species regenerated by vegetative means, 57% by seed, and 34% by vegetative 
regrowths and seed (see table 3.6). 

Seedling species richness gradually increased through the season from a total of 14 
species in January to 33 in May. The number of species producing vegetative regrowths was 
limited, varying from two to eight in any one block at any given time. Both seedling and 
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regrowth species richness showed significant differences between months (p<0.001 and 
p<0.0001 respectively). However, species richness was not significantly different between 
grazed and ungrazed plots (p=0.114 and p=0.669). 

Seed only Vegetative Growth only 
Bromus hordeaceus 	Medicago lupulina 
Vicia hirsuta 	 Poa annua 
Vicia sativa 	 Aira praecox 
Crepis capillaris 	 Plantago lanceolata 
Spergula arvensis 	Acer pseudoplatanus 
Cytisus scoparius 	 Hieracium pilosella 
Aphanes microcarpa 	Taraxacum officinale 
Galium aparine 	 Fallopia convolvulus 
Tripleurospermum inodorum 	Cirsium arvense 
Capsella bursa-pastoris 	Silene alba 
Papaver dubium 	 Carex muricata 
Senecio jacobaea 
Senecio s-ylvaticus 

Holcus mauls 
Poa pratensis 
Ranunculus repens 
Urtica dioca 

Both Seed and Vegetative Growth 
Regeneration 

Holcus lanatus 	 Stellaria graminea 
Agrostis capillaris 	 Veronica chamaedrys 
Festuca rubra 	 Luzula campestris 
Arrhenatherum elatius 	 Lotus corniculatus 
Rumex acetosella 	 Achillea millefolium 
Rumex acetosa 	 Epilobium ciliatum 
Cerastium fontanum 	 Ornithopus perpusillus 

Trifolium repens 

Table 3.6. Categorisation of species regeneration from cultivated plots, January to June 1989. 

3.3.5 Seedling Recruitment in Cultivated Plots 

Seedling densities varied significantly between months (F[5.6483=10.23), blocks 
(F(5,6481=24.10) and fencing treatments (F15,649=20.07, see table 3.7). Large variation in 
seedling densities between blocks and months resulted in no significant treatment interactions 
(F-values<0.53), although significant differences were detected under certain conditions. 
Within individual blocks (see Figure 3.4), seedling densities were significantly reduced with 
grazing, but in blocks A, E and F. 

Differences in the variation in seedling densities (CV) between fenced and unfenced 
plots showed no overall pattern throughout the year, although the variation tended to be 
reduced with grazing, and significantly so during two of the months (see table 3.7). 
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All the species which decreased were annuals (regenerating only by seed only), except 
Cerastium fontanum. Inconsistent responders were mainly those species which regenerated 
by vegetative means, except Crepis capillaris and Aphanes microcarpa. As with the species 
recruitment in the intact grasslands, species responses to grazing were highly inconsistent, 
again depending on the month, block and species. The species responses to grazing are given 
in table 3.8, and individual species examples given in figure 3.5. 

Mean SE CV S. 
Jan. F 54A7* 5.25 68.31* 6.23 UF 21.13 2.25 46.89 4.28 
Feb. F 44.28* 4.17 59.17 5.40 UF 24.60 3.39 46.29 4.22 
March F 49.72* 5.95 53.53 4.88 UF 23.38 2.86 43.52 3.97 
April F 44.40* 3.82 52.65 4.80 UF 30.63 3.89 50.65 4.62 
May F 30.22* 2.54 46.15* 4.21 UF 18.68 1.57 22.81 2.08 
June F 8.93 0.76 57.56 5.25 UF 6.80 0.62 52.16 4.76 

Table 3.7. Mean seedling densities per 625cm2  within the cultivated experimental plots with standard errors 
and the Coefficient of Variation (CV) with standard errors (Sv), between months and fencing treatments 
(n=60). January to June 1989, irrespective of species. * indicates a significant difference (p<0.05). 

Fed D.* 

Figure3.4. Mean seedling density (625cm2) variation between and within cultivated experimental blocks (n=10), 
from January to June 1989, irrespective of species. * indicates a significant difference between fenced 
and unfenced densities (p<0.05). Tags at intervals of 20 plants. 
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Species which increase only, in one or more 
of the blocks. Species which decrease only, in one or more 

of the blocks. 
Veronica chamaedrys 
Rumex acetosa 
Senecio sylvaticus 

Cerastium fontanum 
Spergula arvensis 
Galium aparine 
Tripleurospermum inodorum 
Capsella bursa-pastoris 
Papaver dubium 

Species which increase or decrease. Species which show a significant change in 
abundance with grazing when combining the 
experimental blocks (i.e. block replication). 

Agrostis capillaris 
Stellaria graminea 
Rumex acetosella 
Plantago lanceolata 
Crepis capillaris 
Aphanes microcarpa 

Bromus hordeaceus (Decreaser) 

Table 3.8. Summary of the species seedling recruitment response to rabbit grazing, within and between 
experimental blocks. 

Figure 3.5. Species seedling recruitment, with mean seedling densities per 625cm2  from cultivated plots (n=10), 
January to June 1989. Bars with one SE bars. * indicates significant difference between fenced and 
unfenced plots (p<0.05). Note differences in graph scaling and see text for further details. 
Agrostis capillaris: 
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Stellaria graminea: 
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3.3.6 Vegetative Regrowth in Cultivated Plots 

Regrowth (shoot) densities showed highly significant differences between months 
(F15,6481=42.37), blocks (F[5,6,83=54.65) and fencing treatments (Ft  1.6481=15.85). No significant 
differences in shoot densities were detected between fenced and unfenced plots when 
combining block data (i.e. sacrificial pseudoreplication, F[5,6481=1.41, see table 3.9). However, 
only in blocks A and D was any significant difference in regrowth densities detected in the 
grazed plots, from January through to April, see figure 3.6. 

Mean SE CV S,, 
Jan. F 6.75 1.38 81.32 7.42 

UF 4.48 0.78 110.94 10.12 
Feb. F 10.18 1.61 89.31 8.15 

UF 6.38 1.14 108.88 9.94 
March F 14.53 1.77 72.92 6.65 

UF 10.83 1.94 86.49 7.89 
April F 16.65 1.61 68.31 6.23 

UF 14.90 1.82 77.97 7.12 
May F 11.13 1.26 76.98 7.02 

UF 8.72 1.16 68.16 6.22 
June F 1.55 0.19 88.19 8.05 

UF 1.85 0.22 77.35 7.06 

Table 3.9. Mean vegetative regrowth densities in cultivated plots per 625cm2  (n=60) with standard errors and 
CV values with standard errors (Sv). January to June 1989, irrespective of species. * indicates a significant 
difference between fenced and unfenced plots (p<0.05). 

56 



sleek [N—C 

meek P 

'Forced OUnfonced 

0 
cC 

C) 

air 

C cri 

Wk.* V mock!  

,if 

X XXX 

ill. 	1111,,, 	iff41 

Chapter III 

Figure 3.6. Mean vegetative regrowth densities (per 625cm2  quadrat) between and within cultivated 
experimental blocks (n=10) from January to June 1989, irrespective of species. indicates a significance 
difference between fenced and unfenced plots (p<0.05). 

Unlike species regeneration by seed on cultivated plots, vegetative regeneration was 
dominated by only a few species. The effects of rabbit grazing on species vegetative regrowth 
responses are summarized in table 3.10. Not a single species showed a consistent response 
to grazing throughout all months (species examples are given in figure 3.7). 

Species which increase only, in one or more of the 
blocks. Species which decrease only, in one or more of the 

blocks. 
Rumex acetosella 
Species which increase or decrease. Species which show a significant change in 

abundance with grazing when combining the 
experimental blocks (i.e. block replication), in one 
or more months. 

Holcus mollis 
Holcus lanatus 

Agrostis capillaris (Decreaser, January only) 
Trifolium repens  (Increaser, January only)  

Table 3.10. Categorisation of the species vegetative regrowth responses to rabbit grazing, within and between 
experimental blocks. 
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Figure 3.7. Species vegetative regrowth densities per 625cm2  in cultivated plots (n=10) from January to June 
1989. Bars represent one SE of the mean. * indicates a significant difference between fenced and unfenced 
plot (p<0.05). 
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Holcus lanatus: 
Ph.* C 

Agrostis capillaris: 
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3.4 Discussion and Conclusions 

The plant's regeneration phase is probably the most sensitive and important period 
determining population structure and successional dynamics (Crawley 1983, 1988), with 
herbivore predation having the potential to influence the regulation of plant populations 
(Brown 1985; Brown, Gange, Evans & Storr 1987; Hulme 1990). Large spatial heterogeneity 
in seedling and shoot densities was detected, reflecting inter and intra specific variation in 
colonization abilities. Such large variation could well contribute to enhancing species 
coexistence (Caswell 1978). However, both chance and historical factors affect colonization 
success and species coexistence and may play an important role in plant population dynamics 
(Hubbell & Foster 1986). Under certain conditions a particular colonization strategy (seeds 
or shoots) may be beneficial to a species but detrimental under others. Those species which 
exhibit a wide range of colonization strategies would be expected to be abundant and 
widespread (but not necessarily the dominant species within any given area), These adaptive 
strategies presumably reduce risk under unpredictable conditions (Venable & Brown 1988). 
Harris & Davy (1986) also emphasised the importance of variability in reproductive strategies 
(seedlings and vegetative growths) in 'maintaining genetic flexibility in this highly 
unpredictable environment'. Typically those strategies which enable colonization through 
vegetative means exhibit distinct advantages over purely seed colonizers under conditions 
of high grazing intensity, due to the potential for regrowth from ungrazable reserves. 

Colonization ability of a particular species will be affected by a variety of factors (Harper 
1977; Noble & Slatyer 1980, see section 3.1). It would appear that no one factor contributes 
towards the overall colonization success of a species, success being complicated by 
micro-environmental conditions (as concluded by Peart 1989c). The large inconsistencies 
in species colonization success under grazed and ungrazed conditions reflect this. 

3.4.1 Species Responses and Susceptibility to Grazing 

In those plant communities dominated by long-lived perennial species, regeneration 
success and performance will depend on species' ability to reproduce vegetatively, to 
outcompete neighbouring species or to colonize herbivore-generated gaps utilizing the 
available resources. At high plant densities, for instance, shoot production or clonal growth 
may be inhibited due to physiological integration (Hutchings & Barkham 1976; Hutchings 
1979), and this may explain the low shoot densities, especially after the rapid growth phase 
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in May (see figure 3.2). On the otherhand, seedling recruitment success into intact grassland 
may depend on the probability of species-specific germination conditions occurring during 
the period of seed germinability. Favourable conditions for seed recruitment are likely to be 
limit colonization into the community, as seedling recruitment was found to play a negligible 
role in species turn-over and colonization. Peart (1989b,1989c) also recognized the low 
colonization ability of most species into established perennial swards, although Eriksson 
(1989) recorded 40% of species regenerating from seed into established plant populations 
(see chapter VI for further discussion). However, the importance of seedling recruitment 
cannot be discounted. Seed banks enable species to colonize disturbed grasslands, stabilizing 
annual plant populations (MacDonald & Watkinson 1981; Crawley & May 1987; see chapter 
VI), although this is species and site specific (Thompson 1986), as well as contributing towards 
increased genotypic variability (Soane & Watkinson 1979), notably when combined with 
spatial environmental heterogeneity (Hartgerink & Bazzaz 1984). 

The rabbit grazed grassland becomes consistently dominated by Anthoxanthum 
odoratum, but no one species consistently decreases with grazing. However, this 
mono-specific response appears to de-stabilize the colonization success of other species, with 
species like Holcus mollis, H.lanatus, Rumex acetosella, and Stellaria graminea showing 
inconsistent shoot density responses to grazing. Although rabbit grazing may have relatively 
little impact on the long-term successional changes in the plant community (Gillham 1955), 
short-term changes are clearly evident, influencing population densities of species susceptible 
to direct (tissue removal) and indirect (competitive interactions) herbivory. Species richness 
would be expected to be reduced under grazed conditions by chance due to reduction in plant 
numbers, assuming the herbivore does not exhibit 'frequency-dependent attack'. The response 
is complicated, however, by species 'released' through selective removal of the dominant 
plant species. It is unlikely that a species will be totally suppressed or excluded from the 
community, unless the micro-environment is substantially altered (e.g. cultivation releasing 
species from the seed bank). An important aspect to species' responses to grazing is the 
variation in vegetative regrowth and seeding densities with grazing. In these studies total 
vegetative regrowth tended to increase, while variation in total seedling densities decreased. 
Herbivory may increase or decrease variation in plant size or density, depending on the feeding 
strategy or selectivity of the herbivore (Crawley 1983; Weiner 1988; Crawley & Weiner 
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1991; see chapter IV). The larger the variation in plant densities or size, then the probability 
of an individual 'escaping' herbivory may increase, although the extent to which this 
heterogeneity is important in stabilizing plant population dynamics is unclear. 

Peart (1989) found high colonization ability in Anthoxanthum odoratum, which was 
able to penetrate 'low biomass perennial vegetation', being an efficient colonizer of annual 
communities, and herbivore generated gaps (see chapter V). The potentially high germination 
success of Anthoxanthum odoratum (Antonovics 1972), combined with colonization ability, 
appears to allow this unpalatable grass, successfully to dominate grazed grassland, once the 
palatable dominant competitors (e.g. Festuca rubra) have been removed or significantly 
reduced in abundance. 

In cultivated plots, no one species dominated under grazing, with those which 
consistently increase under grazed conditions being only locally abundant (e.g. Veronica 
chamaedrys and Rumex acetosa), or those species benefiting from soil disturbance (e.g. 
Senecio spp). Most annuals consistently decreased with grazing, such as Galium aparine, 
Tripleurospermum inodorum, Capsella bursa-pastoris and Papaver dubium (cf Crawley's 
(1990a) study of rabbit grazed arable seed banks where many of the annuals increased with 
grazing). 

In most cases, total seedling and vegetative regrowth densities in the grazed cultivated 
plots reflect densities in the ungrazed/fenced grassland (see figures 3.4 & 3.6). This reflection, 
and the large variation in recruitment success, implies that rabbit grazing has a relatively 
small impact on the regulation of populations during regenerative phases, although grazing 
may reduce plant density, with implications for density-dependent population processes. In 
the extreme case where reduction in plant densities is severe, species populations could 
become locally extinct. However, the probability of complete eradication would be low due 
to the presence of 'herbivore free space', where plants 'escape' herbivory (Crawley 1983). 

3.4.2 Response Mechanisms and Plant Population Patterns 

Rabbit grazing has a general detrimental effect on seedling recruitment and survivorship, 
although certain species may gain an indirect benefit. Such an important detrimental effect 
may be the repeated removal of seed heads from mature plants, leading to a gradual depletion 
of the seed bank. This could have long-term effects on the population dynamics of annuals, 
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although the importance of herbivores on seedling mortality should not be overlooked. 
Roberts (1964) studied the gradual decline in seedling emergence, with species such as 
Capsella bursa-pastoris showing a reduction of 92% over five years after seed input was 
prevented. Variation in seedling emergence and species responses to grazing depend on a 
variety of factors, including distribution of the parent plant and the seed bank, variation in 
grazing intensity (seed-head removal efficiency), neighbourhood effects, 
micro-environmental conditions and compensatory regrowth from tissue removal. These 
factors may in turn influence intra-specific variability of plants susceptibility to herbivory 
and inter-population variation interacting with environmental factors acting as an important 
contribution to population regulation (Venable 1984). 

Seasonal variation in palatability and feeding preferences of the principal herbivore 
could also affect species' colonization success. Several studies have shown that rabbit feeding 
preferences change through the year (Bhadresa 1977, 1987; Some 1980) and such changes 
may allow previously inhibited species to colonize, and outcompete previously 'competitive 
released' species. Rabbit feeding preference may vary from site to site (see chapter 1.2), 
along with grazing intensity (see chapter 1.4), depending on the availability of palatable and 
preferred plant species. One of the few generalizations concerning plant dynamics is that 
spatial variation tends to exceed temporal variation in population densities (Crawley 1990b), 
and this undoubtedly contributes towards population and community stability by providing 
spatial refugia. 

Regulation of plant populations (plant density) has been attributed to microsite dynamics 
and recruitment (Rabinowitz & Rapp 1980; Rabinowitz et a/1989; Crawley 1990b; discussed 
further in chapter VI). The spatial heterogeneity in species regenerative success (as discussed 
in section 3.4.4) under grazed and ungrazed conditions reflect the relative importance of these 
two factors and it is plausible that the range of biotic and abiotic factors combine to determine 
the annual variation in the availability of microsites and hence to determine species 
recruitment success. 
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Chapter IV 
Plant Responses to Grazing and the Structure of 

Individuals and Populations 

4.1 Introduction 

The importance of individual variation in population ecology is now widely recognized 
(Lomnicki 1988; Clark 1990), but relatively few studies have pursued the relationship between 
plant morphology (Waller 1986; Hutchings & Slade 1988; Geber 1989), size variation and 
structure (Weiner & Thomas 1986; Bemston & Weiner 1991) and the dynamics of plant 
populations (Harper 1977; Crawley 1990b) or the ways in which these interactions are 
influenced by herbivory. Competitive interactions work at the individual level and affect 
plant size variation (Westoby 1982) and hence the ecology of populations. Herbivores may 
have a primary role in determining the outcome of these competitive interactions, again at 
the level of the individual, predominantly affecting plant size (Crawley 1983, 1988), which 
also plays a crucial role in influencing plant performance (Palmblad 1968; Westoby 1981). 

Vertebrate herbivores infrequently remove whole plants (Crawley 1983), and this is 
even more so when considering the modular structure and indeterminate growth of many 
plant species (Harper 1977; Harper & Bell 1979; Weller 1986; Hutchings & Slade 1988). 
Tissue removal, rather than the removal of whole plants, also has the potential to exhibit 
substantial detrimental effects upon the demographic processes of plant populations, and the 
subtle effects of tissue removal have been well documented in numerous insect herbivore 
studies (e.g. Gange, Evans & Storr 1987; Crawley 1989a; Gange & Brown 1989; Gange et 
al. 1989). 

4.1.1 Productivity and Species Richness 

The relationship between species richness and resource availability has generated much 
interest concerning species coexistence and community processes (Grime 1973; Tilman 1983, 
1986, 1988). Generally, studies have found that a 'humped diversity curve' occurs where 
species diversity is greatest at moderately low levels of resource availability (see Tilman 
1986). The addition of limiting available nutrients would then be expected to result in a 
decrease in species diversity, and again this has been shown experimentally in the Park Grass 
experiment, where negative correlations have been consistently found between species 
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richness and above ground biomass (Silvertown 1980; Tilman 1983). Nutrient availability 
may be enhanced through defaecation, but, defaecation is only likely to increase the spatial 
variation in nutrient availability and to increase nutrient cycling rate (Fitter 1989). 

The effect of herbivory on the richness-productivity relationship is not documented. 
Species richness may be reduced through the selective removal of highly palatable individuals 
(Crawley 1983), and resource availability may be enhanced through defaecation. However, 
species richness may be enhanced through the selective removal of the competitive dominant 
and the formation of 'competition-free' microsites (Crawley 1983). Michunas & Lauehroth 
(1989) emphasize the importance of the distribution of root volume. With grazing root volume 
became more uniform, thereby reducing the number of microsites for species establishment. 

4.1.2 Plant Performance and Size Variation 

A majority of plant and animal populations exhibit a skewed size distribution 
(Uchmanski 1985), with an increase in skewness with population age, density, resource 
limitations and environmental deteriation (Weiner & Thomas 1986; Lomnicki 1988). 
Individual plant size has profound influences on the survivorship and fecundity of the 
individual (Leverich & Levin 1979; Law 1981; Solbrig 1981; Watkinson & White 1985; 
Samson & Werk 1986), as well as this variation in size affecting the performance of 
neighbouring plants. Variation in plant size is also an important determinant of population 
persistence in the community (Weiner 1988) and population stability through size-fecundity 
relationships (Rees & Crawley 1989), although this last point is contentious (Silvertown 1991; 
Rees & Crawley 1991). Relatively few studies have investigated plant size variation in 
multi-species communities under natural conditions (Scheiner 1987), particularly with respect 
to herbivory (but see Gange & Brown 1989; Crawley & Weiner 1991). 

As plant populations age, the increase in size variation or inequality (size hierarchies) 
contributes towards two fundamental processes; variation in the plants' relative growth rates, 
and asymmetrical competition whereby the larger plants outcompete smaller plants (Naylor 
1976; Weiner & Solbrig 1984; Weiner 1985; Hara 1986; Hutchings 1986; Weiner & Thomas 
1986; Mitchell-olds 1987; Geber 1989). Some studies have shown that increased competition 
through an increase in plant density does not necessarily increase skewness in plant biomass 
(Turner & Rabinowitz 1983). Other processes such as germination biology and seed size 
variation have also been found to be important in influencing size inequality (Waller 1986). 
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Predictions about the effect of herbivory on size inequality are, however, largely 
hypothetical, as very few studies have investigated plant-herbivore size inequality 
interactions. The only exceptions include insect herbivory (Gange & Brown 1989), mollusc 
herbivory (Dirzo & Harper 1980; Cottam 1986) and rabbit herbivory (Crawley & Weiner 
1991). With rabbit grazing Crawley & Weiner consistently found an increase in size 
inequality, where the inequality 'developed' throughout the life-span of Winter Wheat 
(Triticum aestivum). 

4.1.3 Dynamics of Plant Growth and Structure 

Morphological variation plays an important role in determining the success of particular 
individuals within a population or community, maximizing photosynthetic processes through 
optimum leaf area (Geber 1989). Individuals which possess a particular morphological or 
structural characteristic in order to maximize the utilization of available resources (e.g. light), 
may be able to outcompete less well adapted individuals (enhancing asymmetrical 
competition). The variation between individuals is a main principal underlying Tilman's 
hypothesis (see chapter I). With grazing, the individual which is best able to withstand tissue 
loss, either due to morphological advantages or fast compensatory ability, may have the 
'competitive edge' over other individuals. The importance of plant structure, particularly 
with respect to size-dependence has been poorly investigated (Geber 1989), especially in 
relation to competitive interactions (Weiner, Bernston & Thomas 1990). Weiner et al. (1990) 
stated that 'pronounced differences in growth form' occur between Impatiens pallida 
populations grown under crowded and uncrowded conditions, with marked differences in the 
relationships between plant structures. 

Many studies have documented changes in plant structure with density (Schmid & 
Harper 1985; Slade & Hutchings 1987; Hutchings & Slade 1988; Geber 1989; Bernston & 
Weiner 1991). Smith (1983) studying the annual Floerkea proserpinacoides found that node 
and shoot production per plant were negatively affected by density, while leaflet emergence 
was also affected, due to reduced light availability. Bernston & Weiner (1991) from studies 
on Impatiens pallida also showed that the number of leaves per plant were reduced under 
crowding, although leaf size inequality remained unchanged. While shoot density decreases 
with plant density, turnover of shoot production may be expected to increase (Hutchings 
1979), although this has not always been found (Kroon & Kwant 1991). Grazing could be 
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expected to increase shoot turnover, assuming that plants have the ability to regrow following 
defoliation. This is the case for Holcus mollis populations were the rate of leaf production 
was about two-fold higher under rabbit grazing compared with ungrazed populations (D. 
McKee, unpublished). This was due to leaf removal or other shoot density-dependent effects 
(Bemston & Weiner 1991), where leaf size was also reduced in crowded plants. Herbivory, 
through the reduction in plant density, would therefore be expected to increase the number 
of leaves as well as leaf length. 

Much of the discussion on plant-herbivore systems, and the detrimental and beneficial 
effects of herbivory, is centred on the potential for plant regrowth after herbivory. The success 
of the response to grazing may depend largely on the amount of 'ungrazable reserves' 
(Crawley 1983), for instance the amount of root biomass remaining, or the residual number 
of ungrazed leaves or shoots. Direct beneficial effects of herbivory are hard to find (Belsky 
1986; Crawley 1989; Aarssen & Irwin 1991), although plants may of course benefit indirectly 
through 'competitor release' if their neighbours are grazed (see chapter I). Herbivory may, 
for instance, increase shoot/tiller production (Owen & Wiegert 1982) particularly after the 
removal of apical dominance (Aarssen & Irwin 1991), although these shoots may be subject 
to further removal, depending on the abundance and distribution of the herbivores. 

The central aim of this thesis has been to elucidate those factors and processes which 
determine a plant species' responses to grazing. Much recent evidence shows that different 
species respond to grazing in different ways, some increase while other species decrease, 
while some species exhibit inconsistent responses to grazing (Noy-meir et al. 1989; Crawley 
1990a; see chapter I). This chapter deals with the individual plant, and how grazing directly 
(through tissue removal) and indirectly (through density effects) affects individual plant 
structure and competitive relationships. 

The aims of this study on the ecology of individuals were: 

1) To assess the impact of rabbit grazing on population ecology of cultivated grassland. 

2) To investigate and discuss the implications for the effect of rabbit grazing upon the 
performance of individuals and individual plant structure. 

3) To assess the impact of rabbit grazing on plant size variation. 

67 



Chapter IV 

4.2 Material and Methods 

In July 1989 all plants (including roots) within ten randomly located 625cm2  quadrats 
were removed by hand for examination from each of the twelve cultivated plots. For each 
individual plant the vegetative height, diameter (rosette forming plants only), root length, 
number of shoots, number of leaves and the number of inflorescences were recorded. The 
plants were then dried at 70 centigrade for 48 hours to obtain above ground biomass (AGB, 
shoot weight) and below ground biomass (BGB, root weight) estimates. The total number 
of plants, number of species and plant species densities were recorded for each quadrat. 

Not all these parameters (referred to as structural components) were measurable for all 
the species collected (for instance with Aphanes microcarpa the number of leaves and 
inflorescences was impossible to measure). As to BGB and root length an unknown amount 
of material remained in the soil after plant removal. The population density estimates for 
rhizomatous and stoloniferous species may have been an over estimate due to breaking-up 
of individual clones during plant removal. 

The results are presented in four sections. The first section deals with the general impact 
grazing has on the plant community. The second section, deals with the effect of grazing on 
the species' structural components, the relationships between structural components, and the 
importance of plant density in determining plant structure. The third section examines the 
variation in plant structure under grazed versus ungrazed conditions. 

Throughout this chapter the results presented refer to the plant populations in the 
cultivated plots only. Plant populations in the intact grassland community are dealt with in 
chapter V. 

4.2.1 Statistical Analysis 

Statistical analysis was only carried out on 18 of the most abundant species recorded 
from the study (39% of the total). The criterion for selection was that more than 20 plants 
should have been collected from either the fenced or unfenced plots from any given block. 
Analysis was not undertaken for species which were restricted to only fenced or unfenced 
plots, other than inclusion into study section 1 (but total biomass of all species was analysed). 
GLIM with normal errors was used for the statistical analysis. 

1) Species Richness, Plant Density and Productivity 
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Factorial analysis of deviance was used to examine species richness and plant density 
responses to grazing using Poisson errors (n=10). Species richness was taken as the number 
of species occupying a 625cm2  quadrat. Only a summary of the species responses to grazing 
is presented here and full details are given in appendix II. The effect of grazing on total above 
and below ground biomass (i.e. irrespective of species) was analysed following log 
transformation of the dry weights. 

2) Plant Structure and Density Relationships 

This section deals with the responses of the different structural components of 15 of 
the 18 species. The effect of grazing on plant structure was analysed using GLIM; biomass 
data (AGB and BGB), plant height and root length were log transformed, while the number 
of leaves, shoot and inflorescences were assumed to exhibit a Poisson errors. The number 
of replicates used in the analysis varied between the blocks, because the number of occupied 
quadrats for each species varied (n„,,=10). 

In addition to the factorial analysis of deviance, analysis of covariance was carried out 
to investigate whether any change in plant structure with grazing (e.g. a decrease in leaf 
number) was a function of total plant density. 

The relationship between structural components was investigated by regression 
analysis, comparing the 'goodness of fit' between structural component for linear, 
exponential, logarithmic and power regression models. The individual plant was used as the 
replicate, with n (df=n-2) equal to the total number of plants recorded from all six experimental 
blocks. The relationship between plant structure and density (e.g. mean number of leaves 
per plant versus plant density) was also investigated, by comparing the 'goodness of fit' for 
the four regression models. The number of quadrats in which the species occurred was used 
as the replicate (n), with density taken as the total number of plants occupying that quadrat. 

3) Plant Size Variation 

The effects of grazing upon the variability of plant density and biomass, were 
investigated by calculating the Coefficient of Variation (CV) and the standard error of the 
CV (Sokal & Rohlf 1969), for each species examined. 
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4.3 Effect of Grazing on Population Structure 

A total of 6273 plants was sampled from the 12 cultivated experimental plots (6 fenced, 
6 unfenced), belonging to 46 species (see appendix I). Rabbit grazing significantly reduced 
species richness in four of the six bocks (figure 4.1), with large differences in mean species 
richness between blocks. The number of species recorded within any one quadrat (625cm2) 
ranged from three (in blocks A and B) to 17 (in block D), the greatest detrimental effect of 
grazing upon species richness occurred in the relatively species-poor blocks. 

No. of species 

A 	 E 
	

F 
Block 

El F QUF 

Figure 4.1 Effect of rabbit grazing on average species richness in the six experimental blocks (A to F) per 625cm2  (n=10). Species richness was significantly reduced in 4 out of 6 blocks. Bars represent one 
standard error of the mean. 

4.3.1 Rabbit Grazing and Plant Densities 

Rabbit grazing reduced total plant densities in five of the six experimental blocks, with 
plant densities within any one quadrat ranging from as low as three (block A) to as high as 
132 plants per 624cm2  (block F, see table 4.1). The differences in plant density between 
fenced and unfenced plots were greatest in blocks A and F, followed by B and E. A summary 
of the effect of grazing upon plant density is given in table 4.1, with further details in appendix 
II. Eighteen of the 46 species (41.3%) showed a significant response to grazing in one or 
more of the experimental blocks. 
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Rep. No. Block A Block B Block C Block D Block E Block F 
Fenced Mean 

SE 
53.60 
6.96 

31.40 
6.98 

63.55 
6.39 

97.60 
7.58 

62.50 
5.91 

83.60 
8.21 

Unfenced Mean 
SE 

13.00* 
2.17 

15.20* 
2.49 

76.20 
8.29 

68.11* 
10.37 

48.90* 
5.05 

26.8* 
2.17 

Table 4.1 Mean plant densities per 625cm2  in June 1989 from the six experimental blocks, with standard errors. 
Plant density significantly reduced in 5 of the 6 blocks. * indicates a significant reduction in density 
with grazing at P<0.05. See section 4.5 for coefficient of variation (CV) data. 

Species Block A Block B Block C Block D Block E Block F Overall 
H.mollis 
H.lanatus 
A.capillaris 
A.odoratum 

V.chamaedrys 
R.acetosella 

P.lanceolata 
C.capillaris . 
C fontanum 
A.microcarpa 
A.praecox 

C.bursa-pastoris 
P.dubium 
S.sylvaticus 

S.graminea I 

T.repens I 

T.inodorum D 

D 

D.  

. 

. 

D.  
I 
. 

R.acetosa I) 
DI 

D 

D.  

. 

. 

. 

. 

D.  

D.  
. 
. 

I 

I.  
D 

I 
. 

. 

D 
I 
I 

D 

D 
D 
I 

D.  

I 
D 
D 

D 

D 

I 

I.  

D.  

I 
. 
. 

I 
D 

D 
D 
D 
I 

D.  

. 

' D.  
D 
D 

D 

I.  

D 
D 
I 
D 
D 

I 
D 
I 

D 
D 
D 
D 

D 
D 
D 
I 

Prop. D 0.31 0.21 0.25 0.47 0.28 0.44 0.63 
Prop. I 0.08 0.00 0.37 0.33 0.28 0.06 0.21 
Prop. N 0.61 0.79 0.38 0.20 0.44 0.50 0.16 

Table 4.2 Species density responses of 18 species to grazing between in June 1989 within each of the six 
experimental blocks. (D) indicates that grazing significantly decreased plant density, (I) increased, (.) a 
neutral response and ( ) species absent. Proportion of species included under each response type also 
presented. 
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4.3.2 Rabbit Grazing and Plant Biomass 

Rabbit grazing significantly reduced both total shoot weight (above ground biomass) 
and total root weight (below ground biomass) on the cultivated plots (see figure 4.2). However, 
significant block interactions were detected, with a decrease in total shoot weight in only two 
blocks, these two blocks were also the only blocks in which species richness was significantly 
reduced (see figure 4.1). Total root weight (BGB) showed even greater inconsistency in 
response to grazing between blocks, total root weight increased in block E, but decreased in 
blocks A and B (see table 4.3). 

(g) 
10 

4 

2 

0 
ACM 	 BOB 

F 	OF 

Figure 4.2 Effect of rabbit grazing on mean total shoot weight (above ground biomass, AGB) and mean total 
root weight (below ground biomass, BGB) per 625cm2. Both above and below ground biomass were 
significantly reduced under grazing. Bars represent one standard error of the mean (n=60). 
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B C D E F 
AGB (g) Fenced 

Mean 
SE 

7.85 
1.89 

8.58 
1.54 

10.63 
1.36 

11.70 
0.85 

9.11 
1.44 

6.69 
0.68 

Unfenced * * 
Mean 
SE 

2.01 
0.41 

2.80 
0.44 

11.38 
0.59 

10.58 
1.02 

10.67 
0.52 

6.45 
0.66 

BGB (g) Fenced 
Mean 
SE 

4.26 
1.52 

3.87 
0.68 

6.11 
1.17 

13.68 
2.58 

5.47 
0.84 

2.59 
0.30 

Unfenced * * * * 
Mean 
SE 

0.79 
0.25 

1.29 
0.26 

7.54 
1.38 

4.67 
0.45 

7.42 
1.11 

2.23 
0.27 

Table 43 Effect of rabbit grazing on total shoot (AGB) and root (BGB) weights per 625cm2  between the six 
experimental blocks (n=10). * indicates a significant difference between fenced and unfenced plots at 
p<0.05. Total shoot weights were significantly reduced in two of the six blocks, and in only the least 
productive blocks. 

4.3.3 Species, Density and Biomass Interactions 

The relationship between species richness and total shoot weight (AGB) in the fenced 
plots is presented in figure 4.3a. In the grazed plots a positive linear relationship was detected 
(once significant outliers were removed) between species richness and above ground shoot 
weight (r2=0.23, a=6.04, b=0.35). In the ungrazed plots a similar, but better fitting, significant 
positive linear relationship was also found (r2=0.63, df=56, see figure 4.3b). There was no 
significant difference in the slope of the relationship with grazing, although the intercept was 
significantly reduced (t=2.61, df=55). 

With total root weights (BGB), there was a curvlinear relationship of species richness 
in fenced and a positive relationship in unfenced plots. In the unfenced plots the data fitted 
a power regression model significantly better than a linear model (r2=0.566, df=56, see figure 
4.4). 
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Figure 4.3 Effect of rabbit grazing on species-productivity relationship in fenced (a) and unfenced (b), for total 
shoot weight (AGB). Each point represents one 625cm2  quadrat (n=59). A significant positive linear 
regression was fitted in both fenced (a=6.04, b=0.35) and unfenced plots (a=3.32, b=0.57) after removing 
outliers. 
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Figure 4.4 Effect of rabbit grazing on species-productivity relationship in fenced (a) and unfenced (b), for total 
root weight (BGB). Each point represents one 625cm2  quadrat (n=59). In unfenced plots a significant 
positive power regression model is fitted (a=5.12, b=0.32). 
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Figure 4.5 Effect of rabbit grazing on species richness - plant density relationship in fenced (a) and unfenced 
(b) plots. Each point represents one 625cm2  quadrat. A significant positive linear regression model fitted 
(Fenced, b=0.06, a=5.45; Unfenced, b.--0.08, a=4.09). 
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Species richness exhibited a significant positive linear relationship with total plant 
density in both fenced and unfenced plots (r2=0.31 & 0.66, df=57 & 56, see figure 4.5), again 
with a better model fit within grazed plots, and with no significant difference in regression 
slope or intercept (t<0.45). 

4.4 Effect of Grazing on the Performance of Individuals 

Fifteen of the 46 species were analysed with respect to the individual changes in plant 
weight and structure following rabbit exclusion. Those species abundant in fenced plots only 
were not included (e.g. Tripleurospermum inodorum, Capsella bursa-pastoris). The 
significant responses to grazing are presented here, and all species had 20 or more plants 
within both fenced and unfenced plots. The only species out of the 15 which did not exhibit 
any significant changes in plant structure with grazing was the annual grass Aira praecox 
(but the grass did exhibit density changes). 

4.4.1 Rabbit Grazing and Plant Performance 

The overall effect of rabbit grazing on individual structure for each species is given in 
table 4.4. No species exhibited a consistent decrease in AGB with grazing in all six blocks, 
although five species exhibited reduced AGB in one or more of the six blocks. Six species 
showed a significant increase with grazing. No species exhibited a reduction in BGB under 
grazing, but three species showed an increase. Plant height response to grazing was 
inconsistent among species, with plant height increasing in five species and decreasing in 
four species. Root length increased with grazing for two species, but root length did not 
decrease for any. The number of species which exhibited an increase in leaf production after 
grazing was eight, while only one species exhibited a decrease. Shoot production increased 
after grazing for seven species, but no species exhibited a reduction. The number of 
inflorescences per plant decreased with grazing for four species and increased for four. 
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AGB BGB Plant height Plant 
diameter 

Root length No. of 
leaves 

No. of 
shoots 

No. of infl. 

H.mollis * 
H.lanatus * n + n + + * 
A.capillaris * n * n + + - 
A.odoraturn + + + n + + - 
S.graminea + n - n n n n 
R.acetosella + + * n  + + - 
T.repens * * - * * * + 
P lanceolata n n n n n + n n 
C.capillaris + + + + + + + + 
C.fontanum n n * * * * * 
A.microcarpa * * - + * . + . 
P.dubium + n + + + + 
S.sylvaticus + n +n + n + 

Table 4.4 Responses of individual plant performance to rabbit grazing for the 13 species examined. (+) indicates an overall significant increase 
under grazing, (-) a decrease and (n) no significant effect. (*) indicates no overall significant effect, but significant effects within a 
particular block, often with an inconsistent response to grazing, increasing in one block but decreasing in another and (.) indicates 
structure not measurable. 
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4.4.2 Rabbit Grazing and Plant Structure 

Relationships between plant characteristics and associated thresholds have been 
recognized as important processes influencing both animal and plant population dynamics 
(Rees & Crawley 1991; see chapter 1.2). Within this sub-section the relationships between 
different structural components of the plant, and how these may be affected by rabbit grazing 
are presented. However, it is essential to consider the significances of these relationships 
and associated thresholds. Table 4.5 summarizes the three main types of models used to 
describe these relationships. 

Only a summary of those species with significant relationships and significant fence 
effects were detected are presented. Generally, it would appear that rabbit grazing had subtle, 
but significant, effects on resource allocation relationships, depending on the species and 
abundance of that species in the community. 

Model type Condition Implication 
1 Direct Proportionately zero intercept No threshold 
2a Linear function + ye intercept Either non-linear or a statistical 

artifact. 
2b Linear function - ye intercept Threshold effects 
3a Power function b<1 Allometric: reduced investment 
3b Power function b>1 Allometric: increased investment 

Table 4.5 Summary of non-allometric (1 & 2) and allometric (3) relationship models and associated model 
conditions and implications used within this chapter. See chapter 1.2 for the ecological significance of thresholds. 
Plant height (mm) 

Eight species showed a significant relationship between plant height and plant above 
ground biomass (model 3b); four species showed no significant difference between fenced 
and unfenced plots, when a power regression model was fitted (H.mollis, H.lanatus, 
R.acetosella, C .capillaris); three species exhibited a power regression relationship in fenced 
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plots only while no significant relationship was detectable in the unfenced plots (P.lanceolata, 
P.dubium, S.sylvaticus); and A.odoratum exhibited a power model fit in fenced and a linear 
model fit in unfenced plots. 

Three species showed a positive significant relation between plant height and below 
ground biomass (H.mollis, H.lanatus and C.capillaris), but no fence affect was detected 
(model 2a). 

Plant rosette diameter (mm) 

Significant relationships with plant diameter were only detected in two out of the 15 
species examined; C.fontanum and A.microcarpa, and only A.microcarpa showed any form 
of significant fence effect. For A.microcarpa, a significant power regression model was fitted 
for ungrazed plants (diameter against above ground biomass; r2=0.34, df=388, a=238.7, 
b=0.75), but a linear model was fitted for grazed plants (r2=0.26, df=135, a=28.66, b=171.31), 
where A.microcarpa diameter increased with grazing and A.microcarpa density decreased 
(see section 4.3.1 and 4.4.1). Changes in A.microcarpa plant diameter would seem to be 
due to neighbourhood effects, whereby grazing caused an increase in density of other species. 
For example Holcus mollis may have caused A.microcarpa to allocate available resources 
into vertical rather than horizontal growth. 

Root length (mm) 

Only two species exhibited significant structure relationships: A.microcarpa and 
C.capillaris. Both species fitted a power regression model in both fenced and unfenced plots 
(model 3a), for plant root length against above ground biomass, with no significant fence 
effect. 

Number of inflorescences per plant 

Two species exhibited a significant inflorescence correlation (S.sylvaticus and 
C.capillaris). For S.sylvaticus the number of capitula per plant increased with the number of 
leaves per plant, fitting a power regression model (model 3a), but in unfenced plots only 
(r2=0.65, df=22, a=0.46, b=0.095). No significant correlation with the number of leaves was 
exhibited for fenced capitulum data. For C.capillaris the number of capitula per plant 
significantly fitted a positive linear regression model against plant height in both fenced and 
unfenced plots (model 2a). 
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Number of shoots per plant 

Only two species exhibited significant correlations between shoot number per plant and 
above ground biomass; A.odoratum and R.acetosella. A.odoratum was the only species to 
show a significant linear relationship between the number of shoots per plant and the number 
of leaves (model 2a), but with no fence effect. For the number of shoots per plant against 
plant above ground biomass, A.odoratum showed a linear correlation in fenced plots (12=0.52, 
df=102, a=1.02, b=13.8; model 2a), but in unfenced/grazed plots a power regression model 
was fitted (r2=0.48, df=78, a=11.34, b=0.47; model 3a). R.acetosella, however, showed 
significant power regression model fit in both fenced (r2=0.42, df=207, a=7.71, b=0.39) and 
unfenced (r2=0.44, df=298, a=10.56, b=0.45) plots (model 3a). 

Number of leaves (per plant) 

Nine species showed significant relationships between the number of leaves per plant 
and another structural component. Eight species showed positive relationships between the 
number of leaves per plant and plant above ground biomass; five of these exhibited no fence 
effect with a power regression model fit in both fenced and unfenced plots (H.lanatus, 
R.acetosella, C.capillaris, P.lanceolata, C.fontanum), although four of these species did 
exhibit differences in the mean number of leaves and mean plant biomass with grazing (see 
table 4.4, and figure 4.6 for an example). Only H.mollis showed any significant differences 
between fenced and unfenced plots, where a linear model was fitted in the fenced plots 
(r2=0.57, df=102, a=5.8, b=37.4; model 2a) and a power regression model fit in unfenced 
plots (12=0.66, df=78, a=45.86, b=6.65; model 3b). 

The number of leaves per plant was positively correlated with plant below ground 
biomass in three species; for H.mollis a power regression model was fitted for plants in the 
grazed plots (model 3b), while no significant model fit was detectable for fenced plants. Both 
A.odoratum and C.capillaris did not exhibit any significant relationship differences between 
fenced and unfenced plots, where a power regression model was fitted in both fenced and 
unfenced plots (model 3b). For C.capillaris the number of leaves per plant was positively 
correlated with plant height (the only species to do so), with a power regression model fitted 
for plants in fenced plots (r2=0.42, df=599, a=0.90, b=0.50; model 3a) and a linear regression 
model in unfenced plots (r2=0.26, df=349, a=5.47, b=0.07; model 2a). 

Above against below ground plant biomass 
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Figure 4.6 Relationship between the number of leaves per plant and plant above ground biomass (g) for Rumex acetosella in fenced (a, n=196) and unfenced (b, n=289) plots. A significant power regression model was fitted in both fenced and unfenced plots, with no apparent significant effect of grazing on the 
allometry. However, grazing caused R.acetosella plant density to significantly increase (e), plant biomass 
to increase (c) and the number of leaves per plant to decrease (d). Bars represent one SE of the mean. 

A summary of the correlations between above (shoot weights) and below (root weights) 
ground biomass is given in table 4.6, for all 12 species examined. Six species exhibited an 
increase in the slope (b) with grazing (3 of which were significant), while six exhibited a 
decrease in b (4 significantly). Four of the 6 species which exhibited an increase in b with 
grazing were the dominant grasses from the cultivated plots. The slope of the power regression 
line was less than unity for 23 of 24 cases which indicated that grazing had little effect on 
relative growth rates between above and below ground biomass. All species examined showed 
a highly significant positive relationship. 
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Fenced Unfenced 
r2 df a b r2 df a b 

H.mollis 0.37 789 -0.33 0.71 0.35 524 -0.35 0.69 
H.lanatus 0.75 132 -0.51 0.91 0.64 176 -0.61 0.79* 
A.capillaris 0.63 134 -0.41 0.67 0.54 108 -0.54 0.60 
A.odoratum 0.59 102 0.14 0.79 0.35 77 -0.13* 0.55* 
T.repens 0.69 20 0.08 0.89  0.41 41 -0.32* 0.67* 
S.sylvaticus 0.64 68 0.25 0.93 0.32 28 -0.28* 0.35* 
A.microcarpa 0.65 342 0.62 0.91 0.72 140 0.44 0.92 
S.graminea 0.51 172 -0.14 0.69  0.64 94 0.18* 0.87* 
R.acetosella 0.56 194 -0.07 0.77 0.54 287 -0.05 0.81 
P.lanceolata 0.78 71 -0.08 0.85 0.67 11 0.48 1.07* 
C.capillaris 0.76 599 0.15 0.87 0.78 349 0.40 0.97 
C fontanum 0.42 94 -0.07 0.64 0.77 35 0.36* 0.87* 
A.praecox 0.40 23 -0.25 0.47 0.47 34 0.19* 0.64* 

Table 4.6 Effect of rabbit grazing on the relationship between above (shoot) ground biomass and below (root) 
ground biomass, for the 13 species examined. Log-log plot used throughout with a linear regression 
model fit. ns indicates no significant correlation. * indicates a significant difference in a and b values 
between fenced and unfenced plots at p<0.05. 

4.4.3 Plant Performance and Density Interactions 

A summary of the significant relationships between plant structure and total plant 
density is given in table 4.7. Several species showed no apparent significant structural change 
with changes in total plant density (33% of species examined), although certain species 
tended to be more 'susceptible' to density effects than others, such as A.microcarpa and 
R.acetosella. It was unusual for all the structural components to be affected for those species 
which did show some form of structure-density relationship. No species exhibited changes 
in structure in relation to intra-specific plant density. All plant species, regardless of the 
structural component involved, exhibited a negative density-dependent effect, with no 
apparent inter-specific trend in the rates of change. However, only in two cases were 
significant relationships shown in both fenced and unfenced plots. 
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Fenced Unfenced 
Structural 
component 

Species Model 
type 

r2 a b Model 
type 

r2 a b 

AGB H.mollis 3a 0.22 1.26 -0.24 ns 
R.acetosella ns 2a 0.14 0.28 -0.002 
A.microcarpa 3 b 0.64 1.36 -1.41 ns 

Root length A.microcarpa 2a 0.38 1.44 -0.46 2a 0.32 126.08 -053 
Plant diameter A.microcarpa 2a 0.46 90.33 -0.66 ns 

R.acetosella ns 2a 0.26 45.98 -0.47 
No. of shoots A.microcarpa 2a 0.42 5.77 -0.03 ns 

R.acetosella ns 3a 0.47 7.31 -0.02 
H.lanatus ns 2a 0.32 14.00 -0.08 
A.capillaris 3a 0.42 119.62 -0.96 ns 

No. of leaves H.mollis 3b 0.47 49.51 -9.20 ns 
H.lanatus ns 2a 0.46 35.63 -0.22 
R.acetosella 3b 0.23 36.15 -5.94 3a 0.34 28.97 -0.97 
A.capillaris 3a 0.51 355.89 -0.91 ns 

Plant height H.mollis ns 3b 0.17 25.55 -28.6 
A.capillaris ns 3a 0.52 7.15 -0.60 

Table 4.7 Plant structure and total plant density relationships in fenced and unfenced plots for the six species 
which exhibited significant correlations, with model types (see table 4.5 for model details). n (df=n-2) 
was taken as the number of quadrats a particular species occupied. ns indicates no significant regression 
model fit (p>0.05). All species exhibited a negative density-dependent effect. For those species of model 
type 3, 6 out of the 10 cases exhibited reduced investment (b<1). 

4.5 Variation in Plant Density and Structure 

The effect of rabbit grazing upon plant density variation (CV of the mean total plant 
densities for each quadrat) is summarized in figure 4.7. Grazing had no significant effect on 
CV, but CV values did vary between blocks with an increase in the variation in plant density 
with grazing in 4 of the 6 blocks. The variation in plant density for individual species between 
experimental blocks showed no significant difference in CV between fenced and unfenced 
plots. CV values were highest in the blocks where species richness and standing crop were 
lowest (see section 4.3). 
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Figure 4.7 Effect of grazing on plant density variation (CV values, %) in each of the six experimental blocks 
(n=10), using plant density estimates per 625cm`. Bars represent one standard error of the mean. In 4 
cases out of 6 CV was greater for the unfenced plots but in only one case was the difference significant 
(block D). 

The effect of rabbit grazing on the variation in above ground biomass (AGB) and below 
ground biomass (BGB) is given in table 4.8, for the 12 species investigated. Eight of the 12 
species exhibited an increase in the variation in above ground plant biomass, and a different 
eight species also showed an increase in below ground plant biomass. However, large within 
block variation was encountered, and only one species (A.odoratum) showed a significant 
difference in CV between fenced and unfenced plots. 
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Plant AGB Plant BGB 
Fenced Unfenced Fenced Unfenced 

Species Mean Sv  Mean Sv Mean Sv Mean Sv 
H.mollis 78.8 10.7 75.8 10.1 130.2 24.9 137.2 27.3 
H.lanatus 71.0 11.1 127.3 20.9 117.9 17.9 158.3 31.5 
A.capillaris 123.2 19.5 116.0 17.4 103.4 16.7 110.2 18.6 
A.odoratum 78.8 7.98* 127.2 20.8 79.8 10.9 70.7 9.1 
S.graminea 66.5 8.3 95.2 14.7 70.2 9.0 99.0 15.5 
R.acetosella 86.5 12.5 98.9 15.5 80.7 11.1 87.2 12.6 
T.repens 68.1 8.6 67.8 8.54 66.3 8.3 68.2 8.6 
P.lanceolata 104.4 16.9 84.4 12.0 99.4 15.6 73.1 9.6 
C.capillaris 89.7 13.2 130.1 24.8 94.7 14.4 93.3 14.1 
C.fontanum 59.8 7.1 99.9 15.7 72.2 9.4 89.1 13.1 
A.microcarpa 84.6 11.9 88.0 12.7 86.7 13.2 77.1 10.4 
A.praecox 50.6 5.8 62.6 7.6 69.7 8.9 72.6 9.5 

Table 4.8 Variation in above (AGB) and below (BGB) ground biomass (CV) for 12 species recorded between 
fenced and unfenced plots were CV was able to be calculated (n=60), with standard error of the CV (Sv). 
* indicates a significant differences with grazing at p<0.05. 
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4.6 Discussion and Conclusions 

Rabbit grazing had profound detrimental effects at the individual and population level, 
with nine main points characterizing the effects and plant responses to grazing: 

- grazing reduced species richness, but with the greatest reduction occurring in areas 
of lowest standing crop. 

- species richness was positively correlated with above and below ground biomass in 
grazed and ungrazed plots. 

- total plant density was reduced by grazing. 

- grazing decreased plant density of 12 out of the 18 species examined. 

- above ground total plant biomass (standing crop) was reduced by grazing but only in 
areas where ungrazed standing crop, plant density and species richness were low. 

- the responses of individual plant performance to grazing varied greatly between 
species. 

- plant performance was a function of total plant density and not of intra-specific density. 

- grazing exhibited only subtle effects upon plant allometric growth rates, and changes 
in plant structure with grazing was highly species specific. 

- variation in plant density and biomass generally increased with grazing 

Plant responses to rabbit grazing will depend on a range of interactive processes, as 
found by numerous herbivory studies (Maschinski & Whitham 1989; Noy-Meir et al. 1989; 
section chapter I). It appears that the main determinant of such responses might result from 
resource competition interactions between neighbours (Pacala & Silander 1990). The 
performance of an individual is determined by the probability of that individual, and its 
neighbour, escaping herbivory (Crawley 1983, 1988). Rabbit grazing reduces plant density, 
either through direct plant removal or through herbivore-induced mortality (i.e. removing 
sufficient tissue to induce early plant mortality), and this in turn may increase resource 
availability to those plants which escape herbivory. 
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4.6.1 Variation in Plant Responses to Grazing 

Disproportionate effects of rabbit grazing on plant populations were clear, with species 
richness, plant density and above and below ground biomass most affected in the areas where 
ungrazed standing crop was low (blocks A & B). Conversely, in areas of high standing crop 
(both fenced and unfenced), grazing significantly increased the number of species (blocks C, 
D & E). A range of factors could contribute to this disproportionate grazing affect, notably: 

- spatial variation in the proportion of unpalatable species. 

- the ability of an individual plant to regenerate or recruit. 

- variation in grazing intensity. 

These points are now considered in turn. 

Restrictions on plant growth and recruitment 

The distribution of plants within the community may be influenced by the spatial 
variation of seeds in the soil (Chippendale & Milton 1939; Sckenkeveld & Verkaar 1984 
Thompson 1986). Many other factors may restrict recruitment and the distribution of any 
given species (Harper 1977; Goldberg & Fleetwood 1987; Crawley 1990b; see chapter IV), 
therefore, variation in the responses of plant populations might be expected, simply due to 
the variation of restrictions on plant growth. The ungrazed communities in blocks A and B 
were relatively low in species richness and plant density compared to the other four blocks, 
and this may indicate some form of restriction on species colonization and recruitment. 
Grazing within these areas might be expected to be disproportionately detrimental due to 
existing restrictions (e.g. microsite limitations) on plant growth and regeneration after 
herbivory. This does, however, assume that plant or tissue removal by the herbivore will not 
lift any such restriction (e.g. removal of individual plants may not increase the number of 
available microsite), if this were the case such disproportionate effects may not be 
encountered. 

Variation in the abundance of palatable/unpalatable species 

Disproportionate herbivore effects may be due to alterations in the distribution of 
standing crop within the community, with a 'shift' in plant biomass from palatable to 
unpalatable species. With grazing, the proportion of the population which is unpalatable 
might be expected to increase, as palatable species are removed by the herbivore, so long as 
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palatability is directly proportional to 'competitive ability' (as discussed by Crawley & Pacala 
1991). In areas where unpalatable species are absent, grazing may substantially reduce 
standing crop as palatable species are removed. However, in areas where unpalatable species 
increase after 'competitor release', grazing may only slightly reduce standing crop. For 
example, the increase in S.sylvaticus density with grazing accounted for 13.4 and 37.9% of 
the total above ground biomass in the unfenced plots of blocks E and F respectively. Such 
variation and restrictions on unpalatable species (as well as recruitment, as discussed above) 
may account for the large reductions in standing crop with grazing in blocks A and B compared 
to only small changes in blocks E and F. 

Importance of Grazing Intensity 

As grazing intensity increases the proportion of unpalatable species in the population 
would be expected to increase. However, several studies have shown that grazing intensity 
is crucial in determining plant responses and plant competitive interactions (Jones 1933; 
Hilbert et al. 1981; McNaughton 1986; Hik & Jefferies 1990) and it was apparent that rabbit 
grazing varied significantly between experimental blocks (see chapter II). Small differences 
in standing crop under grazing in blocks C and D could be explained by low grazing intensity, 
and likewise grazing intensity was high in blocks A & B where standing crop was substantially 
reduced (see chapter II). 

It may seem unlikely that the variation in grazing intensity alone could explain the 
different responses in species richness and standing crop to grazing between all six blocks. 
Coupled with the distribution of palatable/unpalatable and restrictions of recruitment and 
growth, a more plausible hypothesis may be envisaged, and this is presented in figure 4.8. 

87 



Chapter IV 

Grazing intensity 

Figure 4.8 Inter-relationships between standing crop and the proportion of the population unpalatability. As 
grazing intensity increases, standing crop (solid line) decreases and proportion of the population 
unpalatable (dotted line) increases. The standing crop may remain at C if unpalatable species are present 
(i.e. all remaining plants are unpalatable), if unpalatable species are absent above ground biomass may 
be reduced further, below the intercept at C. See text for further discussion. 

4.6.2 Population Responses and Structural Interactions 

Rabbit grazing appears to have its greatest effect on population and community 
processes as a result of competitive interactions between individuals, first through the 
reduction in density and then an alteration in plant structure and size (Harper 1977; Crawley 
1988; Crawley & Weiner 1991). Five species which exhibited an increase in individual plant 
above ground biomass with grazing (see table 4.4) also exhibited a decrease in density. 
However, the few species which were density-increasers, also exhibited an increase in 
individual plant biomass (e.g. S.sylvaticus, R.acetosella). Changes in the number of leaves 
and shoots per plant complemented the density-dependent changes in plant biomass, whereby 
any increase (or decrease in leaf number in the case of H.mollis) in the number of leaves per 
plant was accounted for by a reduction in total plant density, whereby the neighbouring plant 
were grazed. The number of capitula per plant typically increased with grazing, but for those 
few annual species which 'escaped' herbivory, such plants also exhibited an increase in 
individual plant biomass. All these plant responses to grazing were typical of indirect 
beneficial effects of herbivory on plant performance. 

Bemston & Weiner (1991) found significant curvlinear relationships between plant 
height and the number of leaves per plant for Impatiens pallida, but only in crowded 
populations. In uncrowded populations a linear relationship resulted. A similar response may 
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be expected when herbivores reduce plant density. In this study, grazing affected the 
performance of a particular individuals within a population through structural modifications 
both directly and indirectly (see table 4.4). In addition to this, the relationships between 
particular structural attributes (such as plant height against the number of leaves) exhibited 
strong non-linear interactions as found by Bemston & Weiner (1991). However, there was 
little evidence to support the hypothesis that grazing (presumably through a reduction in plant 
density) commonly altered these non-linear relationships, other than in a few selected species 
(e.g. A.odoratum). 

Plant performance and density effects 

Changes in plant structure with total plant density were difficult to detect, due to large 
between- and within-population variation in plant structure and size (as emphasised by 
Whitham et al 1984; Crawley 1988). Only five species exhibited any significant density 
effect. Most of these were restricted to either fenced or unfenced plots, and all exhibited a 
negative relationship with density. 

4.6.3 Herbivory and Plant Size-inequality 

Herbivory may effect plant size-inequality in a number of ways, depending on size 
structure at the time of herbivory, and the feeding strategy of the herbivore (Crawley 1983; 
Crawley & Weiner 1991). Herbivores may simply cause a reduction in plant size with little 
effect on size-inequality, assuming tissue removal is not size dependent. In contrast, size 
inequality may be reduced through differential feeding upon larger or small individual plants, 
altering the asymmetrical competitive processes (increasing asymmetry in the competition). 
For instance, by reducing the size of larger plants, light penetration through the sward canopy 
may be enhanced therefore reducing competition for available light, benefiting those plants 
previously suppressed by their larger neighbours (McNaughton 1983, 1986). Herbivory may 
also affect size inequality by influencing the plants' relative growth rate which is positively 
correlated with plant size (e.g. assuming an exponential growth rate, Westoby 1982; Geber 
1989). 

This study demonstrated that the variation in plant biomass tended to increase with 
grazing, although not significantly, indicating that rabbit herbivory may not have been size 
selective (i.e. that the herbivores were removing plants within all size classes). 
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4.6.4 Dynamics of Plant Responses to Herbivory 

Changes in plant structure and density interactions are highly dynamic, depending on 
a variety of biotic and abiotic conditions (Evans & Turkington 1988; Lotz et al. 1990) as well 
as herbivore density, and hence the large spatial variation in the plants responses. 

Changes in the size distribution of plant populations have been considered to have little 
impact on total seed production (Crawley 1990b) because of non-existent reproduction size 
thresholds in plants (Rees & Crawley 1989). However, in populations where fitness inequality 
is high, removal of the most fecund individuals might result in herbivores limiting input into 
the seed bank. On the other hand, it may only take a few individuals to 'escape herbivory' 
for plant dynamics and seed bank ecology to be un-affected by herbivory. The importance 
of herbivory on plant performance, and thus the impact of size selection by the herbivore, 
may also depend on the genetic differences associated with plant size, i.e. if allele frequency 
differs between large and small plants (Weiner & Thomas 1986), and the contributions of 
the genetic variation to plant performance. Certainly the large variation in plant growth rates 
has been attributed to genetic determination (Bonan 1988). 

In summary, the impact of grazing on population processes and the plant responses to 
herbivory appears to be associated with constraints on plant growth, plant distribution and 
recruitment, as well as trade-off's between plant palatability and competitiveness. Herbivory 
may have profound affects on the composition and structure of the community by removing 
plant density-related constraints on individual plant performance. The success of a particular 
individual may then depend on its ability to avoid consumption, and reduce detrimental 
neighbourhood effects through rapid regrowth. 
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Chapter V 
Impact of Grazing on Patch Size Variation 

and Structure 

5.1 Introduction 

Grasslands can be thought of as a complex, highly competitive entanglement of 
low-growing, often patch-forming species, with success of particular individuals or clones 
dependent upon the size and competitiveness of neighbouring plants (Harper 1977; Mack & 
Harper 1977; Silander & Pacala 1985), disturbance (Fenner 1978b; Peart 1989) and 
environmental heterogeneity (Tilman 1982; Crawley 1986; Fowler 1988; Robertson et al. 
1988; Mandi, Law & Willis 1989). Many workers have emphasised the importance of spatial 
heterogeneity in grassland plant populations, especially when considering density-dependent 
population regulation (Watkinson & Harper 1978; Fowler & Antonovics 1981; Fowler 1988; 
Crawley 1990b) and community stability (Lominicki 1980; Hanski 1982; Collins & Glenn 
1990). Disturbance to grassland communities has also received much recent attention 
(Aarssen & Turkington 1985; Peart 1989; Collins & Glenn 1990; Ward & Jennings 1990), 
especially in relation to responses ofplants to herbivores (Taylor & Aarssen 1990; see chapter 
1.4) and patch dynamics (Day & Detling 1990; Lord & Norton 1990). 

The introduction or removal of a principal disturber, such as a herbivore, might be 
expected to result in an alteration of species competitive interactions, with consequent changes 
in species abundance and distribution. Herbivore-generated gaps may temporarily allow 
previously restricted plants or patches to expand and colonize (typically by vegetative means, 
see chapter BD, influencing species composition and stability. 

The importance of interspecific competition during gap colonization and its effects on 
plant community stability have been assessed by experimental removal of species from the 
community. Such studies have provided valuable insights into mechanisms behind population 
regulation (Grubb 1977; Abul-Fatih & Bazzaz 1979; Fowler 1981; Silander & Antonovics 
1982; Aarssen & Turkington 1985; Crawley 1986). 

5.1.1 Species Coexistence, Genotypic Variation and Phenotypic Plasticity 

Species coexistence has long been explained as resulting from niche divergence as a 
consequence of sustained periods of competition (Harper 1977; Tilman 1982). Connell (1980) 
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suggested that species coexistence can also be explained through initial niche separation, 
where plant species do not compete in contemporary communities because the plants have 
evolved into different niches ( 'the ghost of competition past'). Under these conditions the 
removal of a species would not necessarily result in the expansion or shift in niche position 
of the neighbouring species (Turkington 1989a, 1989b). The importance of neighbouring 
species assessed in removal studies by Goldberg & Werner (1983) who concluded that the 
identity of the species removed was not important, but simply the fact that the neighbouring 
plant was removed. This has been termed 'competitive equivalence'. 

Many hypothesis have been developed within the last five years to explain plant 
coexistence, including those emphasising the importance of competitive abilities and 
interactions between neighbouring plants. These include the 'intransitive-networks' 
hypothesis and the 'competitive combining ability' hypothesis (see Aarssen 1989 and Taylor 
& Aarssen 1990 for reviews). The latter states that no one genotype contributes towards the 
plants competitive ability, and that species diversity is enhanced by genotypic variation in 
the neighbouring plants. 

Grasslands typically consist of a mosaic of plant species patches, with each patch having 
the potential to influence the fitness of individuals in neighbouring patches. While the 
importance of neighbours in plant ecology is recognized (Silander & Pacala 1985; Taylor & 
Aarssen 1990), the mechanisms behind patch to patch competition have not been thoroughly 
studied (Platenkamp & Foin 1990). 

The importance of genotypic variation compared to phenotypic plasticity within species 
populations affecting demographic plant population variability has attracted increasing 
interest (Antonovics & Bradshaw 1970; Snaydon & Davis 1972; Fowler & Antonovics 1981; 
Dirzo & Sarukhan 1984; Antonovics & Via 1987; Taylor & Aarssen 1990). Large differences 
in genotypic composition have been found within many grassland species populations, 
including Anthoxanthum odoratum (Antonovics & Bradshaw 1970; Harper 1977; Snaydon 
& Davies 1982), Trifolium repens (Turkington & Harper 1979; Turkington et al 1991) and 
Plantago lanceolata (Fowler & Antonovics 1981). As yet, however, there is no evidence to 
suggest that genetic variation provides adaptive advantages in the response for A.odoratum, 
H.lanatus or T.repens populations in competition with neighbouring species (Platenkamp 
1990; Platenkamp & Foin 1990; Billington, Mortimer & McNeilly 1990), although significant 
differences in competitive abilities between genotypes is evident from studies by Taylor & 

92 



Chapter V 

Aarssen (1990). Taylor & Aarssen found considerable overlap in competitive abilities of 
different genotypes of three plant species. As an example, species A might outcompete species 
B overall, but some genotypes of species B may outcompete some genotypes of species A. 
Morphological variation, whether it is genotypic or phenotypically based, could be 
advantageous in heterogeneous environments, supporting neighbour-specific diversifying 
selection (Evans & Turkington 1988). As yet, however, evidence, is lacking to prove such 
advantages. 

5.1.2 Grazing and Grassland Dynamics 

Crawley & Pacala (1991) discussed the importance of the relationship between plant 
palatability and competitive ability, and the influence on community species diversity. 
Crawley & Pacala made a variety of predictions concerning the influence and removal of 
herbivores in plant communities, but one of the most important predictions was that herbivory 
affects the community by 'altering the outcome of an extreme contest competition'. 

In this chapter, species patch interactions are investigated and the impact of rabbit 
grazing on patch structure is assessed through the measurement of patch diameter, species 
percentage ground cover and variation in patch size. The importance of genotypic variation 
and phenotypic plasticity and means of categorizing patch responses to grazing are discussed. 
A literature review covering the responses of plant populations to rabbit grazing was presented 
earlier (section 1.3). 

5.2 Material and Methods 

Many ecological studies are confounded by problems of methodology, especially in 
quantifying ecological patterns and processes (Kershaw 1973, Greig-Smith 1983, Crawley 
1986). In this study, problems are related to identification and separation of individual genets 
from the tangled grassland sward. For the present work on plant population structure within 
the intact grassland plots it was evident that two sampling techniques were required, in 
accordance with the particular plant growth form of species. These techniques avoided the 
problems associated with destructive harvesting, involving the separation of individual plants, 
a problem encountered in chapter IV (see Kershaw 1973). 
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These studies on the impact of rabbit grazing on species patch distribution, abundance 
and size were undertaken within the intact grassland plots of the six experimental blocks on 
Nash's Field, Silwood Park. Experimental layout and site description is given in chapter II. 

5.2.1 Sampling Techniques 

To assess the impact of grazing on species which form discrete patches or on individual 
clonal plant species (e.g. Rumex acetosa, Plantago lanceolata) the basal diameter of the patch 
or individual plant was measured (Technique I). Every plant species within each of the 
experimental plots was measured. Species, such as F.rubra, forming a continuous sward, 
with individual plants entangled with other plants so that separation of an individual plant 
was impossible, were measured using Technique II. A point quadrat transect was used to 
assess the plant patch variation within each of the plots. 

Two transects were randomly positioned across each of the 12 grassland plots. Pins 
were then placed at 2cm intervals along each transect and the species touching the pin at each 
interval recorded. Vegetation one metre from the edge was not included in the sampling to 
reduce fencing and edge effects, which gave a total of 400 point counts per transect. Data 
from the two transects were combined (by adding the sequence together) and analysed by a 
runs test (Siegel 1971). 

Technique I dealt with solitary plant species (i.e. one patch one genotype), but also 
included species where several patches originated from one genotype. Technique!! dealt with 
patches which could consist of more than one individual genotype (typical sward-forming 
species). 

5.2.2 Statistical Analysis 

Differences in mean log patch diameter for each species in grazed and ungrazed plots 
(Technique I) was analyzed using GLIM with normal errors. The Coefficient of Variation 
(CV) was calculated for patch diameters for each species encountered. Species patch diameter 
from Technique II was analysed using the number of pin touches/intervals covering each 
species patch, and not patch diameter derived from the distance covered. A two gap in the 
sequence of intervals was taken as the patch-edge (i.e. the division between two patches) The 
Coefficient of Variation (CV) was also calculated for the mean number of intervals covered 
(see result tables). 
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A runs test for large samples was used to analyse the distribution of species patchs 
(Technique II) within each of the experimental plots. The number of touches for a particular 
species was nl, n2  was the number of touches without contact, and r was the number of patches. 
The Null Hypothesis (Ho) is that the distribution of species within each plot is random, with 
z equal to 1.96 for p=0.05 (Siegel 1971; Sokal & Rohlf 1982). 

An unreplicated analysis of variance was used to assess whether z (estimate of 
randomness), species percentage cover (number of touches/total number of pins), the patch 
diameters and the number of patches showed significant differences between blocks and 
between fenced and unfenced plots. Error distributions were assumed as follows: the z values 
normally distributed, percentage cover binomial and plant diameter log-normally distributed. 
GUM was used for the analysis. 

5.3 Results 

A total of sixteen vascular species were recorded with the two techniques and five 
species were restricted to fenced plots only (see Table 5.1), while no species were totally 
restricted to unfenced plots. Statistical analysis was only carried out on those species which 
were found in both fenced and unfenced plots (seven and eight species in Technique I and II 
respectively), to compare the differences in plant population and patch structure. 

Table 5.1. List of species limited to transects within the fenced plots only (a), and those recorded at low densities 
less than twenty patches recorded (b). 
a) 	Arrhenatherum elatius 	 b) Galium saxtile 

Ranunculus repens 
Lotus corniculatus 
Veronica clzamaedrys 
Crepis capillaris 

5.3.1 Patch-forming Species (Technique I) 

Of the seven most abundant species measured, the most widespread was Plantago 
lanceolata (the only species recorded from every plot) followed by Rumex acetosa and 
R.acetosella. Apart from these three species all others had average densities ranging from 20 
to 60 patches per plot, (see Table 5.2). All seven species showed significant differences in 
patch densities between blocks (F-values greater than Fr5,53=5.05). 

95 



Chapter V 

The mean patch diameters for the seven species are given in table 5.3, with the Coefficent 
of Variation (CV) for patch size. All species, except C.arvense, exhibited significant block 
effects. 

Senecio jacobaea patch size showed significant differences between the three blocks 
(F12.51=5.90), but was unaffected by grazing (FEI.51=0.001). Plantago lanceolata, the most 
abundant plant species using Technique I, showed significant differences in patch size 
between blocks and fencing treatments (F15.51=36.99 and F[1.5]=51.93 respectively). 
P.lanceolata patch size increased with grazing in blocks A and D, but was reduced in block 
E. CV values for P.lanceolata were reduced with grazing in most blocks, except block E 
where CV increased (see table 5.3). Both H.radicata and Dactylis glomerata exhibited both 
significant block and fencing effects (F12.51=10.22, F11.51=8.98 and F13.51=3.87, F11 ,51=4.76). 

Patch sizes of Rumex acetosella showed significant block effects (F14.51=12.90), with 
patch diameters (and CV values) reduced within grazed plots in all blocks but one (but not 
significantly, F11.5)=0.0003); in block F the average patch diameter increased under grazing. 
Rumex acetosa, on the other hand, showed significant decreases in patch diameter in grazed 
blocks D, E and F (F13,51=9.07), and CV values reduced approximately 10% by grazing for 
the three blocks. The thistle Cirsium arvense exhibited significant fencing effects 
(F11,51=72.41) with plant diameter increasing under grazing. However, for this species there 
were no significant differences between blocks (F[1.5]=1.12). 

Block A Block B Block C Block D Block E Block F 
F UF F UF F UF F UF F UF F UF 

S.jacobaea 2 1 - - - - - - 6' 12 30' 21 
P.lanceolata 73' 45 32 39 22' 101 57' 147 20' 59 316 313 
H.radicata 40' 13 - - - - - - 4 - 28' - 
D.glomerata 1 - - - 20 16 33' 2 9' - - - 
R.acetosella 26' 15 23' 62 - - 22 16 24' 60 33' 18 
R.acetosa - - 45' - 103' - 222 34 134' 88 306' 105 
C.arvense - - - - - - - - 38 41 33" 62 

Table 5.2. Plant patch densities from the twelve 10x1 Om experimental plots, Nash's Field, August 1990. Other 
species include A.elatius, R.repens, L.corniculatus, V.chamaedrys, C.capillaris and C.rnuricata. 
indicates significant differences between the fenced and unfenced patches. See text for statistical details. 
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Senecio 
jacobaea 

Plantago 
lanceolata 

Hypochoeris 
radicata 

Dactylis 
glomerata 

Rumex 
acetosella 

Rumex 
acetosa 

Cirsium 
arvense 

F UF F UF F UF F UF F UF F UF  F UF 
A Mean 14.25 22.00 4.27 6.49 12.2 6.83 26.40 - 6.95 5.94 -- - - 

SE 2.15 - 0.32 0.56 1.56 0.91 - - 0.98 1.22 - - - - 
CV 21.3 63.4 57.8 80.8 47.8 - - 72.6 79.4 - -- - 

13 Mean - - 4.42 4.49- - - - 9.68 9.37 8.71 - - - 
SE - - 0.51 0.32 - - - - 1.48 0.89 0.87 - - - 
CV- - 65.7 45.1 - - - - 73.2 75.2 67.5 - - , - 

C Mean - - 4.47 5.88 - - 25.27 17.65 - - 8.82 - - , - 
SE - - 0.72 0.34 - - 2.79 1.99 - - 0.53 - - - 
CV - - 75.3 58.8 - - 49.5 44.4 - - 60.9 - - 

D Mean - - 4.21 4.45 - - 15.40 14.50 14.25 6.19 9.37 3.51 - - 
SE- - 0.28 0.17 - - 0.95 5.49 0.54 0.91 0.39 0.35 - - 
CV- - 50.7 49.1 - - 35.4 53.6 82.5 58.9 61.5 58.1 - - 

E Mean 10.25 7.03 6.82 4.96 13.50 - 22.28 - 17.67 14.76 11.1 6.62 6.91 7.50 
SE 0.36 0.73 0.58 0.47 2.95 - 3.19 - 2.93 1.42 0.59 0.42 0.55 0.56 
CV 36.6 35.8 38.5 72.7 43.7 - 42.9 - 81.2 74.4 61.8 58.2 49.0 47.5 

F Mean 6.47 7.16 2.39 3.74 5.91 - - - 5.05 9.96 3.52 2.61 2.75 4.08 
SE 1.98 0.91 0.09 0.14 0.57 - - - 0.91 0.50 0.16 0.16 0.23 0.32 
CV 51.8 57.9 73.1 66.6 51.6 - - - 104.1 91.5 78.5 61.7 47.9 61.8 
Mean 7.47 7.55 3.23 4.52 9.82 6.84 19.69 17.57 10.21 10.74 7.34 4.29 4.97 5.44 
SE 0.64 0.75 0.11 0.11 0.97 0.91 1.23 1.84 0.89 0.69 0.21 0.22 0.39 0.33 
CV 52.9 57.8 75.2 64.3 84.2 47.8 49.9 44.4 99.6 84.2 80.3 77.4 67.3 62.6 

Table 53. Mean, Standard Error and CV values for the patch diameter measurements (cm) from the twelve 
experimental plots of the seven recorded species, Nash's Field, August 1990. See text for statistical 
details. 

5.3.2 Continuous Sward-forming Species (Technique II) 

The predominant grass species of the grassland plots were Festuca rubra, Anthoxanthum 
odoratum and Agrostis capillaris. The cover of F.rubra varied from 30 to 70%, and was a 
consistent decreaser in all blocks (differences were significant in all blocks except block E, 
F[1,51=24.04). The number of F.rubra patches, however, increased significantly under grazing 
in all blocks except C, where the number decreased significantly (LSD.05=2.34). The 
distribution of Festuca patches was highly aggregated with z values significantly larger than 
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1.95. However, no significant differences between blocks (F0,51=0.16) or between fenced and 
unfenced plots (Fr1,51=0.45) were detected. CV values for F.rubra decreased under gazing in 
all six blocks by 30 to 20%. 

Sweet Vernal Grass (A.odoratum) was recorded at relatively low densities in the present 
survey due to early flowering and leaf senescence. However, unlike F.rubra both patch density 
and percentage ground cover increased significantly with grazing (LSD005=13.39 and 
LSD005=2.46 respectively). The z-value showed no significant block or fencing differences. 
The number of intervals occupied by A.odoratum patches showed a significant increase in 
block A, but decrease in block B (Ft1,53=5.48), but the overall block effect was not significant 
(F[4,5]=0.57). CV values were the lowest for any species, with an increase under grazing from 
51 to 85%. 

Luzula campestris patch densities varied between blocks. In block A density decreased 
while in blocks B and F patch density increased with grazing (LSD.05=5.67). However, total 
percentage ground cover increased significantly with grazing in all three blocks (LS D.05=0.80; 
see Table 5.4). Like most species the z-value showed no significant block or fencing effects. 
The number of intervals occupied by L.campestris showed only small variability between 
treatments, means ranging from 2.00 to 4.90. However, significant differences were found 
between block (F[5,5]=4.32), and fencing (Fr1,51.7.29) treatments. CV values increased with 
grazing by 30 to 40% in all three blocks. 

Hieracium pilosella only exhibited significant responses to grazing in block A, where 
species patch density and percentage cover were reduced from 56 to 6 (LSD.05=10.95), and 
18.61 to 1.23% (LSD.05=6.11) respectively. The number of intervals covered by H.pilosella 
was unaffected by block or fencing treatments (F-values<2.71). 

Patch diameter of Holcus lanatus showed no significant difference between block or 
fencing treatments. However, significant differences were found in the both the number of 
patches per plot and percentage ground cover by H.lanatus, both decreased with grazing in 
blocks A and E, and increased in the remaining four blocks (LSD.05=1.95). 

For Agrotis capillaris significant differences in 'patch diameter' were found between 
the six blocks (Fm51=3.09), but fencing had no overall significant effect on the number of 
intervals occupied (F051=1.03). The interaction showed a significant difference in 'patch 
diameter' in block B only. CV values also showed inconsistent responses to grazing between 
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blocks, CV decreased in blocks A, B and D, and increased with grazing in blocks C, E and 
F. The number of patches per plot exhibited variable significant differences between grazed 
and ungrazed plots, in blocks A and B the number was reduced, and increased in the remaining 
four (LSD.05=4.6, see table 5.4 for means). Percentage ground cover also showed the same 
pattern (LSD.05=2.49). No significant differences were encountered for z-values. 

No significant differences were encountered for 'patch diameter' of Poa pratensis for 
block and fencing main effects, but patch diameter was increased by rabbit grazing in block 
E. CV values in blocks E and F were, however, reduced. The number of P. pratensis patches 
significantly decreased with rabbit grazing overall and in blocks C, E and F (FR51=32.64, 
LSD.05=2.3). Grazing significantly reduced percentage ground cover, but only in blocks E 
and F. No significant differences between treatments for z-values were encountered, although 
the z-value in block B was noticeably higher. 

Yarrow (Achillea millefolium) showed significant block (F15,51=3.55) and fencing 
effects, with an overall decrease in the number of intervals occupied (F0,51=6.46) under 
grazing. CV was reduced in block B and E only. Grazing significantly reduced both percentage 
ground cover and number of patches per plant (F14.51=33.15 & 14.63 respectively), in blocks 
A, B and F. 
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Ground cover 
(%) 

Number of 
patches (r) 

z-value 

F UF F UF F UF 
F.nkra A 71 42 82 100 21.8 24.4 

B 52 37 66 81 23.7 21.9 
C 59 33 65 52 23.2 23.8 
D 65 48 46 94 24.1 21.0 
E 36 33 61 68 23.3 22.4 
F 62 40 65 75 22.8 22.1 

A.odoratum A 5 31 29 79 19.1 22.2 
B 2 18 5 54 24.7 21.8 

L.campestris A 25 40 79 54 21.4 24.7 
B 8 14 33 51 20.9 20.7 
F 13 19 38 48 21.7 22.2 

H.pilosella A 19 1 56 6 22.4 21.8 
B 1 1 5 4 24.0 22.8 

H.lanatus A 10 5 26 12 23.9 24.6 
B 43 42 68 89 23.5 21.6 
C 43 44 67 73 23.1 22.7 
D 40 39 59 71 23.3 22.7 
E 47 38 76 67 22.5 22.8 
F 26 44 58 67 22.4 22.8 

A.capillaris A 27 5 78 16 21.8 23.0 
B 31 18 79 68 21.9 20.0 
C 22 27 48 65 23.0 22.2 
D 22 25 42 61 23.4 22.2 
E 25 30 59 75 22.4 21.5 
F 9 18 34 45 19.8 22.2 

P.pratensis B 1 0.5 2 1 27.1 39.5 
C 3 2 11 6 22.2 24.1 
E 18 3 45 7 17.8 23.8 
F 14 3 48 15 20.8 20.1 

A.millefolium B 25 3 67 12 24.2 20.4 
C 25 0.5 52 1 23.0 30.6 
D 0.5 1 2 8 25.8 19.4 
E 0.25 0.5 1 1 32.2 30.4 
F 28 1 71 3 21.4 24.0 

Table 5.4. Percentage cover, number ofpatches per experimental plot (r) and z-values (indication of randomness) 
for the eight species recorded using Technique II. All species patches were non-randomly distributed. 
Only in those blocks where the species was encountered in fenced and unfenced plots is presented. From 
Nash's Field, August 1990. See text for statistical details. 
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Festuca 
rubra 

Anrhoxanthum 
odoratum 

Luzula 
campestris 

Hieracium 
pilosella 

Holcus 
lanatus 

Agrost's 
capillaris 

Poa 
pratensis 

Achillea 
millefolium 

F UF F UF F UF F UF F UF F UF F UF F UF 
A Mean 7.18 3.62 1.72 3.55 2.73 4.90 3.45 1.67 2.87 3.33 2.78 2.76 - - 2.20 - 

SE 0.97 0.38 0.19 0.38 0.27 0.55 0.59 0.33 0.31 0.46 0.31 0.42 - - 0.20 - 
CV 121.5 102.9 61.8 91.3 85.4 101.5 128.8 48.9 59.9 48.5 98.2 63.3 - - 68.0 - 

S Mean 6.45 3.58 4.00 2.71 2.27 2.09 2.40 1.55 5.27 3.70 3.20 2.27 3.00 1.00 3.45 1.69 
SE 0.92 0.29 - 0.27 0.27 0.22 0.51 0.24 0.77 0.42 0.31 0.21 0.99 - 0.31 0.28 
CV 116.6 74.6 - 74.5 64.2 75.6 47.5 46.6 117.6 110.2 87.5 73.4 47.0 - 75.9 61.0 

C Mean 6.98 5.32 - - - 2.00 - - 5.01 4.62 335 3.35 2.18 3.40 4.24 3.00 
SE 1.09 0.66 - - - - - - 1.01 0.87 0.36 0.38 0.32 0.75 0.68 - 
CV 127.3 89.7 - - - - - - 101.3 87.4 78.27 92.1 49.0 49.2 113.4 - 

D Mean 11.44 4.04 - 2.21 - 2.62 - - 5.32 4.22 4.10 3.16 2.13 - 1.80 1.37 
SE 2.18 0.41 - 0.32 - 0.47 - - 0.86 0.45 1.07 0.27 0.44 - 0.49 0.26 
CV 123.1 97.8 - 63.2 - 98.0 - - 124.0 91.2 160.9 69.5 80.9 - 60.8 54.1 

E Mean 5.65 3.89 - 2.50 - 2.5 - - 5.04 4.09 3.46 3.64 2.24 3.20 2.00 3.00 
SE 0.76 0.44 - 0.49 - 0.49 - - 0.56 0.43 0.35 0.41 0.42 0.76 - - 
CV 109.8 911 - 28.28 - 28.3 - - 97.7 88.7 77.7 95.9 126.7 74.8 - - 

F Mean 7.70 4.02 - 3.00 2.59 3.15 - - 3.62 5.03 2.00 2.84 2.43 1.73 3.22 2.00 
SE 1.19 0.46 - 0.45 0.24 0.06 - - 0.59 0.62 0.17 0.39 0.24 0.23 0.37 0.58 
CV 121.3 98.7 - 47.13 57.9 90.8 - - 127.0 102.8 50.0 91.8 71.3 51.0 95.3 50.0 
Mean 732 3.99 1.87 3.04 2.59 3.53 337 1.60 4.07 4.26 3.15 3.07 2.31 2.45 3.23 1.73 
SE 0.46 0.17 5.56 0.21 0.01 0.26 0.55 0.19 0.20 0.21 0.18 0.15 0.19 0.32 0.20 0.19 
CV 124.9 94.7 51.1 85.12 75.7 112.4 126.6 46.0 113.1 105.9 104.8 88.1 93.1 72.1 98.1 55.6 

Table 5.5. Mean, SE and CV values for the number of intervals (one interval represents 2cm) occupied by the 
plant patches for the eight dominant grassland species, using Technique II. From the six experimental blocks, Nash's Field. See text for statistical details. 
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5.4 Discussion 

5.4.1 Patch Competition and Responses to Grazing 

The response of plant populations to grazing will depend upon the preferential feeding 
of the herbivore, and the differential susceptibility to grazing of the plants (Crawley & Pacala 
1991; Pacala & Crawley 1991). Rabbits are well documented as exhibiting particular feeding 
preferences (see chapter 1.4 for review), with palatable and unpalatable plant species. 
However, feeding preferences are generally considered 'non-overlapping' between species 
(i.e. species A is preferred over Species B, and so on, rather than some genotypes of species 
B preferred over species A). Palatability within species populations rarely seems to be 
considered (i.e. one genotype preferred over another), although the potential importance of 
such differentation has been discussed (Dirzo 1984). In a plant community, consisting of 
numerous neighbouring genotypes, such preferential feeding could be expected to act as an 
important factor influencing plant/patch responses to herbivory. 

In this study, species patch responses to rabbit grazing were separated into two categories 
(those species with patch diameters that increased under grazing, and those that decreased), 
and several sub-categories in accordance with changes in patch/plant diameter, density, 
ground cover and size variation; these are summarized in table 5.6. 

Typical herbaceous species follow category A, where the patch diameter was reduced 
with rabbit grazing, along with percentage ground cover and patch density. Such a response 
follows the simple removal of vegetation, specifically the removal of larger plants, reducing 
patch size variation through direct herbivory (size variation would be expected to decrease 
with removal of small patches, assuming no or limited recruitment). Where indirect effects 
of grazing occur, plant patch size may increase through simple competitive displacement, 
where a reduction in species A causes species B to exhibit competitive release (resulting in 
increased patch size). Patch size may also be reduced through competitive displacement 
involving a third species (i.e., removal of species A by a herbivore causing species B to 
increase and outcompete species C) where plant diameter, plant density and ground cover 
would be expected to decrease. This category may include species like Achillea millefolium, 
Hypochoeris radicata, Rumex acetosella (except block F) and Rumex acetosa. 
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For perennial species which exhibit a reduction in patch diameter it is unlikely that 
direct herbivory acts upon patch responses alone because herbivores rarely remove whole 
patches or plants from the community (Crawley 1983). In the more realistic case where 
competition is coupled with direct herbivory the effects would be expected to be greater upon 
larger plant patches, if they were subject to disproportionate feeding of the herbivore, with 
smaller patches forming local refuges from herbivory (Crawley 1989; Crawley & Pacala 
1991). This kind of patch-specific herbivory would lead to reduced variation in patch size. 
Combination of direct and indirect effects would result in a community dominated by smaller 
plant patches. Species exhibiting these responses have been grouped under category A. 

It, however, appeared that the response of patch density to grazing was not predictable, 
but was dependent upon on the feeding strategy of the herbivore. Patch density could increase, 
with large plant patches fragmented into numerous small patches, as observed for F.rubra. 
On the other hand patch density could remain unchanged, or decrease, as plant patches are 
gradually reduced in size either due to competition or herbivory or both. 

In contrast, unpalatable species would increase under grazing, possibly outcompeting 
neighbouring palatable grazed species, with an expected increase in patch size (category B 
species). Again, changes in patch density are not predictable because patch density may 
decrease as small patches merge into one large patch (e.g. P oa pratensis and Rumex acetosella 
in block F). Alternatively patch density may increase either due to seedling recruitment or 
stoloniferous invasion of herbivore-generated gaps (e.g. Anthoxanthum odoratum and Luzula 
campestris). Harper (1977) showed variation in patch size of A.odoratum, with half life of 
the patches averaging only 2.15 year, and high variation between cohorts. Recruitment of 
A.odoratum has been described as 'erratic from year to year' with high mortality in dry 
summers (Antonovics 1972) and the 'survivorship of a population seems to be determined 
at the outset rather than by the conditions at the time of death'. Short longevity and 'erratic' 
recruitment could contribute towards A.odoratum colonization success into disturbed habitats, 
such as those grazed by rabbits (see chapter 

In a situation where the dominant grassland species is removed or reduced in size, the 
patch density of the remaining unpalatable species would be expected to increase (competitive 
release). This appears to be the case for F.rubra where removal leads to replacement by 
A.odoratum and L.campestris. However, for species which form discrete patches (consisting 
of a single plant) an increase in patch diameter, coupled with a reduction in patch size variation 
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(CV reduced), could be expected to result from young plants/patches reaching maturity and 
flowering to form an even-aged population (presumably previously inhibited by the dominant 
competitor). This appears to be the case for P.lanceolata (particularly in block A, with a 
decrease in patch density). This was complicated by variation in patch density responses to 
grazing, and could be explained by variation in plant recruitment between the blocks. An 
increase in patch density is consistent with increased recruitment into the population, 
presumably into herbivore-generated gaps. P.lanceolata patch diameter, however, decreased 
in block E, while patch density and CV increased. This could result from an even-aged 
population in the grazed plots being replaced by a younger population, with older plants being 
more susceptible to drought, competition and herbivory. Likewise Bishop & Davy (1984) 
found that Hieracium pilosella populations were only reduced with grazing in drought years, 
presumably due to age-specific mortality. 

Grasses have been found to be important in influencing the growth and reproduction 
of several grassland herbaceous species, these include R.acetosa, R. acetosella and Plantago 
species (Sagar & Harper 1961; Putwain & Harper 1970; Fowler 1981). This appears to be 
the case for most of the herbaceous species encountered within the experimental blocks, 
typically Hieracium pilosella and Hypochoeris radicata. Removal of the dominant 
competitor in the grassland caused an increase in abundance or patch size of a normally 
suppressed species (A.odoratum), which in turn interfered with neighbouring herbaceous 
species, suppressing certain species further (e.g. Hypochoeris radicata) while allowing other 
species to benefit (e.g. P.lanceolata). 

5.4.2 Inconsistent Patch Responses and Competition 

Collins & Glenn (1990) stated that often the dominant species in a grassland community 
is the most sensitive to disturbance and this could be the case for Festuca rubra, although 
from these studies it would appear that not all dominant species are particularly sensitive 
(e.g., Holcus lanatus, Agrostis capillaris). 

Inconsistent plant responses to grazing appear to be a common phenomenon in grazed 
systems (Rice & Westoby 1977; Noy-Meir, Gutman & Kaplan 1989; Crawley 1990a, see 
chapter 1.3 and 1.4 for review). Under this situation a 'trade off' between plant regeneration, 
herbivory, compensatory regrowth and variation in abiotic conditions may occur, accounting 
for certain species exhibiting inconsistent or insignificant patch responses to grazing. Under 
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particular conditions a species may be palatable and grazed upon frequently, but fast 
compensatory regrowth coupled with competitive release due to the removal of a preferred 
neighbouring species, could cause that species to increase in some areas, while decreasing 
in others, depending on the palatability of its neighbour (genotypic variation and phenotypic 
plasticity is discussed in section 5.4.3). Growth of clonal herbs is strongly density-dependent 
(Kroon & Kwant 1991), therefore any reduction in patch/plant density would be expected to 
cause a decrease in shoot mortality and increase natality. Such a density response of clonal 
growth maybe as a result of physiological integration (Hutchings 1979; Lonsdale & 
Watkinson 1985; Hutchings & Bradbury 1986), although this has not been shown to be the 
case in all studies (Kroon & Kwant 1991). However, this does emphasise the importance of 
neighbourhood effects in influencing plant population regulation, species coexistence and 
community stability. 

The removal and importance of rabbit grazing in determining the composition and 
dynamics of the grassland is well demonstrated by these studies, and others (Watt 1981a; 
Crawley 1990a, see chapter 1.3). However, generalizations concerning plant responses to 
grazing cannot be made, although species can be categorized into different response types. 
Patch responses to grazing appears to be primarily dependent upon the competitiveness, 
palatability and compensatory growth of neighbouring patches. These may in turn be affected 
by grazing intensity (Harper 1977; McNaughton 1983; Pacala & Crawley 1991, see chapter 
1.4). Variability of regrowth and competitiveness does appear to have a genetic basis, although 
competitiveness may be determined by the local availability of resources (Tilman 1982). 
Spatial variation in patch density, population genetic variability and environmental 
heterogeneity undoubtedly contribute towards the inconsistency in patch responses to grazing. 
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Table 5.6. Categorization of plant patch responses to grazing with patch diameter, patch density, percentage ground cover and variation acting 
as response category determinates. Those species with only consistent significant differences in patch diameter between fenced and unfenced 
plots are included (see text for inconsistent responders). For Technique I speciespercentage ground cover was assumed to be directly proportional 

Patch 
diameter 

to patch 
Patch 
density 

density. Void 
Ground 
cover (%) 

is used where 
Variation 
(CV) 

impossible by definition. 
Proposed mechanisms behind patch response to grazing 

Increase 
under 
grazing (I) 

Category B 

I 

I 
I Increase in population density due to competitive release accompanied with seedling 

recruitment or colonization by stolons from neighbouring patches. (e.g. Anthoxanthum 
odoratum, Luzula campestris). 

D 
Increase in population density due to competitive release, with limited recruitment or 
removal of larger plants, resulting in an even aged population (e.g. Plantago lanceolata). 

D I Void 
D Void 

D 

I I Void 

D Void 
D I Removal or emergence of patches with patch recruitment, increasing patch size 

variation. 
D Removal or emergence of patches without recruitment, reducing size variation, (e.g. Poa 

pratensis). 
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Table 5.6. cont/.. 

Patch 
diameter 

Patch 
density 

Ground 
cover (%) 

Variation 
(CV) 

Proposed mechanisms behind patch response to grazing 

Category A 

Decrease (D) 
I 

I I *Fragmentation of population, with patch recruitment 
D *Fragmentation of population, with patch recruitment. 

D 
I #Fragmentation of population. 

D 
#Fragmentation of population, with disproportionate herbivore feeding in large patches 
i.e. large patches split into numerous small patches (e.g. Festuca rubra). 

D 
I 

I Void 
D Void 

D 
I Removal of patches with recruitment into herbivore generated gaps. 
D Removal of patches, with disproportionate herbivore feeding patch selection, and limited 

recruitment. (e.g. Achillea rnillefolium, Hypochoeris radicata) 

(?) - response variable, see text for details. 

* - separation between these categories is dependent on the initial area covered by ungrazed patches. 
# - no change in CV would suggest removal of material irrespective of patch size. 
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5.4.3 Genotypic Variability between Patches 

Several recent papers have discussed the implications of genetic variability and 
phenotypic plasticity in competition between neighbours (Turkington 1989a; Mehrhoff & 
Turkington 1990; Taylor & Aarssen 1990), and it would appear advantageous for genotypic 
and phenotypic variability to occur within plant populations due to the large spatial variation 
in biotic and abiotic conditions. Selective pressure also occurs to reduce the effect of grazing, 
while maximizing fitness and competitiveness within the community. Micro-environmental 
adaption has been considered in populations of P lanceolata. (Fowler & Antonovics 1981), 
which could again explain the large variation in patch responses to grazing. Such adaptation 
has been suggested for A.odoratum (Snaydon & Davies 1982; Platenkamp 1990; Platenkamp 
& Foin 1990). 

The abilities of different plant species to withstand (or benefit from) grazing, may reflect 
the genetic variability or phenotypic plasticity, as populations with large variation would be 
expected to have an adaptive advantage over those species less variable. The overlap in the 
competitive abilities of different genotypes within and between species populations (as shown 
by Taylor & Aarssen 1990) may then be acting as the main mechanisms explaining the 
inconsistent responses of plants to grazing between the six experimental blocks. Notable 
species include H.lanatus, A.capillaris, R.acetosella, species which have been suggested to 
exhibit large genetic variation (see section 5.1.1), although genetic variation within these 
species populations has not been proven to contribute towards their competitive abilities. 
Coupled with other morphological features such as unpalatability, genetic variation may 
provide individuals with advantages to withstand intense herbivore grazing. Williams (1975) 
stated that 'Genotypic variety provides a margin of safety against environmental 
uncertainty....this may be more important to population survival than a precise adaptation to 
current conditions'. 

Louda & Keeler (1989) discussed the potential of herbivores to determine plant 
competitive ability by affecting specific plant traits. Louda & Keeler suggested that the plant 
traits (e.g. leaf area, leaf size, root length) 'which are often modified by herbivores are also 
the same traits that determine competitive ability'. This is perhaps no surprise, but emphasises 
the importance of genotypic and phenotypic variation in affecting the individual plant 
response to grazing. Although adaptive genetic variability was not investigated in these 
studies, it would appear from the inconsistency of patch responses (which may not be 
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explained by environmental variation alone) that such a mechanism could be acting within 
the plant populations and this needs to be positively investigated. The dangers of interpreting 
such features as being adaptive has been discussed (Harper 1982; Bradshaw 1984), because 
within-population variability is determined by historical factors. 
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Chapter VI 
Rabbit Grazing and the Dynamics of 

Seed Limitation 

6.1 Introduction 

A central theme in ecology has been the relative importance of different regulatory 
processes in determining the dynamics of populations (Andrewartha & Birch 1954; 
Slobodkin, Smith & Hairston 1967; Harper 1977; Anderson & May 1978; Dirzo & Sarukhan 
1984; Crawley 1990b). In plant population ecology a wide range of factors determine 
population levels, including; intra- and inter-specific competition (Aarssen 1985; Grace & 
Tilman 1990), germination biology and recruitment (Fenner 1985; Leck et al. 1989; Thrall 
et al. 1989; Crawley 1990b), and resource availability (Tilman 1986, 1988). Any of these 
factors may be subject to varying degrees of density-dependent and density-independent 
control regulating population dynamic processes. 

Population regulation in grassland systems has been predominantly considered as a 
function of the germination and recruitment success of species (see chapters III & V). In 
grassland systems, the dominant perennial species often produce few seeds per plant and 
there tends to be a small or nonexistent seed bank, with seedlings typically exhibiting high 
mortality (Watkinson 1978; Grime 1981; Rice 1989). Annual species, in contrast, produce 
thousands of seeds per plant per year and have large, persistent seed banks (e.g. Papaver 
dubium which produces approximately 2,000 seeds per capsule, Salisbury 1942) and relatively 
low seedling mortality (Fenner 1987). 

Seedling recruitment into grassland has been shown to play a minor role in species 
regeneration, due to the low probability of seed germination and seedling survival (Putwain 
& Harper 1970; Miles 1972; Weaver & Cavers 1979; Crawley 1983, 1986 & 1989; Bakker 
1985; Howe & Snaydon 1986; Peart 1989), which is in turn influenced by spatial and temporal 
variation in environmental conditions (Roberts 1981; Ross & Harper 1972; Hartgerink & 
Bazzaz 1984; Thompson 1986; Watt & Gibson 1988; Masuda & Washitani 1990). However, 
even low seedling recruitment rates are crucial for maintaining genotypic diversity in the 
population (Soane & Watkinson 1979; Evans & Turkington 1988) and for allowing recovery 
following disturbance. Low seedling recruitment or germination rate, in any habitat, might 

110 



Chapter VI 

be related to the species inability to produce sufficient seeds because of high seed loss from 
a range of factors (e.g. herbivores, pathogens, microsites) or as a result of environmental or 
phenotypic constraints. 

Successful species recruitment from seed may require any combination of germination 
characteristics, and these in turn may be restricted by the plant's physiological characteristics 
(King 1975; Thompson, Grime & Mason 1977; Grime et al. 1981). Only recently, however, 
has a greater understanding of germination biology contributed to plant population ecology 
(Parker, Simpson & Leck 1989). 

6.1.1 Plant Populations and Seed Limitation 

Microsite availability has been discussed and investigated as the main limiting factor 
in plant recruitment and is determined primarily by interspecific plant competition (Harper, 
Williams & S agar 1965; Harper et al. 1970; Harper 1977; Crawley 1983; Andersen 1989; 
Peart 1989a). However, relatively few studies have investigated the role of seed production 
as a factor limiting recruitment, although the importance of seed limitation has been 
emphasised (Fowler & Antonovics 1981) and discussed (Crawley 1990b). Those studies 
which have investigated seed limitation include; Cameron (1935) and Crawley & Nachapong 
(1985) on Senecio jacobaea, Putwain, Machin & Harper (1968) onRumexacetosella, Putwain 
& Harper (1970) on Rumex acetosella and R.acetosa in conjunction with the removal of grass 
and/or herbaceous species, Gross (1980) on V erbascum thapsus; Duggan (1986) on 
Cardamine pratensis; Fowler (1986) on Bouteloua rigidiseta, and Sheppard (1987) on 
Heracleum sphondylium. 

The relative importance of limiting factors in population growth has been discussed by 
Crawley (1990b), with many factors determining the relative importance and limitation of 
population growth. For instance, recruitment may be predator-limited, where high seed 
predation rates restrict recruitment, although like any limitation, seed loss may only become 
important when other constraints are lifted (e.g. microsite availability, Andersen 1989). 
Alternatively the plant may produce vast quantities of seed which greatly outnumber the 
suitable microsites in which case predators play a minor role (i.e. microsite limited regulation, 
Crawley 1983). 

Other factors influencing seedling recruitment success include: 
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1) Seed size, where larger seeded species may have a greater probability of germination 
than small seeded species particularly under unfavourable conditions (Gross & Weiner 
1982; Gross 1984; Venables & Brown 1988; Houssard & Escarre 1991). Note however, 
that not all studies have found seed size to be important (Fenner 1978) 

2) Density-dependent germination responses, where high density seedlings inhibit 
germination of subsequent cohorts (Linhart 1986; Inouye 1980; Rees 1990; Rees & 
Brown 1991). Those seeds which delay germination avoid a highly competitive 
situation, and reduce the risk of entire cohort failure during an unfavourable year (i.e. 
buffer the risk from environmental stochasticity). 

3) Number and size of gaps in the community (Black 1959; Caruso 1970; Maun & 
Caver 1971; Fenner 1978; Silvertown & Smith 1989), although increasing gap size does 
not always increase seedling survival (Watt & Gibson 1988), often interacting with 
seed size (McConnaughay & Bazzaz 1987). 

Soil seed banks may play a critical role in contributing to population stability by acting 
as a 'refuge' from herbivory (Crawley 1983) or from environmental stochasticity (Chesson 
1985). For instance, disturbance to the community may allow temporary invasion by annuals, 
until they are out-competed by neighbouring perennial species. Recently, however, the 
relative importance of 'shifting clouds' has been considered (Grubb 1986; Kelly 1989b, 
1989c) instead of a constant 'refuge', although the importance of heterogeneity in sustaining 
population levels remains unchanged. In terms of seed limitation, Crawley (1983) concluded 
that it was unlikely that those species with persistent seed banks or species 'supported by 
immigration of seed' would exhibit seed-limited recruitment. 

A variety of studies on seed bank ecology have considered seed bank classification, 
namely transient seed banks and persistent seed banks (Thompson & Grime 1979; Grime 
1981, 1989), although the classification is dependent on the longevity of seeds in the soil, 
whereby 'transient seed banks' consist of species which produce seeds which germinate 
within the same year of production. However, regardless of seed longevity, a characteristic 
feature of all seed banks is their marked spatial heterogeneity (Chippendale & Milton 1934; 
Schenkeveld & Verkaar 1984; Thompson 1986). Another characteristic of seed banks is the 
difference between the species composition of the mature vegetation and the species 
composition of the soil seed bank (Thompson 1986; see Rice 1989 for review). Seed banks 
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and the control of germination have been shown to contribute towards plant population 
stability (Silvertown 1988, Kelly 1989c), and this stability has been investigated theoretically 
(MacDonald & Watkinson 1981), and although the predictions of these models are not entirely 
consistent it is clear that seed banks can contribute to population stability, particularly in the 
face of environmental unpredictability. 

6.1.2 Herbivore Intervention 

Many studies have investigated the role of vertebrate herbivores as post- and pre- seed 
dispersal predators in temperate (Crawley 1983, 1987; Forrester 1990) and tropical systems 
(Janzen 1969, 1971; Stevens & Putz 1984; Forget 1991). 

Small mammals act as major seed and seedling predators in a wide range of habitats 
(Marshall & Jain 1970; Price & Jenkins 1986; Pyke 1986, 1987; see Hulme 1990 for review). 
It may be expected that the extent to which seed predation affects the 'final' species 
composition and abundance could be negligible, once other limitations on recruitment, such 
as low probability of species establishment by seed into the grassland sward, have been 
considered (Crawley 1990b). However, little experimental evidence exists to clarify the 
relative importance of seed-feeding herbivores with respect to other limitations. 

Herbivores whose feeding or digging activities increases the number and size of gaps 
could increase the colonization success of annual species, especially unpalatable species with 
persistent seed banks, and therefore contribute to population stability and coexistence of 
annual species in perennial vegetation. However, colonization success will be related to plant 
fecundity as well as to the rate of production of gaps (Crawley & May 1987). 

Herbivores may also affect plant fecundity directly through the removal of seed heads, 
or indirectly by reducing plant size and leaf area, both of which are likely to delay or prevent 
seed production. Delayed seed production may be beneficial or detrimental depending on 
variability in the factors determining seed germination and recruitment success (e.g. 
abundance of seed predators, availability of microsites). Late seed rain may, for instance, 
avoid intense 'scramble' competition for resources or high predation rates associated with 
early seed rain, but suffer from microsite pre-emption by earlier seedlings. 
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The aim of the present seed study was to assess and discuss the relative importance of 
seed limitation and vertebrate herbivory on the dynamics of germination success and plant 
recruitment. 

6.2 Method and Materials 

6.2.1 Seed Limitation in Grassland Sward 

Seeds of twenty common plant species•were sown onto intact acid grassland in October 
1989, Nash's Field, Silwood Park (see table 6.1 for species list, and chapter II for site 
description). A simple experimental grid was used, comprising 80 units, each unit separated 
from the neighbouring unit by 2m. Each unit comprised two adjacent 0.25m2  quadrats, one 
quadrat was sown with seeds, while the other acted as a control. All seeds were sown at 
densities equivalent to 1000 seeds per metre square. Each species was allocated to a particular 
unit and quadrat at random, and each species was replicated twice. No attempt was made to 
exclude rabbits from the experimental grid. 

Plant and seedling recruitment within the sward was recorded by removing half of the 
sward within each quadrat (selected at random) in April (at the beginning of the rapid growth 
phase) and the other half in July (at the end of growing period). Each turf was systematically 
searched by hand, and the number of individual plants and seedlings for each of the 20 species 
was counted. 

6.2.2 Seed Limitation and Microsite Suitability 

Six of the 20 common species were sown in the six experimental blocks described in 
chapter II. Seeds were sown in March 1990, one month before the peak recruitment period 
for the blocks (see chapter III). Again a simple experimental grid was used, comprising 
fourteen 0.25m2  quadrats, each species replicated twice with two control quadrats. Each 
species and control was allocated to each quadrat at random, with each quadrat separated by 
two metres. 

The numbers of plants and seedlings for each of the species within each quadrat were 
counted at the end of the growing season, in July 1990 from the 24 experimental plots. 
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6.2.3 Seedling Survivorship 

Of the 20 common species investigated in the two seed recruitment experiments, two 
were selected to examine the survivorship of the seedlings; Festuca rubra and Rumex 
acetosella. These species have already been shown to exhibit contrasting regeneration 
responses to rabbit grazing (see chapters III & V). Both species were present in all six 
experimental blocks, but Festuca rubra was restricted to intact grassland plots and had no 
apparent seed bank. From previous studies (chapter 11) Rumex acetosella was shown to 
exhibit different responses to rabbit grazing in different blocks in the cultivated plots, unlike 
F.rubra which was a consistent decreaser under grazing. 

To examine the survivorship of these two species, six permanent quadrats (two with 
F.rubra, two with R.acetosella and two controls) were positioned at random in each of the 
12 cultivated, fenced and unfenced plots. Seeds were sown at densities equivalent to 1000 
seeds per metre square in 25cm by 25cm quadrats. 

The seeds were sown in March 1990, and the position of each emerging seedling and 
established plant was marked on a transparent acetate sheet each month until July 1990 (one 
sheet for one quadrat at one time interval). Each sheet was compared with the sheet from the 
previous month providing survivorship data for each cohort of seedlings in fenced and 
unfenced plots for the six experimental blocks. 

All seedlings were dead by the 17`" week (mid-August) due to drought. The intervals 
between monthly recordings were 4, 4, 5 and 4 weeks. Density-dependent relationships in 
germination were not examined because of the unknown densities of other species within 
each quadrat. 

6.2.4 Statistical Analysis 

Both seed limitation experiments were analysed with an analysis of deviance using 
GLIM. Seedling count data (for the 20 species) was analysed using Poisson errors, while the 
six species study data were square root transformed, because these transformations were 
shown to produce the least variation in residual deviance. Only those significant differences 
with p<0.05 are discussed. 

The survivorship data were analysed using GLIM with 'time to death' as the response 
variable, and calculating the hazard function (No): 
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h(t) 	f(t) / S(t) 

The hazard function is used to calculate the survivor function (S(o), thus: 

S(t)  = exp(-H0)) 
fo)  = hmexp(-H0)) 

The Weibull error distribution was used to calculate the shape parameter (oc) of the 

hazard function, the mean number of weeks to death and the mean weekly survival rate. Since 
all the seedlings eventually died, the study exhibited no censoring (see Crawley 1992, for 
further details). 

6.3 Results 

6.3.1 Seed Limitation and Microsite Suitability 

Of the twenty species sown onto the sward, eleven species recruited from seed following 
seed addition (Table 6.1). Nine species were totally restricted to the treatment plots in April, 
and only one species was found in July. Of the eleven species, only five showed significant 
differences in densities between the two sampling dates (irrespective of seed addition), and 
only two species (R.acetosella and L.corniculatus) exhibited a significant increase in seedling 
density following seed addition (irrespective of sampling date). See table 6.3 for statistical 
details and table 6.2 for mean plant densities. Only H.lanatus showed a significant increase 
in density after seed addition at the first sampling date (t=4.36). 

Species sown within intact 
grassland: 

Festuca rubra 
Anthoxanthum odoratwn 
Agrostis capillaris 
Rumex acetosa 
Rumex acetosella 
Vicia sativa 
Tripleurospermum inodorum 
Papaver dubiwn 
Crepis capillaris 
Plantago lanceolate 
Holcus lanatus 
Achillea millefolium 

Senecio jacobaea 
Cerastium fontanum 
Stellaria graminea 
Trifolium repens 
Lotus corniculatus 
Capsella bursa-pastoris 
Poa annua 
Veronica chamaedtys 

Species recruited within intact 
grassland: 

A.odoratton 
A.capillaris 
R.acetosa 
R.acetosella 
C.capillaris 
P. fanceolata 
H.lanatus 
Kinodortan 
P.dubium 
T.repens 

S.graminea 
L.corniculatus 

Species sown in cultivated and 
grassland areas: 

F.rubra 
A.odora:um 
R.acetosella 
T.inodorum 
P.dubium 
T.repens 

Table 6.1. List of species sown and recorded (recruited from either seed sown or from natural seed bank) within 
the intact and cultivated experimental plots. See text for details on species recruitment success. 
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When seedling recruitment and limitation were investigated further (only involving the 
six species listed in table 6.1), incorporating fencing and cultivation treatments, all of the six 
species were recorded from at least one of the treatments. All six species were recorded in 
the cultivated plots, while only four were recorded in the grassland plots (F.rubra and 
T.Modorum did not recruit). No one species was restricted to either fencing treatment. In the 
intact grassland plots, all six species for all treatments, except seed addition (F(1144]=1.82), 
had a significant effect on seedling recruitment at the 5% level. Blocks played a more 
important role in seedling recruitment than fencing, and fencing more important than seed 
addition (see table 6.3). 

In the cultivated plots total variance in seedling recruitment was 8 times the variance 
in recruitment into grassland plots. Highly significant differences were detected between 
species (F[5.,441=55.40) accounting for 25% of the variation in seedling recruitment. In contrast 
to the intact grassland, seed addition was a significant main effect (Fr1,1441=27.63), but only 
accounted for 2.5% of the total deviance. Fencing had no significant effect on overall seedling 
densities (Fr1,144)=0.02), although there were significant fencing interactions. After considering 
species variation, seed addition accounted for more of the variation than fencing (see table 
6.3). 
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April July 
Treatment Control Treatment Control 

Species Mean SE Mean SE Mean SE Mean SE 
Festuca rubra 0- 0 - 0 - 0 - Anthoxanthum odoratum 0 - 0 - 1.0 0.70 0.5 0.5 Agrostis capillaris 0.5 0.35 0,- 5.5 1.76 4.0 0.70 Rumex acetosa 0.5 0.35 0- 0 0 - Rumex acetosella 8.0 2.12 1.0 0.71 2.5 1.06 0 Vicia sativa 0 0 0 0 - Tripleurospermum inodorum 0.5 0.35 0- 0 - 0 - Papaver dubium 0.5 0.35 0- 0 - 0 - Crepis capillaris 2.5 0.35 2.5 0.35 0 - 0 - Plantago lanceolata 2.5 1.76 0 - 14.0 7.07 7.5 5.30 Holcus lanatus 1.5 0.35 0 - 9.5 0.35 7.0 3.53 Achillea millefolium 1.5 0.35 0.5 0.35 17.0 12.02 8.5 3.18 Senecio jacobaea 0 - 0 - 0 - 0 - Cerastium fontanum 0 - 0 - 0 - 0 - Stellaria graminea 0.5 0.35 0 - 0 - 2.0 1.41 Tnfolium repens 1.5 1.06 0 - 0 - 0 - Lotus corniculatus 5.0 0.00 0 - 5.5 0.35 0.5 0.5 Capsella bursa-pastoris 0 - 0 - 0 - 0 - Poa annua 0 - 0 - 0 - 0 - 

Veronica chamaedrys 0 - 0 - 0 - 0 - 

Table 6.2. Mean plant densities (0.125m-2) of the twenty species sown onto intact grassland, Nash's Field, 
Silwood Park, with and without the addition of seed (1000 seeds sown per metre square). Plant densities 
recorded in April and July 1990 after sowing in October 1989. See text for statistical details. 

A.odoratum exhibited significant differences in seedling density in intact grassland 
block B, where within ungrazed plots the addition of seed increased seedling recruitment 

(t=3.29, df=3, p<0.05 respectively), but within the grazed plots the addition of seed had no 
significant effect (t=2.12, df=3). In the cultivated plots A.odoratum seedling recruitment 
showed no significant response to seed addition. 

Seedling recruitment of F.rubra significantly increased with seed addition only in the 
cultivated plots and in grazed plots only in blocks A (t=4.17, df=3), B (t=5.89, df=3) and F 
(t=3.4, df=3). Seedling recruitment of T.inodorum and P .dubium was unaltered by the addition 
of seed in both cultivated and intact grassland, although seedling densities were frequently 

higher in areas where seeds were added to cultivated plots, see table 6.2. 
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Grassland Plots Cultivated Plots 
Source SS df MS F I 	SS df MS F 
Sp 19.09 5 3.82 21.09 200.90 5 40.18 55.40 B 7.55 5 1.51 8.34 10.21 5 2.04 2.81 F 1.48 1 1.49 8.22 0.02 1 0.02 ns Add 0.33 1 0.33 ns 20.04 1 20.04 27.63 Sp.B 20.14 25 0.80 4.45 277.9 25 11.11 15.34 Sp.F 6.94 5 1.38 7.62 23.45 5 4.65 6.41 Sp.Add 1.47 1 1.47 8.12 33.96 1 33.96 46.82 B.F 1.31 5 0.26 ns 9.86 5 1.97 2.72 B.Add 0.84 5 0.17 ns 6.52 5 1.30 ns F.Add 0.40 1 0.40 ns 4.88 1 4.88 6.73 Sp.B.F 8.14 25 0.32 ns 53.60 25 2.15 2.96 Sp.F.Add 0.84 5 0.17 ns 7.81 5 1.56 ns Sp.B.F.Add 10.84 55 0.43 ns 46.91 55 0.85 ns Error 26.15 144 0.81 104.43 144 0.725 
Total  105.54 287 800.30 287 

Table 6.3. Factorial ANOVA for the six species sown onto intact and cultivated grassland in March 1990, with 
square root transformation. F-values are given for the significant treatments, ns represent no significant 
effect at the 5% level. Sp - species; B - block; F - fencing; Add - seed addition. 

The only other significant effect was for R.acetosella in the intact grassland block E. 
Here, seed addition increased seedling recruitment in the grazed plots (t=6.47, df=3,p<0.001), 
but in the cultivated plots R.acetosella showed no increase in seedling densities after the 
addition of seed. 

6.3.2 Seedling Survivorship 

Within each of the experimental blocks germination success was relatively high for 
F.rubra confirming seed limitation, as shown in section 6.3.1, with no F.rubra seedlings 
recruiting from the control plots. Seedling densities within each of the blocks were 
significantly higher in grazed plots (F11  1201=60.97), as well as significantly different between 
blocks (F15,1201=14.18) and cohorts (F13,1201=17.61). Of the 3000 F.rubra seeds sown only 169 
germinated during the study period. Germination success and seed limitation of R.acetosella 
were complicated by the large variation in recruitment from the existing population in the 
seed bank (see control quadrat data, table 6.6). As with F.rubra, R.acetosella seedling densities 
exhibited significant differences between cohorts and blocks (t-values>4.72), but no 
significant fencing effect was detected (t=0.91, df=3). 
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Summary of the survivorship data for each species is given in tables 6.4, 6.5 & 6.6. The 
shape parameter of the hazard function (cc) was greater than unity for both species, indicating 
an increase in the risk of death with time (age-specific mortality), presumably due to the 
increasing severity of the drought through July and August. Alpha ranged from 2.31 to 3.14 
forF .rubra and 2.23 to 2.38 for R.acetosella, depending on the details of the minimal adequate 
model. 

For F.rubra the mean weekly survival rate was low at 0.54% for all seedlings, with the 
mean time to death of 0.19 weeks, but there were significant differences between cohorts. In 
July (cohort 4, t+3), before drought mortality, 20.4% of the original seedlings from cohort 
1(t), and 33.3% for cohort 2(t+1) were still alive, and 37.5% from cohort 3(t+2). Survival 
rates were not significantly different between cohort 1 and 2, but survival rate in cohort 3 
was significantly higher at 1.25% (t=3.95, df=3) independent of fencing or block effects. 
Considering block variation, the only significant difference was observed for cohort 1 in 
block C where the mean weekly survival rate of 2.96% was higher than in any of the other 
five blocks (t-values>4.05, df=3). Block C also had the highest seedling survival for cohorts 
2 and 3. Fencing only showed a significant effect on mean weekly seedling survival rate in 
cohort 1, where grazing reduced the survival rate from 0.753 to 0.187 (t=4.79, df=3, p<0.02). 

Considering the model with full interactions, F.rubra mean survival rates were only 
significantly affected by grazing in 3 out of the 18 possible combinations (excluding cohort 
4 where survival rate was constant). In block D, cohort 1, the percentage of seedlings which 
survived the study period was reduced in grazed plots from 1.25% to 0.15%, but in block F 
survival rate increased with grazing from 0.0052 to 0.055 for cohort 1, but for cohort 2 (block 
F) survival rate decreased with grazing from 1.25 to 0.08%. 

For all R.acetosella seedlings the mean weekly survival rate was lower than F.rubra 
at 0.39% and the mean number of weeks to death was 0.18. Survival rates increased with 
cohort emergence time, cohort 2 (survival rate = 0.71%) and 3 (1.32%) survival rates were 
significantly higher than cohort 1, and significantly different from each other (t=5.48, df=3). 
Neither fencing nor block treatments had any significant effect on survival rate within any 
of the cohorts, and there was no effect from the addition of R.acetosella seed. Examination 
of individual block means failed to detect any significant differences in survival rates between 
treatments and cohorts (t-values<2.4). 
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t t+1 t+2 t+3 
R St R St St+1 R St St+1 St+2 R 

Tot. F 29 4 7 3 2 10 3 1 0 9 UF 20 10 32 10 17 30 7 12 15 32 
Mean F 2.42 0.33 0.58 0.25 0.17 0.84 0.25 0.08 0 0.75 SE 0.53 0.13 0.28 0.12 0.16 0.40 0.12 0.08 - 0.33 UF 1.67 0.83 2.67 0.83 0.41 2.50 0.58 1.00 1.25 2.67 0.37  0.28 0.81 0.28 0.62 0.91 0.27 0.42 0.43 0.77 

Table 6.4. Seedling densities and recruitment over the four cohorts, April (0 to July (t+3) of F.rubra within 
treatment quadrats from fenced and unfenced cultivated grassland plots. Densities per 0.125m2. S - 
seedling densities within the cohort, R - number of new recruits into the population each month. 

t t+1 t+2 t+3 
R St R St St+1 R St St+1 St+2 R 

Tot. F 141 81 10 54 6 20 41 4 10 31 UF 86 61 8 53 4 8 36 4 5 14 
Mean F 11.7 6.7 0.83 4.5 0.50 1.67 3.4 0.33 0.83 2.58 SE 3.42 2.42 0.46 1.98 0.29 0.64 1.56 0.22 0.38 1.33 UF 7.1 5.1 0.66 4.4 0.33 0.67 3.00 0.33 0.42 1.17 2.43 1.74 0.41 1.68 0.18 0.26 1.10 0.18 0.19 0.60 

Table 6.5. Seedling densities and recruitment over the four cohorts, April (t) to July (t+3) ofR.acetosella within 
treatment quadrats from fenced and unfenced cultivated grassland plots, densities per 0.125m2. S - 
seedling densities within the cohort, R - number of new recruits into the population each month. 

t t+1 t+2 t+3 
R St R St St+1 R St St+1 St+2 R 

Tot. F 127 90 15 61 9 29 46 4 10 15 UF 186 108 16 88 11 37 66 3 11 36 
Mean F 10.5 7.50 1.25 5.08 0.75 2.42 3.83 0.33 0.83 1.25 SE 5.00 3.62 0.44 1.95 0.28 0.93 1.53 0.25 0.29 0.51 UF 15.5 9.82 1.45 7.03 0.92 3.08 5.50 0.25 0.92 3.00 4.39  2.99  0.38 2.18 0.26 0.71 1.85 0.18 0.31 0.87 

Table 6.6. Seedling densities and recruitment over the four cohorts, April (t) to July (t+3) ofR.acetosella within 
control quadrats from fenced and unfenced cultivated grassland plots, densities per 0.125m2. S - seedling 
densities within the cohort, R - number of new recruits into the population each month. 
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6.4 Discussion 

6.4.1 Rabbit Grazing and the Dynamics of Seed Limitation 

Rabbit grazing played only a negligible role in influencing the importance of seed 
limitation in plant populations in Nash's Field. However, this may not always be the case. 
For instance, following years of heavy grazing and severe drought massive seedling 
recruitment may occur into intact grassland (e.g. 1991, Johnston pers. observation). The 
availability of suitable germination sites, influencing plant colonization success (which is 
likely to be related to spatial variability in environmental factors) does appear to account for 
the variation in germination success of particular plant species (assuming seedling recruitment 
success is an indicator of available microsites, see chapter III for further discussion). Most 
plant species, whether rare or abundant, exhibited very low rates of recruitment from seed 
into established vegetation, even after enhanced seed input. 

Crawley (1990b) stated that when plants are not seed limited, 'then herbivores that 
cause only moderate reductions in plant fecundity may have no measurable impact on plant 
abundance or on population stability.' However, this may not always be the case because 
grazing impact is species specific, and the relative importance of herbivory on plant regulation 
depends on the herbivores feeding strategy with respect to the plants' palatability and its 
competitive ability (see chapters IV & V). Again plant survivorship after grazing depends on 
plant age (Pyke 1986) and upon how precisely grazing affects the plants competitive ability. 
At present little evidence exists on the relative importance of seed limitation compared with 
other biotic and abiotic conditions. Putwain & Harper (1970) showed that the removal of 
herbaceous species often resulted in increased seedling recruitment in response to the addition 
of seed, with seedling densities linearly correlated to sowing density. Even in this case, 
however, seed addition had no long-term influence on plant densities. Competition from 
grasses reduced seedling survivorship, and inhibited seed germination. Similarly Gross 
(1980) studying Verbascum thapsus, Newell, S olbrig & Kincaid (1981) studying Viola species 
and Fowler (1986) studying Bouteloua rigidiseta found increased survival rates with the 
removal of neighbouring plant populations. 

In situations were species are seed limited and an increase in seed input would lead to 
increased numbers of recruits, there may be little or no long-term effect of seed enhancement 
on population dynamics if there are strong density-dependent processes regulating adult plant 
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densities. As shown by Fowler (1986), average plant size was smaller in populations of 
B.rigidiseta where recruitment increased through increased seed input, because of increased 
competition for resources. Likewise, an addition of F.rubra seeds increasing the number of 
recruits into the population is unlikely to have any significant effect on the long-term dynamics 
of the population due to the high seedling mortality. The difficulties in detecting seed 
limitation amongst most species, other than the dominant perennial species confirms the view 
of Crawley (1983), that species with persistent seed banks are unlikely to be seed limited. 
However this does not mean that species with 'short-lived' or 'non-existent' seed banks are 
likely to be seed limited. 

A characteristic feature of F.rubra is its small or nonexistent seed bank (Howe & 
Chancellor 1983; Thompson 1986). but it is unlikely that seed enhancement, even with high 
seedling recruitment, would have a major influence on plant population densities. This is 
most likely due to the high seedling mortality exhibited by Festuca rubra, such mortality 
may be density-dependently determined or influenced by abiotic factors. Howe & Snaydon 
(1986), however, found F.rubra survivorship to be relatively high compared with other 
common grass species. Seed limitation responses and seedling survivorship were difficult 
to detect in R.acetosella due to the large variation in the abundance and distribution of existing 
populations. 

Successful seedling establishment in mature vegetation has been found to be dependent 
on seed size (Harper, Lovell & Moore 1970; Gross & Werner 1982; Crawley & Nachapong 
1985). For instance, seedling emergence success of the large-seeded Arctium minus has been 
shown to be unaffected by vegetative cover (Gross & Werner 1982). Clearly there must be 
advantages for some species to produce small seeds and these may include: increased microsite 
availability, reduced risk from predation or reduced production cost by the parent plant with 
greater seed bank input and increased seed longevity. For instance, McConnaughay & Bazzaz 
(1987) showed that plant survivorship and performance was dependent on gap size, but for 
small seeded species only, which were able to recruit in gaps less than 5cm diameter. In this 
study, however, there was no correlation between seed size and peak seedling density; Lotus 
corniculatus, a large seeded legume showed increased recruitment success with the addition 
of seed, but the smaller seeded Rumex acetosella and H.lanatus, also showed high seedling 
densities following the addition of seed. 

123 



Chapter VI 

6.4.2 Seedling Recruitment and Survivorship 

Rabbit exclusion had no apparent effect on seedling survivorship, although seedling 
populations were highly susceptible to drought. These studies support the findings of Pyke 
(1986), that as a result of high seedling mortality it is likely that most of the seedlings removed 
by herbivores would have died anyway. Also, many herbivores have a greater influence on 
plant fecundity than on plant survivorship, as discussed by Crawley (1983). Certainly the 
most striking aspect of the seedling survivorship, for both species, was the high turnover 
rates. Within one sampling interval of only four weeks more than 50% of the seedlings may 
die. 

The increase in F.rubra seedling density with grazing was due to reduced competitive 
effects and to an increase in the number of available microsites. For the majority of species, 
however, seedling density was reduced under grazing (chapter III), predominantly because 
of depleted seed rain resulting from seed-head removal and this could be interpreted as a seed 
limitation response. While seed limitation is relatively unimportant, limitations resulting from 
high seedling mortality appear to be a key factor in plant population regulation (Gross & 
Werner 1982; Andersen 1989; Parker et al. 1989). 

Festuca rubra was the only species consistently recorded as seed limited, as well as 
exhibiting high seedling mortality in the cultivated grassland. Many studies have emphasised 
the sensitivity of seedlings to changes in biotic and abiotic conditions resulting in high 
mortality (Cavers & Harper 1967; Watkinson 1980; Mack & Pyke 1983; Fenner 1987; 
Andersen 1989; Peart 1989). Differences in survival rates between cohorts are determined 
by the conditions under which germination occurs (Silvertown 1988), with both early and 
late cohorts exhibiting high mortality (Harper 1977; Lee & Hamrick 1983). However, Weaver 
& Cavers (1979) concluded that the order of emergence was more important than the time 
of germination for Rumex crispus and R.obtusifolius populations. Generally a large array of 
factors influence the survivorship of plant species, and survivorship curves range all the way 
from Deevey type Ito type Ill (Symonides 1988). 

6.4.3 Microsites and Implications of Seed Loss 

Removal of seed-heads by herbivores may reduce the seed rain and input into seed 
banks which in turn may reduce the colonization success of palatable species once favourable 
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recruitment conditions are encountered. Seed input of unpalatable species could remain 
relatively unaltered or may even increase as a result of competitor release. It is this differential 
loss of seed production which emphasises the potential importance of seed predation on plant 
population dynamics (Louda 1989). Putwain, Machin & Harper (1968) showed that the 
number of recruiting seedlings of Rumex acetosella within one year was determined by 
inflorescence production during the previous year, and this obviously has profound effects 
given year to year fluctuations in herbivore densities and inflorescence removal rates. Rabbits 
certainly exhibit feeding preferences towards flowering plants (Bishop & Davy 1984) due to 
increased nutrient content in the plant (Dempster 1982). Rabbit herbivory may not only reduce 
the number of flowering plants, but also delay the time of inflorescence through tissue removal 
and reducing plant size, as well as reducing seed production of those plants able to flower 
(Tansley & Adamson 1925; Watkinson & Harper 1978). 

The impact of seed-head removal of species in established grassland communities may 
be expected to have little effect on population regulation because of microsite limitations. 
However, the potential for herbivores to consume vast quantities of seed must not be 
underestimated. For instance Apodemus sylvaticus has the potential to consume 20 to 40% 
of the total seed rain (Hulme 1990) and may remove 100% of the seeds of species with highly 
palatable seeds (Crawley 1990a). The effect of seed-head removal is likely to be greatest 
amongst those species without persistent seed banks, where regeneration other than from last 
year's seed production is minimal. In cultivated or disturbed communities where microsite 
availability is greatly enhanced, continuous seed head removal may have a much greater 
long-term detrimental effect on population densities. Within microsite-limited communities 
it may be postulated that it would be 'worthwhile' for individuals to direct resources into 
vegetative growth rather than into seed production although seed production would remain 
an important constituent in maintaining genotypic variability (Soane & Watkinson 1980; 
Hartgerink & Bazzaz 1984). The importance of seedling recruitment has been well illustrated 
by the rapid evolution of lime tolerance by A .odoratum in the Park Grass experiment (Snaydon 
& Davis 1972, 1982), although vegetative recruitment has a distinct competitive advantage 
over seedling recruitment (Howe & Snaydon 1986). Those plant species which do endure 
high costs of seed production are, in contrast, able to withstand large scale community 
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disturbance with recruitment from seed banks (i.e. colonization by annuals), compared to 
species regenerating principally through vegetative means (e.g. Festuca rubra, see chapter 

In addition to this, although herbivores may not exhibit any visible effect on seedling 
recruitment because of existing low germination success, seed predation may have long-term 
repercussions on the dynamics of seed banks. If seed bank input is significantly reduced this 
may have destabilizing effects for those species dependent on the seed bank for re-colonization 
after disturbance. Such long-term effects appear to be significant in the context of small 
mammal seed predation (Hulme 1990). 

Seed mortality appears to be highest between seed dissemination and the emergence of 
seedlings, but the dynamic processes of seed ecology are not well understood (Fenner 1985, 
1987; Louda 1989). The relative importance of seed predation in influencing recruitment 
may depend on the availability of microsites. The number of seeds produced will influence 
the degree of interspecific competition for suitable microsites, and those species which are 
seed limited may be outcompeted by those species less limited by seed production. 

Andersen (1989) emphasized that seed predation was unlikely to have any limitating 
effect on recruitment because of the excess production of seeds in relation to the number of 
microsites. Seed predators may only have a significant impact on recruitment if seed numbers 
are reduced below the number of microsites, but even then recruitment may occur from the 
seed bank. Whatever the consequences of seed predation, plant recruitment appears usually 
to be limited by the availability of microsites (Andersen 1989; Peart 1989; Crawley 1990b). 

6.4.4 Role of Germination Success in Population Regulation 

As already discussed, a variety of factors contribute towards the germination success 
of a particular population or species. Recent theoretical developments on plant population 
dynamics have emphasized the critical importance of germination success in determining 
seed-set-density relationships (Pacala & Silander 1985) and in turn the dynamic behaviour 
of populations (Thrall, Pacala & Silander 1989). 

In cases where germination success is limited by seed production, then seed limitation 
could play a major role in the dynamics of populations producing non-oscillatory dynamics 
(Pacala & Silander 1985). Although many factors limit germination success, the apparent 
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scarcity of oscillatory dynamics in plant populations (Crawley & May 1987; Crawley 1990b) 
would imply low germination success of many species. Specifically, the germination rate of 
many plant species is reduced almost to zero in the green light beneath an intact grassland 
canopy. However, high germination success may be essential for population persistence under 
unpredictable environment conditions. 

The results presented here, and in other similar studies (see section 6.1.1) have reported 
on the relative scarcity of seed limitation affecting plant population density. This may be 
due to difficulties in detecting such limitation rather than to the unimportance of seed 
limitation. Most studies have sown a constant number of seeds per unit area (such as this 
study), and not considered the natural variation in seed production. Large inter-specific 
variation occurs iri the number of seeds produced per plant or per unit area. For instance 
Papaver dubium produces approximately 2,000 seeds per seed head, in contrast to Lotus 
corniculatus which produces only 6 to 10 seeds per head (Salisbury 1942). The addition of 
1000 P.dubium seeds (seeds sown: seeds produced ratio = 0.50) to the vegetation may not 
be expected to result in increased recruitment, unlike 1000 seeds of L.corniculatus 
(ratio=125). In the present study both these species produced seedlings after the addition of 
seed, but only L.corniculatus significantly. Fowler (1986), recording seed limitation, sowed 
equivalent to 4469 seeds/m2, compared to the natural seed rain of 1847 seeds/m2  (ratio=2.41). 
Evidently, studies have yet to consider the size of the natural seed rain when examining seed 
limitation. 

Summarizing, germination success is likely to be determined by a variety of constraints 
which may vary between species and between seasons (e.g. availability of microsites). After 
germination it would appear that seedling mortality is a 'key factor' in determining seedling 
recruitment success but only during early successional stages. In more established 
communities, such as intact grassland, substantial constraints occur on seedling recruitment 
(see chapter III). Seed limitation plays a minor role in germination success and plant 
population ecology, except under specific conditions (e.g. during drought years), but even 
then other factors such as high seedling mortality act as fundamental constraints on population 
growth. 

To date, studies on plant germination success and limitation on population growth 
(principally during early population establishment) have failed to address many fundamental 
aspects in population biology which have been the centre for discussion in plant ecology 
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(Harper 1977). Those studies which have addressed these aspects are likely to have 
underestimated the relative importance of particular factors such as seedling mortality (Fenner 
1978; Eriksson 1986). While manipulation of seeds has begun to attract interest, manipulation 
of seedling populations (e.g. increasing densities, increasing survivorship) needs to be 
investigated further. Experimental investigations which monitor populations over long time 
periods, with continuous manipulation, are essential if generalizations are to be made 
regarding the responses to herbivory and the dynamics of plant populations, particularly in 
relation to the variation in 'key regulatory factors' (e.g. resources, predators). 
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Chapter VII 
Effect of Artificial Defoliation on Plant Performance 

and Competitive Interactions 

7.1 Introduction 

Competition is widely recognized as a principal factor influencing community 
composition and population dynamics (Connell 1983; Roughgarden 1983; Schoener 1983; 
Crawley 1990b; Keddy 1991). Investigating the ways in which varying intensity and 
frequency of grazing affect competitive interactions is also fundamental to understanding 
species' responses to herbivory (Crawley 1983) and community processes in grassland 
systems (McNaughton 1979). Plant compensatory growth may also be affected by plant 
competitive responses to herbivory, with the availability of resources and related 
neighbourhood effects affecting these responses (Goldberg & Werner 1983; McNaughton 
1983; S il ander & Pacala 1985). Timing and frequency of tissue removal also play an important 
role in species' responses to tissue loss (Hodgson 1966; Watt & Hagger 1980) and defoliation 
intensity (Lawrence 1973; Winch, Sheard, Mowat 1970; Binnie, Chestnutt & Murdoch 1980). 

7.1.1 Physiological and Morphological Effects of Tissue Removal 

Investigations into the physiological effects of tissue removal have largely been 
agriculturally based, and only recently has interest in artificial defoliation been directed 
towards ecological studies, principally understanding plant competition (Lee & Bazzaz 1980; 
Fowler & Rausher 1985; Georgiadis et al. 1989). 

Tissue removal may affect a wide range of physiological attributes, notably 
photosynthesis, and nutrient uptake (see Mooney & Chiariello 1984), while affecting plant 
morphology (Waller 1986). Numerous studies have discussed (McNaughton 1979; Owen 
1980; Owen & Wiegert 1981) and investigated (Painter & Detling 1981; Mooney 1986), the 
important effects of herbivory on photosynthesis and plant performance. Studies have shown 
that the photosynthetic rates of individual leaves which remain after herbivory tend to increase 
(Detling et al. 1979), whereas net photosynthesis may be reduced depending on the timing 
of defoliation (Vickery 1972; Harper 1977; Parsons et al. 1983; Woledge & Parsons 1986; 
Parsons, Johnson & Harvey 1988). Plant responses to defoliation will also depend on 
environmental conditions, including the availability of water (Hodgkinson et al. 1976; 
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Georgiadis et al. 1989) and nutrients (McNaughton et al. 1983; Verkaar et al. 1986; Chapin 
& McNaughton 1989; Georgiadis et al. 1989). There is substantial inter and infra specific 
variation in physiological responses to tissue removal (Caldwell et al. 1981) and 
understanding the consequence of this in plant-herbivore interactions is important (Osterheld 
& McNaughton 1988). 

The plant's ungrazable reserve plays an important role in influencing compensatory 
responses to tissue removal (Rylle & Powell 1975; Dirzo 1984), but studies by Jameson 
(1963) and Bokhari & Singh (1974) found that crown and root carbohydrate reserves were 
not used by Wheatgrass (Agropyron smithii Rydb) for plant regrowth after clipping. The 
majority of studies, however, have shown reductions in carbohydrate reserves following 
defoliation (Alcock 1964; Rylle & Powell 1975). 

Sarukhan & Harper (1977) investigated the effect of varying defoliation levels on leaf 
dynamics of Psychotria chiapensis, concluding that leaf number was reduced with increasing 
defoliation level, along with population rate of increase and leaf turn-over rate. Leaf 
production increased at low defoliation levels (5%), but at higher defoliation (25 and 75%) 
remained unaltered with respect to controls. The overall effect of tissue removal on plant 
performance depends on the quality of tissue removed (Dirzo 1984), as removal of old leaves 
may be beneficial (McNaughton 1986). 

Several studies have failed to detect responses to grazing intensity, for instance Lolium 
perenne defoliated at different heights did not affect the yield (Watt & Haggar 1980). Height 
or intensity of grazing are more important in contributing towards final yield than frequency 
(Sullivan & Sprague 1943), but increasing defoliation intensity (height) increased tiller 
production of L.perenne although this is not always the case (Simons et al. 1972). Grazing 
can stimulate tiller production (Gimingham 1971). Other defoliation experiments have shown 
a reduction in the number of seeds produced per plant and seed weight for a variety of species 
(Cavers & Maun 1971), while delayed inflorescences of defoliated plants is also documented 
(Collins & Aitkens 1970). 

7.1.2 Plant Competition and Experimentation 

The replacement series has long been used to quantify competitive interactions between 
plant species (see Harper 1977 for review). In recent years these studies have come under 
increasing criticism, largely because competitive interactions may depend on the total plant 
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densities, and these are fixed in replacement experiments. This criticism has resulted in 
several new approaches in plant competition analysis (Spitters 1983; Connolly 1987; Fone 
1989; Taylor & Aarssen 1989; Menchaca & Connolly 1990). 

Experiments involving the control and manipulation of plant density have been widely 
used in understanding plant-plant and plant-environment interactions (Marshall & Jain 1969; 
Harper 1977; Watkinson 1981). However, comparatively few experimental studies have 
addressed the responses of plants, and their competitive interactions, to selective herbivory 
(Lee & Bazzaz 1980; Watt & Haggar 1980). Most defoliation studies have been concerned 
with morphological and physiological implications (as discussed in section 7.1.1). 

Bentley & Whittaker (1979) investigated the effect of herbivory on plant competition. 
They compared simulated grazing and grazing by chrysomelid beetles on competition 
between Rumex obtusifolius and R.crispus. Clipping of both species enabled R.crispus to 
become partially 'competitive released', whereas in unclipped controls R.obtusifolius had the 
competitive advantage overR.crispus. However, grazing by beetles increased the competitive 
disadvantage of R.cripus to R.obtusifolius, even at low grazing levels because the beetles 
preferred R.crispus. Alexander & Thompson (1982) examined the effect of clipping on 
Lolium perenne and Agrostis capillaris and found that clippings/regrowth biomass increased 
and then decreased over a 12 week period, with weekly defoliations. Alexander & Thompson 
showed strong dependency on clipping frequency, with species-specific responses to variation 
in tissue removal. 

7.1.3 Competition Modelling 

Combined with competitive experimentation, much of the understanding of competitive 
interactions has followed from theoretical studies, notably work by Watkinson (1980), Law 
& Watkinson (1987) and Menchaca & Connolly (1990). Taylor & Aarssen (1989) recognized 
the importance and distinction between response models, such as Firbank & Watkinson (1985) 
and Law & Watkinson (1987), and response indices (specifically relative yield total, Harper 
1977). Response models take account of density-dependent mortality while allowing for 
changes in yields at high plant densities. Response indices involve parameter estimation from 
the responses of plant yield to plant density (Jolliffe, Minjas & Runeckles 1984; see Watkinson 
1986 for general review). 
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7.1.4 Predicting Responses to Defoliation 

Anthoxanthum odoratum and Festuca rubra were the co-dominant grass species within 
the experimental area. Anthoxanthum odoratum is documented as a consistent increaser with 
grazing, unlike Festuca rubra which decreases (although its tendency to decrease is less 
consistent than the increase of A.odoratum). Given the palatability of the two grasses, 
defoliating F .rubra is predicted to result in an increase in tiller production and plant biomass 
of A.odoratum. On the basis of observational studies it is impossible to predict what may 
happen if A.odoratum is selectively defoliated, but the response is likely to be dependent on 
plant density and intensity of defoliation (see Table 7.1). It is plausible that a plant that is 
not usually subject to grazing might suffer disproportionately from experimental defoliation, 
especially in competition with an undefoliated species. The response of the two species to 
grazing under field conditions may differ from the response under experimental conditions, 
since natural responses to grazing may depend on complex competitive interactions between 
several species and on spatial heterogeneity in abiotic conditions. 

Anthoxanthum 
odoratum 

Festuca rubra 

Palatability to rabbits Low High 
Morphological variation High Low 
Grazing response Consistent increaser General 

decreaser 
Regeneration success into intact 
grassland 

Seed recruitment low, tiller 
production high 

Seed recruitment low, tiller 
production high 

Regeneration success into 
cultivated grassland 

Low, from seed and 
vegetative fragments 

Low, only from vegetative 
fragments 

Plant densities and responses in 
cultivated grassland 

Low Low 

Response of patch size and 
density to grazing 

Patch size and density 
increases 

Patch size decreases, but 
density increases 

Response of patch size variation 
to grazing (CV). 

Increases Decreases 

Seed bank Small Non-existent 
Seed limited No Yes 
Seed germination rate Low High, survivorship low 

Table 7.1 Summary of the responses of Anthoxanthum odoratum and Festuca rubra to rabbit grazing and 
population characteristic, taken from studies from previous chapters and literature cited in chapter I. 
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The aims of this manipulation experiment were: 

1) To assess the importance of density and artificial defoliation on plant yield and tiller 
production between palatable Festuca rubra and unpalatable Anthoxanthum odoratum. 

2) To assess the potential for compensatory regrowth of the two species. 

3) To compare plant responses to artificial defoliation with those to natural grazing. 

7.2 Material and Methods 

The two grasses were grown in monoculture (A.odoratum or F.rubra) and mixed swards 
(A.odoratum and F.rubra) at four densities; 1, 2, 10 and 20 in monocultures, and total plant 
densities of 2, 10 and 20 plants per pot in the mixtures. The plants were defoliated at three 
levels; 2cm above ground level, 8cm above ground level and control (0% defoliation). Eight 
centimetres was approximately half the plants height at the onset of defoliation. Each treatment 
was replicated three times. There was no treatment in which both species in mixture was 
defoliated at the 2cm level, but both species were defoliated at 8cm above ground level. The 
general experimental design followed that of Aarssen & Taylor (1989). 

The swards were defoliated fortnightly after a two month establishment period. The 
clippings from each defoliation interval from each of the pots was collected, separated into 
species and dried to obtain cumulative dry matter production data. 

The plants were grown in 15cm diameter and 11cm deep plastic pots, in a Peat/John 
Innes No. 2 potting compost at a ratio of 2:1 (recommended by GCRI, Littlehampton). The 
plants were kept in a 22 degree centigrade glasshouse, and the pots were placed in a lm by 
15m grid, with each pot positioned within the grid at random. The position of each pot was 
re-arranged every week to minimize glasshouse environmental gradients and pot 
neighbourhood effects. The plants were watered daily with respect to demand, and 
supplemented with a liquid feed every 2 weeks. 

Experiment plants were chosen during swards sown under glass from the previous year, 
plants of the same size (approximately 6 to 8 cm tall) and structure (only one tiller) were 
selected from the swards before transplanted into the 15cm pots, two months before the first 
defoliation. 
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The experiment was terminated after ten weeks (five defoliation intervals), and dry 
weight estimates for above ground yield were taken for each species, from each pot. The 
plant material was dried for 48 hours at 70 degrees centigrade. The number of tillers produced 
was also counted for both species within each pot. No attempt was made to separate individual 
genets within each pot due to entanglement of tillers and roots. 

7.2.1 Statistical Analysis 

The effects of defoliation and density on plant yields and tiller production were analyzed 
using GLIM. Defoliation level, species and total plant density were used as factors and the 
interactions. Factors were then removed from the maximal model stepwise in order to 
determine the identity of significant interaction effects of defoliation and density on the 
outcome of plant competition. Plant biomass data were log-transformed since this produced 
the smallest total devience after comparing a variety of different link functions (see Crawley 
1992 and Aitkin et al. 1989 for details on choice of link functions). 

In addition to plant biomass, yield suppression ratio (YSR) and relative yield totals 
(RYT) were calculated from each of the treatments using plant biomass per pot (see section 
7.2.2). The YSR was not calculated for N=10 because of the small number of experimental 
treatments. Three-way analysis of devience using GLIM was undertaken to assess the impact 
of plant density and defoliation intensity on either or both species on YSR and RYT. The 
YSR and RYT data were log transformed, again after examining the model of best fit. 
Throughout this chapter only those interactions which exhibited significant effects (p<0.05) 
are discussed. Unless stated otherwise, the degrees of freedom were four (df=no-n2-2), with 
significant t-values at p<0.05 of 2.776, p<0.02 of 3.747 and p<0.001 of 8.610 (Sokal & Rohlf 
1981). 

7.2.2 Definitions 

Throughout this chapter plant biomass per pot (g) is defined as the final biomass and 
excludes regrowth biomass (the amount of tissue removed during each defoliation), whereas 
total yields includes the regrowth biomass from the five defoliation intervals. Unless stated 
otherwise, all plant densities refer to the total number of plants per pot (N), regardless of 
species. The first harvest refers to the amount of biomass accumulated above a specific 
defoliation level (8cm or 2cm above the ground) before regrowth biomass were taken at 
subsequent two week intervals. 

134 



Chapter VII 

YSR is defined as the yield suppression of species i due to interaction with species j 
relative to the yield suppression of j due to interaction with species i (Aarssen 1985; Taylor 
& Aarssen 1989), and is represented by the equation: 

YSR = 	 
ri 

Where Y10)  was the yield of A.odoratum when grown with F.rubra, Y j(j)  was the yield of 
F.rubra when grown with A.odoratum. In the treatments where one of the species was 
defoliated, Yid)  of defoliated A.odoratum was compared to the defoliated monocultural yield 
of A.odoratum, at density of N/2, while the undefoliated F.rubra Yi(i)  was compared with the 
undefoliated monocultural yield again at density of N/2. 

The RYT is defined as the degree to which two components of a mixture make demands 
on the same resource units (degree of niche overlap), from Taylor & Aarssen (1989), given 
by the equation: 

YSR = irlu)  
lrij 

7.3 Results 

In monoculture, undefoliated A.odoratum plant biomass per pot showed extraordinary 
constancy with increasing plant density, plant biomass ranging from 15.11g per pot for only 
one plant to 16.44g per pot for the highest density of 20 plants per pot. No significant 
differences between these densities were detected (t-values<0.24, see figure 7.1a). Similarly, 
F.rubra showed no significant difference in plant biomass per pot between the four plant 
densities, although a single F.rubra plant did exhibit higher biomass than biomass per pot 
at the other three densities (see figure 7.1a). Considering biomass per plant (individual plant 
biomass), both F.rubra and A.odoratum were significantly reduced with an increase in plant 
density (see figure 7.1b). Species tiller densities in undefoliated treatments showed similar 
responses to increasing density as plant biomass per pot (figure 7.2). 

7.3.1 Competition in Undefoliated Treatments 

When A.odoratum was grown with F.rubra the biomass of A.odoratum was reduced 
compared with monocultures by 33% at 2 plants per pot, 48% at 10 plants per pot and 24% 

135 



-",- 
N. 

"N. 

\ 
•-, 

10 s 
Plant Density 

An 	Fr 
-B- -0- 

b) Biomass per plant (g) 
so C) Biomass per plant (g) 

xo 

10 

Chapter VII 

at 20 plants per pot. However, there were no significant differences in plant biomass between 
the three plant densities (t-values<1.7). See figure 7.1a and table 7.2 for details. The mean 
biomass per plant showed a similar response to an increase in density as the species 
monocultures, with a hyperbolic decrease with increasing plant density (see figure 7.1c). 

The plant biomass of F.rubra was reduced more than A.odoratum at high plant densities 
per pot when grown with the other species when comparing with monocultural yields. F.rubra 
biomass per pot, when grown with A.odoratum, reduced by 27% at 2 plants per pot, 57% at 
10 plants per pot and 60% at 20 plants per pot. 
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Plant Density 

Figure 7.1 Effect of density on (a) species biomass per pot (grams), without defoliation in monocultures and 
mixtures, and the mean plant biomass per plant in monoculture (b) and mixtures (c). Figures (b) and (c) 
on log-log axis. See text for further details. Bars represent one standard error of the mean. Plant density 
refers to total plant density throughout all figures and legends. 

136 



Chapter VII 

A similar response to increasing density was recorded for the number of tillers per pot, 
but with a slight increase in the number of tillers per pot with plant density (see figure 7.2). 
A.odoratum tiller density was consistently lower than F.rubra tiller densities per pot in both 
monocultures and mixtures, although not always significantly (i.e. when species were grown 
together at high densities). 
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Figure 7.2. Effect of density on species tiller densities per pot, without defoliation in species monocultures 
and mixtures. At high plant densities no differences were detected between A.odoratum and F.rubra 
tiller numbers per pot when the species were grown together. Bars represent one standard error of the 
mean. 

7.3.2 Competition and Defoliation: Plant Biomass 

In monocultures, both A.odoratum and F.rubra showed significant reductions in plant 
biomass per pot at all densities with increasing defoliation intensity (t-values>7.5, df=4). 
However, at any given defoliation intensity (including control), no differences were detected 
in plant biomass per pot between the four densities, although F.rubra showed differences in 
plant biomass in undefoliated treatments (see figure 7.3 and table 7.2). For A.odoratum, 
defoliation at the 8cm level reduced plant biomass per pot by approximately 75%, with 
defoliation at the 2cm level increasing this loss to 86% of the control. In F.rubra monocultures, 
defoliation reduced the plant biomass per pot by approximately 77% at the 8cm level and to 
97% of the control at the 2cm level. 

The variation in plant biomass and tiller density per pot (CV) in monocultures showed 
no clear pattern across defoliation intensities or plant densities, or between the two species 
(see table 7.3). 
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The effect of density and defoliation on individual plant biomass in the monocultures 
(plant biomass per pot/species plant density) is shown in figure 7.4. The relative impact of 
defoliation intensity (differences between 8cm and 2cm defoliation level) on biomass per 
plant was reduced with increasing plant density for both species. At 2 plants per pot defoliation 
to the 8cm level reduced A.odoratum individual plant biomass by 57%, and F.rubra by 67% 
compared to undefoliated controls. At higher densities of 10 plants per pot, A.odoratum 
biomass per plant was reduced by 58% and F.rubra by 64% compared to controls, and a 
further increase in density to 20 plants per pot only increased the detrimental effect of 
defoliation by 10% for A.odoratum and no further reduction in biomass per plant was detected, 
for F.rubra (see table 7.4 for data). 

Anthoxanthum odoratum 	 Festuca rubra 
Mean biomass per pot (g) 	 Mean biomass per pot (g) 
. 	 . 

Figure 73. Effect of defoliation on plant biomass per pot (g) and the number of tillers per pot in monocultures 
of Festuca rubra and Anthoxanthum odoratum with increasing total plant density. Bars represent one 
standard error of the mean. 
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In the mixtures, both species showed similar responses to defoliation. When one species 
was defoliated, the other species failed to exhibit any marked increase in plant biomass per 
pot (see figure 7.5) with the biomass of the undefoliated species remaining relatively constant, 
although slight differences did occur between the different densities. Only at the 2cm 
defoliation level was there a significant density effect (F.rubra only), where at intermediate 
plant densities (10 plant per pot) biomass per pot was lower than biomass at higher or lower 
plant densities (figure 7.5b). 

a) 	 Anthoxenthum odorstum 
	 b) 	 Festuca rubel 

km 	Zan 
-9- -0- km 	km 

-0- -0- 

Figure 7.4. Effect of defoliation on biomass per plant (g) in monocultures of (a) Anthoxanthum odoratum and 
(b) Festuca rubra with increasing total plant density. Figure given as a log-log plot. See figure 7.1b & 
c for undefoliated plant biomass data. Bars represent one standard error of the mean. 

Variation in the number of tillers per pot was greater for F.rubra than A.odoratum for 
all treatments investigated. F.rubra tiller densities per pot also showed greater dependency 
on plant density (i.e. larger differences in tiller density per pot between density treatments), 
even at intermediate defoliation intensities (see figure 7.6). 
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Figure 7.5. Effect of defoliation on (a) A.odoratum and (b) F.rubra plant biomass per pot grown in mixtures, 
with differential species defoliation at 8cm and 2cm above ground level, with varying total plant density 
(2, 10 & 20 plants per pot). Bars represent one standard error of the mean. See text for further details. 
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Figure 7.6. Effect of defoliation on (a) A.odoratum and (b) F.rubra tiller densities per pot grown in mixtures, 
with differential species defoliation at 8cm and 2cm above ground level, with varying total plant density. 
Bars represent on standard error of the mean. 

140 



Chapter VII 

The effect of defoliating both species at the 8cm level on plant biomass and tiller 
densities per pot is shown in figure 7.7. Generally, defoliation of both species had no 
significant effect on the competitive interactions between F.rubra and A.odoratum. 
Defoliated A.odoratum plant biomass remained consistently higher than the F.rubra biomass 
at all densities 0=4.68, 4.38 & 4.05 for the three plant densities), as found in the undefoliated 
controls. A.odoratum tiller densities per pot, regardless of plant density, were not affected 
by defoliation of both species. However, F.rubra defoliated plants showed an increase in 
tiller production compared to undefoliated controls when both species were defoliated, but 
only at higher plant densities. 
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Figure 7.7. Effect of defoliating both A.odoratum and F.rubra on plant biomass and tiller density per pot grown 
in species mixture. Defoliation at 8cm above ground level. Bars represent one standard error of the 
mean. 
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Anthoxanthum odoratum Festuca rubra 
Density Defoliation intensity Mean SE CV Mean 	I SE 	I CV 
Monoculture 
1 0 (control) 15.11 21.99 

8cm 4.59 4.12 
2cm 1.45 0.62 

2 0 15.44 1.05 11.81 12.5 0.51 7.02 
. 8cm 6.6 0.64 16.82 4.23 0.21 8.8 

2cm 1.45 0.25 30.0 1.07 0.26 42.5 
10 0 16.06 1.35 14.60 15.07 1.18 13.6 

8cm 6.77 0.38 9.7 5.4 0.64 20.5 
2cm 1.55 0.18 20.76 1.36 0.17 21.9 

20 0 16.44 2.78 29.30 16.88 2.44 25.0 
Scm 4.94 0.49 17.18 6.47 0.77 20.6 
2cm 2.09 0.22 18.24 1.85 0.17 0.16 

Mixture (A.odoratum or F.rubra defoliated) 
2 0 10.90 1.03 16.33 9.02 1.31 25.2 

Scm (A.odoratum) 2.75 0.33 21.1 6.42 1.87 50.4 
2cm (A.odoratum) 0.37 0.05 22.12 9.98 0.74 12.82 
8cm (F.rubra) 13.94 4.91 35.4 0.88 0.33 65.3 
2cm (F.rubra) 10.97 2.26 35.7 0.13 0.04 54.38 

10 0 8.31 0.04 0.85 649 1.35 36.2 
8cm (A.odoratum) 2.69 0.29 18.7 8.35 1.26 26.2 
2cm (A.odoratum) 0.80 0.10 21.9 7.47 0.96 22.3 
8cm (F.rubra) 9.36 0.20 3.81 1.48 0.42 49.7 
2cm (F.rubra) 8.27 1.13 23.5 0.27 0.12 76.5 

20 0 12.5 1.68 23.4 6.03 0.80 20.9 
8cm (A.odoratum) 2.92 0.27 16.0 10.28 1.28 21.6 
2cm (A.odoratum) 0.50 0.07 23.5 9.86 0.86 15.1 
Scm (F.rubra) 9.10 1.07 20.4 2.14 0.16 13.1 
2cm (F.rubra) 10.51 0.24 4.1 0.38 0.09 44.6 

Mixture (A.odoratum and F.rubra defoliated) 
2 8cm 2.95 0.22 11.1 1.52 0.28 31.9 
10 8cm 5.24 0.87 37.4 2.96 0.76 44.2 
20 8cm 5.06 0.85 29.2 2.85 0.16 9.9 

Table 7.2. Effect of density and defoliation on plant biomass per pot (g), for the F.rubra and A.odoratum. CV given as percentage of the mean. (A.odoratum) or (F.rubra) denotes the species defoliated, and 0 
represents the undefoliated control. 
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Anthoxanthum odoratum Festuca rubra 
Density Defoliation intensity Mean SE CV Mean SE CV 
Monoculture 
1 0 (control) 143.0 384.0 

8cm 73.0 79.0 
2cm 144.0 66.0 

2 0 137.7 2.73 3.4 226.0 32.69 25.0 
8cm 166.0 34.5 36.0 173.3 26.97 26.9 
2cm 109.3 20.38 32.3 129.3 12.24 16.4 

10 0 176.6 19.6 19.2 243.7 32.98 23.4 
8cm 227.3 24.50 18.7 209.7 53.40 44.1 
2cm 113.7 16.82 25.6 217.0 18.19 14.52 

20 0 203.3 10.35 11.3 299.7 33.17 19.2 
8cm 146.0 11.58 13.7 260.3 17.47 11.6 
2cm 168.7 4.97 5.1 288.3 16.42 9.8 

Mixture (A.odoratum or F.rubra defoliated) 
2 0 81.67 6.74 14.3 188.0 38.55 35.5 

8cm (A.odoratum) 84.33 4.91 10.1 132.3 10.27 13.5 
2cm (A.odoratum) 38.00 7.76 35.4 133.7 41.96 54.3 
8cm (F.rubra) 81.00 8.73 18.7 49.0 17.32 61.2 
2cm (F.rubra) 165.3 29.08 30.5 22.00 1.64 12.8 

10 0 81.50 4.49 9.5 91.33 2.33 4.4 
8cm (A.odoratum) 70.67 5.36 0.13 152.7 29.17 33.1 
2cm (A.odoratum) 61.33 6.74 19.0 142.3 22.58 27.5 
8cm (F.rubra) 117.3 6.88 10.7 134.7 18.84 23.7 
2cm (F.rubra) 120.0 21.08 30.4 30.50 6.94 39.4 

20 0 145.3 9.82 11.7 147.3 17.37 20.4 
8cm (A.odoratum) 119.3 40.58 58.9 237.3 21.86 15.9 
2cm (A.odoratum) 46.00 4.89 18.4 242.7 64.08 45.8 
8cm (F.rubra) 112.7 8.74 13.4 154.3 28.20 31.65 
2cm (F.rubra) 133.3 19.37 25.17 62.67 13.37 36.9 

Mixture (A.odoratum and F.rubra defoliated) 
2 8cm 74.33 8.68 20.2 81.33 28.90 61.5 
10 8cm 104.3 4.91 8.2 186.7 19.97 18.5 
20 8cm 128.7 9.41 12.6 208.7 28.32 23.5 

Table 73. Effect of density and defoliation on plant tiller production per pot for F.rubra and A.odoratum. CV 
given as percentage of the mean. 0 defoliation represents the undefoliated controls, and (A.odoratum) or (F.rubra) denotes the species defoliated. 
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Anthosanthum odoratum Festuca rubra 
Density Defoliation intensity Mean 	I SE 	I CV Mean 	I SE 	I CV 
Monoculture 
1 0 (control) 15.11 21.99 

8cm 4.59 4.12 
2cm 1.45 0.62 

2 0 7.72 0.52 11.8 6.25 0.25 7.0 
8cm 3.30 0.32 16.8 2.12 0.12 8.8 
2cm 0.72 0.12 29.9 0.54 0.13 42.3 

10 0 1.61 0.14 14.6 131 0.14 16.6 
8cm 0.67 0.04 9.7 034 0.06 20.5 
2cm 0.15 0.02 20.8 0.14 0.02 21.3 

20 0 0.82 0.14 29.3 0.84 0.12 25.0 
8cm 0.25 0.02 17.2 033 0.04 20.1 
2cm 0.10 0.01 18.2 0.09 0.01 16.5 

Mixture (A.odoratum or F.rubra defoliated) 
2 0 10.90 1.03 16.3 9.02 1.31 25.2 

8cm (A.odoratum) 2.75 0.33 21.1 6.42 1.87 50.4 
2cm (A.odoratum) 0.37 0.05 22.1 9.98 0.73 12.9 
8cm (F.rubra) 13.94 3.47 35.2 0.60 0.29 68.3 
2cm (F.rubra) 11.19 0.11 1.4 0.13 0.05 54.4 

10 0 1.66 0.01 1.0 1.22 0.45 52.13 
8cm (A.odoratum) 0.54 0.06 18.5 1.67 0.25 26.1 
2cm (A.odoratum) 0.17 0.02 20.7 1.49 0.19 22.1 
8cm (F.rubra) 1.87 0.04 3.8 0.29 0.08 49.5 
2cm (F.rubra) 1.84 0.23 17.5 0.06 0.04 24.4 

20 0 1.25 0.17 23.4 0.60 0.08 23.2 
8cm (A.odoratum) 0.29 0.03 16.2 1.03 0.13 21.6 
2cm (A.odoratum) 0.05 0.01 26.1 0.92 0.09 14.8 
8cm (F.rubra) 0.91 0.11 20.3 0.21 0.01 13.1 
2cm (F.rubra) 1.05 0.02 3.9 0.04 0.01 42.7 

Mixture (A.odoratum and F.rubra defoliated). 
2 8cm 2.95 0.19 11.1 132 0.28 31.9 
10 8cm 1.05 0.07 12.0 0.59 0.15 44.2 
20 8cm 0.51 0.08 29.1 0.28 0.02 10.1 

Table 7.4. Effect of density and defoliation on individual plant biomass (g), for the F.rubra and A.odoratum. 
CV given as percentage of the mean. (A.odoratum) or (F.rubra) denotes the species defoliated, and 0 
represents the undefoliated control. 
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7.3.3 Competition and Defoliation: First Harvest and Regrowth Biomass 

In monocultures the amount of tissue removed after the first harvest (regrowth biomass) 
remained constant for both species at all four plant densities (see figure 7.8), as well as at 
both defoliation intensities. At the first harvest, however, F.rubra showed larger variation 
in biomass removed per pot between treatments, greater than A.odoratum, particularly at high 
plant densities. 

Anthoxanth um odoratum 
Mean biomass per pot (g) 

Plant Density 
Bern 

-E4-- 
1 Zan 

Festuca ru bra 	 Bom 

First 
Harvest 

2 3 4 

Figure 7.8. Differences in the first harvest and regrowth biomass per pot (g) in the monocultures of A.odoratum 
and F.rubra after defoliation. Regrowth biomass taken over four defoliation intervals (1 to 4, at fortnightly 
periods) at two defoliation intensities (8 and 2cm above ground level). Bars represent one standard error 
of the mean. 

The first harvest and the regrowth biomass for both species in the mixtures, grown at 
different densities is given in figures 7.9 and 7.10. Both species showed similar responses 
with an increase in the first harvest biomass with an increase in plant density, but this was 
not the case for regrowth biomass at any of the four defoliation intervals, for any defoliation 
intensities nor for either species. 
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Figure 7.9. Differences in the first harvest and regrowth biomass per pot (g) of A.odoratum grown with F.rubra, 
at three plant densities (a) 2 plants; (b) 10 plants and (c) 20 plants per pot with defoliation at 8cm and 
2cm above ground level. Bars represent one standard error of the mean. 

Figure 7.10. Differences in the first harvest and regrowth biomass per pot (g) of F .rubra grown with A.odoratum 
at three plant densities (a) 2 plants; (b) 10 plants and (c) 20 plants per pot, with defoliation at 8cm and 
2cm above ground level. Bars represent one standard error of the mean. 

Anthoxanthum odoratum 	 Festuca rubra 

Mean biomass per pot (g) 
	

Mean biomass per pot (g) 

2 10 20 -e- —e- --e-- 

Figure 7.11. Differences in the first harvest and regrowth biomass per pot (g) for A.odoratum and F.rubra 
when both species were defoliated at the 8cm above ground level at three densities. Bars represent one 
standard error of the mean. 
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When both species were defoliated at 8cm above ground level, regrowth biomass for 
both species was again not significantly different at any of the densities, other than at the first 
harvest (see figure 7.11). 

7.3.4 Competition and Defoliation: Total Plant Yields 

Total plant yield produced by the two species (cumulative harvest and regrowth biomass 
from the defoliations plus the final plant biomass) under the different treatments is given in 
table 7.5. In the monocultures, both species exhibited a downward trend in total yield with 
increasing defoliation intensity. No evidence was found to suggest that exact- or 
over-compensatory regrowth was occuring for either species when grown in monocultures. 
However, both species did exhibit different responses to plant density (figure 7.12). 
A.odoratum only showed significant differences in plant yield between densities at the 2cm 
defoliation level, whereas F.rubra density effects were detectable at both 8cm and 2cm 
defoliation levels. 

Anthoxanthum odoratum 
Flamm. ,zebra 

Figure 7.12. Effect of defoliation on Festuca rubra and Anthoxanthum odoratum plant yields per pot, grown 
in monocultures. At two defoliation intensities (8cm and 2cm) and four plant densities Bars represent 
one standard error. 

In mixtures, A.odoratum showed large variation in total plant yields between plant 
densities at all three defoliation levels, greater than F.rubra. When A.odoratum was defoliated 
the total yield ofF.rubra showed no significant increase, the same was apparent when F.rubra 
was defoliated (see figure 7.13). Under no treatment investigated, when the species were 
grown together, was there evidence of exact- or over-compensatory regrowth. However, at 
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the 8cm defoliation level, total yields of undefoliated F.rubra overlapped with defoliated 
F.rubra total yields in treatments when A.odoratum was defoliated (unlike A.odoratum total 
yields), while at the higher defoliation level total yields were non-overlaping (see figure 7.13). 

When both species were defoliated A.odoratum total yields were higher than F.rubra, 
although the difference was reduced with an increase in plant density (see figure 7.14). 

a) 	 b) 
Mean total ylotd par pa! (g) 

10 

20 

to 

20 

A.odoratum defoliated 

F.rubra defoliated 

Figure 7.13. Effect of defoliation on (a) A.odoratum and (b) F.rubra total yields per pot grown in mixtures, 
with differential species defoliation at 8cm and 2cm above ground level, at three plant densities. Bars 
represent one standard error of the mean. 

A.odoratum 

F.rubra 

Figure 7.14. Effect of defoliating both Anthoxanthum odoratum and Festuca rubra on total yields per pot. 
Plant density given per pot, defoliation at 8cm above ground level. Bars represent one standard error of 
the mean. 
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Anthoxanthum odoratum Festuca rubra 
Density 1Defoliation level Mean SE CV Mean SE CV 
Monoculture 
1 0 (control) 15.11 21.99 

8cm 7.85 6.87 
2cm 5.97 3.95 

2 0 15.44 1.05 11.8 12.5 0.51 7.0 
8cm 10.98 1.09 17.3 7.99 0.51 11.3 
2cm 7.37 0.34 7.5 5.66 0.51 15.5 

10 0 16.06 1.35 14.6 15.07 1.18 13.6 
8cm 10.95 0.85 13.4 10.07 0.64 11.1 
2cm 1.55 0.18 20.7 8.23 0.48 10.1 

20 0 16.44 2.78 29.3 16.88 2.44 25.0 
8cm 9.83 0.65 11.4 13.54 1.71 22.0 
2cm 2.08 0.22 18.2 10.96 1.77 27.9 

Mixture (A.odoratum or F.rubra defoliated) 
2 0 10.90 1.03 16.33 9.02 1.31 25.2 

8cm (A.odoratum) 4.94 0.82 28.6 6.42 1.87 50.4 
2cm (A.odoratum) 2.67 0.33 21.1 9.98 0.74 12.82 
8cm (F.rubra) 13.94 4.91 35.4 1.97 0.49 43.7 
2cm (F.rubra) 10.97 2.26 35.7 2.12 0.48 39.4 

10 0 8.31 0.04 0.85 6.49 1.35 36.2 
8cm (A.odoratum) 5.68 0.72 21.8 8.35 1.26 26.2 
2cm (A.odoratum) 5.37 0.03 0.93 7.47 0.96 22.3 
8cm (F.rubra) 9.36 0.20 3.81 5.50 0.54 16.9 
2cm (F.rubra) 9.20 0.93 17.5 4.06 0.46 19.8 

20 0 12.5 1.68 23.4 6.03 0.80 20.9 
8cm (A.odoratum) 5.35 0.68 22.2 10.28 1.28 21.6 
2cm (A.odoratum) 5.91 0.32 9.4 9.86 0.86 15.1 
8cm (F.rubra) 9.10 1.07 20.4 6.71 0.27 6.9 
2cm (F.rubra) 10.51 0.24 4.1 4.64 0.43 16.2 

[Mixture (A.odoratum and F.rubra defoliated) 
2 8cm 5.15 0.32 10.9 2.69 0.23 22.7 
10 8cm 8.26 15.1 3.2 5.91 0.39 39.7 
20 8cm 8.34 0.99 20.7 7.07 0.17 4.3 

Table 7.5. Anthoxanthum odoratum and Festuca rubra total yields per pot (g) grown in monocultures and 
mixtures with varying total density and defoliation intensities (height above ground level). CV given as 
percentage of the mean. 0 defoliation represents the undefoliated controls and (A.odoratum) or (F.rubra) denotes the species defoliated. 
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7.3.5 Yield Suppression and Relative Yield Totals 

Both YSR and RYT values are given in table 7.6. When YSR is larger (greater than 
unity) A.odoratum suppresses the yield of F.rubra, and vice versa. 

YSR RYT TSR 
Treatment Total Density 

(N) 
Mean SE Mean SE Mean SE 

Control 2 1.79 0.12 1.13 0.12 1.25 0.21 
10 - - 0.92 0.15 - - 
20 1.95 0.15 1.11 0.14 1.37 0.13 

8cm (A.odoratum) 2 2.29 0.41 0.93 0.19 3.37 0.30 
10 - - 0.95 0.13 - - 
20 0.67 0.15 1.19 0.05 0.52 0.16 

8cm (F.rubra) 2 7.27 1.93 1.04 0.29 1.26 0.50 
10 - - 0.87 0.09 - - 
20 1.71 0.43 0.70 0.03 0.46 0.05 

8cm (A.odoratum & 
F.rubra) 

2 1.51 0.43 0.81 0.09 1.17 0.28 

10 - - 1.32 0.15 - - 
20 1.45 0.32 1.46 0.16 0.62 0.08 

2cm (A.odoratum) 2 0.58 0.11 1.05 0.03 1.05 0.53 
10 - - 1.01 0.05 - - 
20 0.50 0.07 0.84 0.08 0.57 0.26 

2cm (F.rubra) 2 4.15 1.63 0.84 0.03 3.22 0.72 
10 - 0.72 0.14 - - 
20 2.62 0.59 0.85 0.04 1.06 0.21 

Table 7.6. Yield suppression ratio (YSR), relative yield totals (RYT) and tiller suppression ratio (TSR) for 
A.odoratum (species i) grown with F.rubra (species j) at different total densities (N) defoliated at 8cm 
and 2cm above ground level. Where YSR and TSR was greater than unity F.rubra was suppressed by A.odoratum. 

Overall A.odoratum suppressed F.rubra plant biomass in 9 out of the 12 different 
treatment combinations (YSR>1), although not all significantly. In the undefoliated controls, 
A.odoratum suppression of F.rubra increased with an increase in plant density. Defoliation 
of A.odoratum at the 8cm level continued to suppress F.rubra yields at low plant density, 
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whereas suppression of A.odoratum yields by F.rubra only occurred at high plant densities 
(20 plant per pot) and at high defoliation intensity (2cm level). In treatments where both 
species were defoliated A.odoratum continued to suppress_F.rubra plant yields. 

The tiller suppression ratio (TSR) showed similar trends to the YSR, and A.odoratum 
tiller production exceeded F.rubra tiller production, even at the 2cm defoliation level. When 
both species were defoliated tiller suppression was density-dependent. At low plant densities 
A.odoratum suppressed F.rubra tiller numbers, whereas at higher plant densities the reverse 
was detected (see table 7.6). 

7.4 Discussion and Conclusions 

7.4.1 Density and Defoliation Effects 

There was no evidence of 'competitor release' at any defoliation intensity or plant 
density, for either plant biomass or plant yields. However, when A.odoratum was defoliated 
individual plant biomass of F.rubra increased, but only in high plant density treatments. 
There was also no evidence of over-yielding at any defoliation level or at any plant density, 
although under-compensatory regrowth occurred within all defoliation treatments. 
Differences in the responses to defoliation and density between the two grass species were 
minimal, other than differences in initial plant biomass. 

Tiller production of the undefoliated species did increase with defoliation of the 
neighbouring species. A similar response to defoliation was recorded by Marshall & Sagar 
(1965, 1968), where defoliation of Lolium multifolium increased the input of carbohydrates 
into defoliated tillers from undefoliated tillers, which allowed rapid compensatory tiller 
growth. Lee & Bazzaz (1980), however, failed to find 'competitor release' in terms of 
increased plant yield of in Abutilon theophrasti populations even though interspecific 
competition was shown to affect plant yield and seed capsule production. 

In 9 out of the 12 treatments A.odoratum suppressed F.rubra final plant biomass 
(YSR>unity). Only when A.odoratum was defoliated at the 2cm level was A.odoratum 
outcompeted by the undefoliated F.rubra. At the 8cm level A.odoratum continued to suppress 
F.rubra, but only at low plant densities. At high plant density F.rubra outcompeted 
A.odoratum presumably due to an increase in the competition of available resources. In the 
field, grazing allows A.odoratum to dominate F.rubra (see chapter V), and this could be 
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attributed to the high palatability of F.rubra (Soane 1980; Crawley 1990a; see section 1.4.2). 
Therefore, it might have then be expected that A.odoratum would suffer disproportionately 
from defoliation (see section 7.1.4), but this study found that A.odoratum was able to withstand 
defoliation and continue to outcompete F.rubra. It is, therefore, plausible that A.odoratum 
increases with grazing due to the plant's better regrowth potential, rather than because of its 
low palatability. This is supported by Soane (1980) who noted large variation in the 
palatability of A.odoratum. 

7.4.2 Relative Importance of Defoliation and Density 

From these studies it would appear that at intermediate grazing intensities the ability 
of a species to outcompete neighbouring species was density-dependent, while at high grazing 
intensity the importance of density influencing species competition was diminished. Several 
studies have shown similar grazing intensity species responses. Haggar & Elliot (1979), for 
instance, found that at high grazing intensity L.perenne dominated over H.lanatus, whereas 
the reverse was observed at low grazing intensities. 

Harper (1977) also discussed the important role of herbivory at varying plant densities, 
notably in species mixtures, where at low plant densities the impact of herbivory may be 
relatively small compared to high plant densities, when resources may be limited. This in 
turn would restrict compensatory regrowth to herbivory of the palatable species. However, 
not all studies have found this to be the case. Fowler & Rausher (1985) found that the effect 
of clipping Aristolochia reticulata on growth and reproduction was not dependent on 
competitive interactions with the two other species studied. They concluded that the impact 
of herbivory on plant performance was dependent on the 'amount' of competition that species 
was susceptible too at a given time. This is true for the present study where herbivory was 
the dominant factor influencing plant performance at high grazing intensity. At lower grazing 
intensity plant density played an important role. A similar conclusion was made by Jaramillo 
& Detling (1988) working on Bouteloua gracilis, while Dirzo & Harper (1980) concluded 
that defoliation actually 'substitutes' density as a detrimental effect on plant performance. 

Without doubt grazing intensity and plant density are key factors, although other factors 
(e.g. interval between defoliation and defoliation frequency) have been shown to be important 
in determining plant responses to herbivory (Hodgkinson et al. 1976; Oesterheld & 
McNaughton 1988, 1991; Georgiadis et al. 1989; Maschinsld & Whitham 1989). 
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The importance of density-defoliation interactions in plant population dynamics and 
herbivory not only works directly, but also indirectly by affecting the performance of 
neighbouring plants (Goldberg & Fleetwood 1987; Silander & Pacala 1985). Considering 
'competitor release', in this study the combined effect of competition and defoliation did 
have a marked effect on individual plant yields. At low plant densities, for instance, the level 
of defoliation played a minor role in determining individual plant yields of the undefoliated 
neighbours (see figure 7.4), whereas at high plant density, defoliation was a crucial factor in 
determining plant biomass of the undefoliated neighbouring species. 

Westoby (1980) found that tiller survival of Phalaris tuberosa did exhibit significant 
density-defoliation intensity interactions. At high genet densities, no differences were 
detected between grazing intensities (clipping height), whereas at low genet densities large 
differences were detected in tiller survival, with low survival at high grazing intensity. This 
interaction was shown to result from larger variation in tiller size-class distribution at lower 
tiller densities, another factor which needs to be incorporated into any general models of 
plant population responses to herbivory. 

These density-dependent defoliation effects, whether the effect be direct or indirect, 
are obviously important when considering plant responses and stability in grazed systems, 
and the competitive interactions between palatable and unpalatable species under resource 
limited and heterogenous conditions. Much of the work on plant-herbivore interactions has 
over-looked density dependent interactions (Caughley 1982; McNaughton et al. 1983; 
Milchunas et al. 1988; Georgiadis et al. 1989), and this is particularly prevalent amongst 
studies involving the principles behind the 'grazing optimization hypothesis' (Hilbert et al. 
1981). 

7.4.3 Plant Responses and their Implications 

Understanding plant-herbivore interactions has centred on the plant responses to 
herbivory. Tissue removal may on one hand benefit plant performance (Caldwell et al. 1981; 
Paige & Whitham 1987), but is usually detrimental (Bergelson & Crawley 1992). This 
experiment failed to detect any direct benefits upon plant performance of tissue removal, and 
only minor evidence for beneficial indirect effects of herbivory (competitor release). Only 
detrimental effects were detected through competitive interactions associated with increasing 
plant density and defoliation. 
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Many of the experimental treatments failed to exhibit significant effects on plant 
biomass and 'competitor release' and this may be explained by the high variation in plant 
biomass and yields (see SE and CV values in tables 7.2 to 7.4). Such variation may be a 'real 
effect', in terms of genotypic variation amongst individual responses to defoliation, or it may 
be variation caused through environmental conditions in the experimental set-up. Genotypic 
variation is certainly high in A.odoratum populations (Antonovics 1972, 1984; Snaydon & 
Davis 1982; Platenkamp & Foin 1990), which acts as an important component in the species 
competitive abilities and colonization success (see chapter V). It was possible, however, that 
the range of plant densities was not great enough to detect 'competitor release', though this 
is doubtful as interspecific competitive affects were detected using the same experimental 
protocol by Taylor & Aarssen (1989). 

Studies in plant competitive ability emphasise the importance of competition 
experiments, especially in relation to field predictions (Taylor & Aarssen 1989; Menchaca 
& Connolly 1990), although caution is always required when interpreting competition 
experiments (Firbank & Watkinson 1985). These experimental approaches do have a role in 
our understanding on species interactions, but such experimentation needs to expand to 
incorporate other ecological factors, such as plant palatability and competitiveness 
interactions (Crawley & Pacala 1991) and environmental heterogeneity (McNaughton 1986; 
Tilman 1988). Only then will such experimentation be able to contribute to our understanding 
of species interactions and population dynamics. 
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Chapter VIII 
General Discussion 

The view that plant communities consist of 'mosaics of replacements, local extinctions 
and colonizations' has changed very little since Watt (1947). The recent emphasis on only 
density-dependent processes and the relative importance of regulatory factors has focused 
our understanding of plant population and community dynamics (Harper 1967,1988; Crawley 
1990b). The impact of herbivores on the dynamics of plant communities has long been 
recognized (Harper 1977; Watt 1981a; Crawley 1983), and the broad constituents of plant 
dynamics (replacement, extinction and colonization), may be greatly affected by herbivore 
activity (either directly or indirectly). The processes and mechanisms by which plant 
populations respond to grazing may involve some or all of the conceptual issues outlined in 
the introduction. These fundamental concepts are important in determining the rate of 
replacement, extinction and colonization within the grazed plant community. With respect 
to rabbit grazing the following points can be highlighted: 

Colonization: 

- seedling mortality was increased by rabbit grazing, either through direct seedling 
herbivory, or through the removal of seed heads from the previous year. Thus, selective 
grazing by the herbivory during early recruitment may have had pronounced effects on 
plant establishment. Seedling recruitment within the intact grassland was scarce and 
was un-affected by herbivory (microsite limitation). Grazing also reduced vegetative 
regrowth on cultivated plots. In established intact grassland, colonization into the sward 
by vegetative means was relatively limited, due competition for limited resources, with 
the competitive ability during regrowth of the species influencing the performance and 
success of each species in the community. 

- seed limitation was rare and appeared to be un-affected by grazing. Where seed 
limitation was apparent, any increase in the number of seeds had no long-term effect, 
due to high seedling mortality within both grazed and ungrazed populations. 
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Local Extinctions: 

- species richness and plant density were consistently reduced under grazing, although 
the relative impact of grazing varied due to constraints on plant growth, and regrowth 
potentials. 

- individual plant performance with grazing depends on the probability of escaping 
herbivory. When the plant exhibited high defoliation tolerance or escaped defoliation, 
then plant performance was greatly enhanced through competitor release. 

Replacements: 

- in perennial grasslands the response of plant patches to herbivory appeared to be 
dependent on the competitive ability of the species during regrowth, defoliation 
tolerance of the grazed plant and its neighbours and the rate of regrowth of neighbouring 
patches, allowing the unpalatable, poor competitors to dominate, replacing palatable 
species (e.g. A.odoratum replacing F.rubra). Thus, selective grazing, feeding 
preferences and the intensity of grazing of the rabbit have influenced the relative 
abundance of palatable and unpalatable plant species. 

- under controlled conditions, there was only limited evidence of competitor release 
after artificial defoliation, with competition between the two dominant grass species 
highly asymmetrical. A.odoratum outcompeted F.rubra even when A.odoratum was 
partially defoliated, but the suppression of F.rubra by A.odoratum was 
density-dependent. It may be that the dominance of A.odoratum in rabbit grazed 
communities was due to high competitive ability of A.odoratum during regrowth, rather 
than to unpalatability of the grass (as suggested by earlier work). 

Clearly, responses of plant populations to rabbit grazing are dependent on particular 
constraints acting on the population or individual and, therefore, the dynamics of these limiting 
factors are fundamental to understanding plant responses to grazing. A variety of processes 
will contribute to limitations in plant recruitment. While microsite limitation appears to be 
a major constraint on recruitment (Crawley 1990b), seedling mortality at a later stage may 
reduce densities below those required for density-dependent regulation. At later stages, 
intense competition for available resources may restrict individual plant performance, and 
once plant density has been reduced with grazing, such restrictions may be lifted. Once plant 
communities have become established, and competition for resources is intense, then 
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herbivory is likely to have a negligible impact on plant colonization success unless it is 
combined with other factors such as drought (Bishop & Davy 1984). However, herbivory 
may still influence species dominance within the grassland community, by allowing a 
particular species to exhibit a 'competitive edge' over neighbouring, more palatable species. 

In relation to long-term successional changes, the relative importance of vertebrate and 
invertebrate herbivores has been discussed by Brown (1982); Edwards & Gillman (1987) and 
Crawley (1988, 1990). Generally herbivores may slow down successional change by 
preventing colonization of particular species, such as tree and shrub species. Even though 
vertebrate herbivory studies dominate the literature (Crawley 1988), and exhibit more 
pronounced effects on the vegetation (Crawley 1990a; Lindroth 1990; Crawley & Pacala 
1991), the importance of invertebrate herbivores cannot be ignored (Gibson, Brown & Jepson 
1987; Gange & Brown 1989). 

8.1 Plant Responses and Dynamics 

Rabbit herbivory may have profound effects in determining the performance of an 
individual, for instance, by altering plant structure (see chapter IV), by increasing the 
probability of colonization through disturbance (see chapter V & VI), or by altering species 
composition, notably during early recruitment stages, through selective herbivory (see chapter 
In). However, regardless of these direct effects of grazing, the impact of herbivory on the 
dynamics of the community, as well as the performance of individuals, may depend on two 
interacting factors: 

1) probability of an individual 'escaping' herbivory. 

2) responses of individuals to the removal of neighbouring plants, and the intensity of 
competition at the neighbourhood level prior to herbivory (i.e. density-dependent 
responses and regulation). 

Herbivory may have a major impact on the density of particular species or the 
colonization success, and hence on the species composition of a plant community. However, 
herbivory may have little or no major impact on plant population regulation or dynamics, if 
mechanisms exist whereby plants can compensate for feeding losses (e.g. seed banks, high 
rate of regrowth). 
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8.1.1 Resources, Competition and Herbivory 

Regardless of the continued controversy behind plant community structure and the 
importance of resources and 'stress' (see Grace 1991 for review), competition for available 
resources remains the central theme. The importance of competitive interactions, particularly 
at low resource levels, in influencing plant community structure is well documented (Tilman 
1986, 1988). The same applies to the importance of disturbance in influencing colonization 
success in the community (Denslow 1980; see chapter III & VI). The contrasting views on 
plant community structure by Grime and Tilman, and the overview of Grace (1991) are 
summarized in table 8.1. 

Grime* Tilman#  Grace 

Competitive 
superiority 

Results from high 
resource uptake 

Results from lowest 
equilibrium resource 
requirement 

Dominance at high resource availability 
arises from high resource 'capture', at 
low levels dominance arises from 
tolerance to such low availability. 

Competitive 
ability 

Strict diversifying of 
species competitive 
ability 

Species' competitive 
ability depending on 
resource availability. 

Both generalizations can be 'supported 
and refuted'. 

Competition and 
productivity 

Low competition in 
habitats of low 
productivity 

No apparent trend Competition for resources may be 
higher in habitats of low resource 
availability, but distinction between the 
importance of competitive and intensity 
of competition need to be made clear. 
Difficulties in measuring and defining 
productivity and 'stress' only 
complicates the models. 

Competition and 
succession 

'Good' competitors 
dominate during 
mid-succession 

Competition determines 
dominance, regardless 
of successional phase 

Changes in the relative importance of 
competitive ability and colonization 
success would seem to determine 
species dominance. 

Table 8.1 Contrasting views of Grime and Tilman, with independent review from Grace (1991b). References: 
* Grime 1979, 1989, Thompson 1987, Thompson & Grime 1988; # Tilman 1982, 1987, 1988, 1989. 
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Rabbit grazing may have large detrimental effects on the colonization success of species, 
while enhancing 'favourable' conditions for other species, during early successional phases 
(see chapter III). However, at later stages, when plant species have become established, 
herbivory would appear to have a less direct detrimental effect, mainly due to limitations on 
recruitment and colonization (see chapter V & VI). At the later stage, once the community 
becomes dominated by perennial grass species, herbivory is most likely to effect community 
structure through altered competitive interactions (see chapter V), particularly via indirect 
effects (e.g. the removal of neighbouring plants). These findings illustrate the changes in the 
relative importance of colonization success and resource competition as succession proceeds. 
It would appear that during early successional phases, plant community structure would be 
determined largely by species colonization success, while at later stages, community structure 
is determined by competitive interactions between established species (Grace 1991b; Tilman 
& Wedin 1991). 

8.1.2 Storage Effects, Competitive Interactions and Species Coexistence 

The dynamics of predator-prey or plant-herbivores systems, have their differences and 
similarities. One of the main aspects common to both systems is the potential of the predator 
or herbivore to enhance species coexistence amongst their prey (Caswell 1978). Variation 
in plant regeneration properties (Fagerstrom & Agren 1979) and fluctuation in recruitment 
(i.e. 'storage effects', Warner & Chesson 1985) have been shown to promote species 
coexistence, along with several other potential mechanisms of species coexistence (Connell 
1978; Huston 1979). Coexistence is also enhanced by temporal variation in environmental 
conditions (Ricklefs 1977; Warner & Chesson 1985). Through herbivory, species coexistence 
may be enhanced by diversifying environmental conditions, as well as by removing 
recruitment and germination restrictions. However, this may be counteracted by the 
detrimental effects of herbivory, such as increased seedling mortality, reduced seed 
production from inflorescence removal, and an effective reduction of the 'storage effect' by 
the removal of the adult plant population. 

The 'storage effect' implies that adult plant survival (or any other form of recruitment 
source), must be sufficiently high to ensure species persistence when recruitment fails. This 
is particularly important in established vegetation, where the probability of recruitment from 
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seed remains consistently low. Seed banks can also act as an important 'storage effect' (or 
'ungrazable reserve', Crawley 1983), by ensuring the persistence of propagules within the 
community despite rabbit grazing on the parent plants. 

The importance of recruitment and such 'storage effects', can be assessed under the 
umbrella of 'lottery models', but these are only one area of study which has tried to explain 
species coexistence. Other hypotheses include the importance of disturbance (Connell 1979), 
environmental heterogeneity (Fowler 1982; Rice & Manke 1985) and competitive ability 
based on genetic polymorphism (Aarssen 1989; Taylor & Aarssen 1990). Hypotheses on the 
importance of competitive ability generally state that, 'plant species coexist by avoiding 
competitive exclusion' (Aarssen 1989), and plenty of evidence exists from a whole range of 
ecological systems on the prevalence of competitive interactions within populations and 
between individuals (Connell 1983; Roughgarden 1983; Schoener 1983; Pacala & Silander 
1990). In ungrazed grassland swards, competitive exclusion may be unavoidable, and 
succession to woodland may be inevitable result. However, herbivory may remove the 
superior competitor, causing competitor release of previously restricted species 
('frequency-dependent attack', Crawley 1988), thereby, increasing species diversity and 
delaying (or preventing) succession to woodland. Rabbit grazing either causes local extinction 
of species, or allows species with defoliation tolerance to dominate and outcompete palatable 
species (see Crawley 1988). The relative importance of, and trade-off's between, herbivory 
and competition, have come under recent discussion (Aarssen & Irwin 1991), with the 
conclusion that any apparent direct benefits from herbivory upon plant performance were 
most likely to result from 'indirect consequences of selection from competition'. 

8.2 Grazing Systems and the Importance of Variation 

Throughout this thesis the lack of any evidence suggesting that grazing may directly 
benefit plant performance has been emphasized (McNaughton 1983,1986; Owen 1980; Owen 
& Wiegert 1976, 1981). Herbivory may result in an increase in plant productivity, through 
the removal of constraints such as apical dominance (Paige & Whitham 1987; Fitter 1989), 
or the removal of neighbouring plants (Crawley 1989). However, under no conditions has 
plant fitness been noted as benefiting directing from herbivory. (see the recent review papers 
by Brown & Allen (1989), Fitter (1989), Maschinski & Whitham (1989) and Bergelson & 
Crawley (1992). 
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As described earlier, Noy-Meir et al. (1989) put forward five potential reasons why 
current studies on grazing systems were not accurately described. Two main components 
were proposed; the large inconsistency in responses to grazing, and changes in the relative 
importance of herbivory at different stages in community succession. The latter point has 
already been discussed in relation to current hypotheses on plant community structure (see 
section 8.1, table 8.1), but the first point needs elaboration. 

Variation in resource availability is a key factor in influencing plant community 
structure, and resource heterogeneity can play a principal role in community dynamics and 
stability (see chapter I). Recent advances in understanding the dynamics of host-parasitoid 
systems have emphasized the importance of heterogeneity in the risk of parasitism (Pacala 
et al. 1991). Throughout the present study, the large heterogeneity in plant abundance and 
the tremendous variation in plant responses to herbivory (from seedlings to plant patches) 
has been clear. It may well be that this variation is important in maintaining species diversity 
and community stability. A range of mechanisms are involved, but the processes by which 
species respond (both directly and indirectly) can be summarized through specific concepts 
(i.e. competitor release, defoliation tolerance, selective grazing etc), although life-history 
traits of both increaser and decreaser plant populations need to be experimentally clarified 
(notably genetic constituents). 

In the last decade plant population studies have concentrated on particular aspects of 
plant ecology, such as resource-limitation, resource competitive and herbivore effects (see 
Crawley 1990b). The challenge in plant ecology must be a more detailed examination, using 
both theoretical and manipulative experimentation, of the interactions between these effects 
and the importance of spatial and temporal heterogeneity in the regulation of plant and 
herbivore populations. 
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Appendices 
Appendix I List of species recorded from the six experimental with species recorded form 
either cultivated (C) or Grassland (G) plots (1988-1990), Nash's Field, Silwood Park, 
Berkshire. 

Species C G Species C G 
Acer pseudoplatanus * Lotus corniculatus *  * 
Achillea millefolium * * Luzula campestris * * Agrostis capillaris * * Medicago lupulina * * 
Aira praecox * Ornithopus perpusillus * 
Anagallis arvensis * Papaver dubium * 
Anthoxanthum odoratum * * Plantago lanceolata * * 
Aphanes microcarpa * Poa annua *  * 
Arrthenatherum elatius * Poa pratensis *  
Bromus hordeacous * Quercus robur *  
Capsella bursa-pastoris * Ranunculus acris * 
Carex sylvaticus * Ranunculus bulbosus * 
Cerastium fontanum * * Ranunculus repens *  * 
Cirsium arvense * * Rumex acetosa * * 
Conopodium majus * Rumex acetosella * * 
Crepis capillaris * Senecio jacobaea * * Cytisus scoparius * * Senecio sylvaticus *  
Dactylis glomerata * * Silene alba * 
Epilobium ciliatum * Sonchus arvensis * Fallopia convolvulus * Stellaria graminea *  * 
Festuca rubra Spergula arvensis *  * 
Galium aparine * Taraxacum officinale * 
Galium saxatile * Trifolium pratense *  * 
Galium verum * Trifolium repens * * 
Geranium rotundifolium * Tripleurospermum inodorum * 
Hieracium pilosella * * Veronica chamaedrys * * 
Holcus lanatus * * Veronica persica * 
Holcus mollis * * Urtica dioca * 
Hypochoeris radicata * Vicia hirsuta * * 
Leontodon autumnalis * * Vicia sativa * * 
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Appendix II (chapter IV) Plant densities (25cm2) from fenced and unfenced cultivated and grassland plots from the six experimental blocks for 
the 16 commonest species. See section 4.3 and table 4.2 for summary of significant diffences. 

Block A Block B Block C Block D Block E Block F 
Fenced Unfenced Fenced Unfenced Fenced Unfenced Fenced Unfenced Fenced Unfenced Fenced Unfenced 

Species x SE x SE x SE x SE x SE x SE x SE x SE x SE x SE x SE x SE 
H.mollis 6.3 2.6 1.3 0.5 5.1 1.3 0.8 0.5 16.4 4.4 27.7 7.4 43.1 9.2 4.6 2.8 16.2 2.6 21.7 4.2 0.9 0.3 1. 0.6 
H.lanatus 0.1 0.1 - - - - 0.1 0.1 13.2 3.7 12.8 3.7 12.7 3.6 6.5 3.1 3.7 0.9 3.9 0.6 13.6 2.6 3.7 1.2 
A.capill. 2.2 0.9 0.1 0.1 5.7 1.6 2.8 0.6 1.5 0.6 4.7 1.1 0.9 0.3 3.5 0.9 0.7 0.2 5.1 1.0 3.1 1.1 2.3 0.7 
A.odorat. 0.8 0.5 0.4 0.2 1.7 0.5 1.0 0.3 0.5 .3 0.3 0.2 0.7 0.4 5.2 1.6 0.2 0.2 0.8 0.3 3.2 0.8 0.8 0.3 
S.gramin. 4.5 3.1 - - 0.2 0.13 - - 3.7 1.1 5.8 1.1 3.2 1.3 3.7 1.3 5.5 1.4 0.7 0.5 1.7 0.5 - - 
R.acetos. 12.2 2.5 5.8 1.9 8.3 1.8 6.6 1.1 1.8 0.5 1.3 0.5 0.8 0.4 14.2 3.6 0.5 0.3 2.7 0.6 0.4 0.4 0.4 0.2 
T.repens 0.3 0.2 0.1 0.1 0.5 0.3 0.9 0.7 0.8 0.5 1.7 0.7 0.5 0.2 2.0 0.6 - - 0.1 0.1 0.1 0.1 0.2 0.1 
P.lanceo. - - - - 0.1 0.1 0.2 0.2 0.5 0.2 0.1 0.1 0.3 0.2 1.1 0.9 - - 0.1 0.1 6.7 0.9 0.7 0.3 
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Appendix II cont/.. 

C.capill. 0.4 0.2 - - 2.0 0.9 0.1 0.1 14.9 4.8 3.1 0.9 11.4 3.4 20.8 4.5 2.1 0.9 7.3 1.9 44.6 6.2 8.0 1.4 
C.fontan. 0.1 0.1 - - 0.1 0.1 - - 0.3 0.2 2.6 0.6 2.5 1.2 1.0 0.7 4.8 0.9 0.1 0.1 2.2 0.7 0.1 0.1 
A.micro. 26.2 3.2 2.2 1.0 4.0 2.9 0.6 0.2 1.0 0.6 8.6 2.6 4.4 1.7 1.9 1.0 0.1 0.1 0.5 0.2 - - 0.5 0.2 
A.praecox 1.5 0.5 2.9 0.7 1.2 0.5 1.0 0.3 - - - - - - - - - - - - - - - 
T.inodor. 0.2 0.1 - - 0.5 0.3 - - 0.4 0.1 - - 5.9 0.3 - - 7.0 2.1 - - 3.7 1.5 - - 
C.b-p. - - - - - - - - - - - - 6.5 3.5 0.2 0.1 7.0 2.1 - - 3.7 1.5 - - 
P .dubium - - - - - - - - 3.0 1.0 0.1 0.1 - - - - 11.6 2.3 0.3 0.3 - - 0.1 0.1 
S.sylvat. - - - - - - - - - - - - - - - - 0.4 0.2 3.1 0.8 - - 7.2 1.1 
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