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Abstract  ii 
 

Abstract 

Chalk heath is an internationally rare plant community characterised by the co-
occurrence of calcicole and calcifuge species, growing in shallow soils over a chalk 
bedrock.  Research on chalk heaths has been limited and its vulnerability to scrub 
encroachment and land use changes over the past century have caused the 
community to decline to levels whereby only a few small scattered locations remain 
in the south of England.  

The aim of this thesis is to provide empirical evidence of various factors that may 
influence the structure and biodiversity of the chalk heath community at Lullington 
Heath NNR, with key emphasis placed on the calcicole and calcifuge species 
present within the sward. There have been no studies investigating the structure of 
chalk heath communities in terms of phylogeny, species traits or the pair-wise co-
occurrence patterns of the calcicole and calcifuge species. The novel insights 
provided within this thesis greatly enhances the scientific understanding of this rare 
community type and consequently provide a baseline evaluation from which future 
conservation, restoration and management can be quantified and assessed. 

Taxonomic clustering is evident within the reserve and soil fertility, species 
longevity, spread and propagation strategy have been identified as key filters that 
limit species from the local species pool occurring in the chalk heath community. 
Calcifuge species have an advantage over calcicole species in terms of 
establishment, persistence, competitive ability and dispersal; whereas calcicole 
species have an advantage over calcifuge species in terms of acquiring resources 
and avoiding and/or tolerating stressful conditions such as grazing; suggesting that 
biotic factors may be more important in determining the co-occurrence patterns of 
calcifuge species, whereas abiotic factors may be more important for calcicole 
species. 

Non-random community co-occurrence patterns including non-random species 
pairs have been identified at spatial and temporal scales as well as related to the 
effects of restorative management practices. There was a prevalence for the chalk 
heath community to be structured by segregation at a community scale; however, 
when non-random pair-wise associations were identified, the number of aggregated 
species pairs was equal to or higher than the number of segregated species pairs 
within 80% of trials. This demonstrates that ascertaining non-random pair-wise 
associations provides a more detailed description of the structure of a plant 
community and the spatial patterns occurring within it, than at the community level. 

Few studies have investigated co-occurrence patterns within plant communities and 
where it has been studied, non-random patterns of community structure have 
infrequently been demonstrated. As a result, the spatial, temporal and management 
co-occurrence patterns detailed in this thesis enhance not only the knowledge of 
chalk heath communities and calcicole and calcifuge plant species distributions, but 
also the identification of non-random community structure within plant communities 
generally.

  



Table of Contents  iii 

Table of Contents 

ABSTRACT ........................................................................................................... II 

LIST OF TABLES................................................................................................ VII 

LIST OF FIGURES ................................................................................................ X 

ACKNOWLEDGEMENTS .................................................................................. XIII 

DECLARATION ................................................................................................ XIV 

1 INTRODUCTION ............................................................................................ 1 

1.1 Chalk heath communities.............................................................................. 1 

1.2 Soil pH, calcicoles and calcifuges ................................................................ 3 

1.3 Previous research on chalk heaths .............................................................. 6 

1.4 Study Site: Lullington Heath National Nature Reserve (NNR), East 

Sussex, UK ........................................................................................................... 9 

1.4.1 Location .................................................................................................... 9 

1.4.2 The management history of Lullington Heath NNR .................................. 10 

1.4.3 Soils of Lullington Heath NNR ................................................................. 13 

1.4.4 Biodiversity of Lullington Heath NNR ....................................................... 15 

1.5 Community ecological theory ..................................................................... 17 

1.5.1 Community Assembly .............................................................................. 19 

1.6 Research aims ............................................................................................. 26 

1.7 Thesis structure ........................................................................................... 29 

2 METHODOLOGY ......................................................................................... 30 

2.1 Introduction .................................................................................................. 30 

2.2 Classification of calcicole, calcifuge and species with neutral tendencies 

to soil pH ............................................................................................................ 30 

2.3 Sampling methodology ............................................................................... 32 

2.4 Statistical analysis ....................................................................................... 34 

2.4.1 Null model analysis ................................................................................. 35 

2.4.2 Measures of diversity and similarity ......................................................... 43 

2.4.3 Multivariate analysis ................................................................................ 47 

2.4.4 Resampling methods - bootstrapping and jackknifing .............................. 50 



Table of Contents  iv 

3 CHALK HEATH: A BIOTIC, ABIOTIC AND TAXONOMIC EVALUATION OF 

THE POOL-FILTER-SUBSET CONCEPT OF COMMUNITY ASSEMBLY. ......... 52 

3.1 Introduction .................................................................................................. 52 

3.1.1 Species traits ........................................................................................... 55 

3.1.2 Phylogenetic/Taxonomic elements .......................................................... 58 

3.2 Methods ........................................................................................................ 61 

3.2.1 Total floristic composition ........................................................................ 61 

3.2.2 Plant trait and ecological characteristics .................................................. 62 

3.2.3 Data analysis ........................................................................................... 63 

3.2.4 Taxonomic classification .......................................................................... 64 

3.3 Results.......................................................................................................... 65 

3.3.1 Species traits ........................................................................................... 66 

3.3.2 Taxonomic analysis results ..................................................................... 74 

3.4 Discussion ................................................................................................... 75 

3.4.1 Calcicole vs. Calcifuge species ............................................................... 75 

3.4.2 Filtering from the local species pool to the chalk heath community .......... 79 

3.5 Conclusions ................................................................................................. 81 

4 THE EFFECTS OF SPATIAL SCALE ON THE SPECIES CO-

OCCURRENCE PATTERNS WITHIN THE CHALK HEATH COMMUNITY. ....... 83 

4.1 Introduction .................................................................................................. 83 

4.2 Methods ........................................................................................................ 88 

4.2.1 Vegetation data ....................................................................................... 88 

4.2.2 Data analysis ........................................................................................... 89 

4.3 Results.......................................................................................................... 89 

4.3.1 Co-occurrence patterns ........................................................................... 90 

4.3.2 Traits and pair-wise co-occurrence patterns ............................................ 97 

4.4 Discussion ................................................................................................... 98 

4.5 Conclusions ............................................................................................... 103 

5 A TEMPORAL EVALUATION OF THE CHALK HEATH COMMUNITY. .... 105 

5.1 Introduction ................................................................................................ 105 

5.2 Methods ...................................................................................................... 109 

5.2.1 Vegetation data – The Thomas transect ................................................ 109 



Table of Contents  v 

5.2.2 Data Analysis ........................................................................................ 110 

5.3 Results........................................................................................................ 111 

5.3.1 Species composition and diversity through time .................................... 112 

5.3.2 Co-occurrence ....................................................................................... 117 

5.4 Discussion ................................................................................................. 123 

5.4.1 Species composition and diversity ......................................................... 124 

5.4.2 Patterns of co-occurrence ..................................................................... 126 

5.5 Conclusions ............................................................................................... 131 

6 THE EFFECTS OF SCRUB ENCROACHMENT AND MANAGEMENT TO 

RESTORE THE CHALK HEATH COMMUNITY. ............................................... 132 

6.1 Introduction ................................................................................................ 132 

6.2 Methods ...................................................................................................... 136 

6.2.1 Vegetation data ..................................................................................... 136 

6.2.2 Soil data ................................................................................................ 137 

6.2.3 Data analysis ......................................................................................... 137 

6.3 Results........................................................................................................ 139 

6.3.1 Vegetation ............................................................................................. 139 

6.3.2 Soil parameters ..................................................................................... 147 

6.4 Discussion ................................................................................................. 149 

6.4.1 Vegetation ............................................................................................. 150 

6.4.2 Soil parameters ..................................................................................... 156 

6.5 Conclusions ............................................................................................... 157 

7 DISCUSSION ............................................................................................. 159 

7.1 Introduction ................................................................................................ 159 

7.2 Main discussion points ............................................................................. 161 

7.2.1 Potential filters acting upon the local species pool ................................. 161 

7.2.2 Attributes that distinguish between calcicole and calcifuge species in terms 

of traits and co-occurrence patterns ............................................................... 164 

7.2.3 The appropriate scale for defining co-occurrence patterns within the chalk 

heath community ............................................................................................ 171 

7.2.4 The structure of the chalk heath community .......................................... 177 

7.3 Methodological considerations ................................................................ 180 

7.3.1 Null model analysis ............................................................................... 182 



Table of Contents  vi 

7.4 Implications for conservation, management and restoration ................. 184 

7.5 Future Work................................................................................................ 187 

7.6 Conclusions ............................................................................................... 189 

REFERENCES .................................................................................................. 191 

APPENDIX A - UK BAP FAUNA SPECIES FOUND ON LULLINGTON HEATH 

NNR................................................................................................................... 210 

APPENDIX B - VASCULAR PLANT SPECIES ABBREVIATIONS ................... 211 

APPENDIX C – RAREFACTION CURVES ....................................................... 216 

APPENDIX D – SUPPLEMENTARY RESULTS FOR CHAPTER 3 .................. 217 

APPENDIX E – MATRIX INFORMATION ......................................................... 225 

 



List of Tables  vii 

List of Tables 

 

Table 1.1.  A selection of examples of UK calcicole and calcifuge species belonging 

to the same genus.. ............................................................................................... 5 

Table 2.1. Calcicole and Calcifuge plant species present on Lullington Heath NNR

 ............................................................................................................................ 32 

Table 2.2. Vegetation sampling methodology for Chapters 4, 5, & 6.. ................. 34 

Table 2.3. Statistical analysis used in all data chapters. ...................................... 35 

Table 2.4. Summary of four community co-occurrence indices. ........................... 36 

Table 2.5.  Z-score levels of significance α. ......................................................... 40 

Table 3.1. The functional significance of plant traits.. .......................................... 57 

Table 3.2. Plant traits used in the analysis.. ........................................................ 63 

Table 3.3. The number of species analysed within each dataset, including the 

number of calcicole and calcifuge species. .......................................................... 66 

Table 3.4. Summary of plant trait cluster analysis and discriminant analysis (DA).

 ............................................................................................................................ 66 

Table 3.5. Summary of the clusters within the ‘all traits’ dendrogram including 

cophenetic similarity (%) and the number of traits the species have in common 

(figures in parenthesis).. ...................................................................................... 68 

Table 3.6. Calcicole vs. Calcifuge discriminant analysis results. .......................... 70 

Table 3.7. Calcicole vs. Calcifuge discriminant analysis (i.e. species put into new 

groups).. .............................................................................................................. 71 

Table 3.8.  CH vs. notCH discriminant analysis results. ....................................... 73 

Table 3.9. CH vs. notCH discriminant analysis (i.e. species put into new groups).

 ............................................................................................................................ 73 



List of Tables  viii 

Table 3.10. Taxonomic analysis results. Actual LHNNR is included for reference 

purposes only. ..................................................................................................... 74 

Table 4.1.  Plant community co-occurrence analysis for each spatial scale, including 

observed and simulated (expected) metrics, significance (P value) and Z-score. 90 

Table 4.2.  Significant species pairs between calcifuge and calcicole species, 

including species pairs identified at more than one sampling scale.. .................... 95 

Table 4.3.  Additional species gained at each increasing spatial scale, indicating 

any pair-wise associations detected.. .................................................................. 96 

Table 5.1. The number of point-quadrat frames and species included each year for 

analysis. ............................................................................................................ 112 

Table 5.2.  Plant community co-occurrence analysis for each year, including 

observed and simulated (expected) metrics, significance (P value) and Z-score.

 .......................................................................................................................... 118 

Table 5.3.  Significant species pairs between calcifuge and calcicole species, 

including species pairs identified in more than one sampling year.. ................... 123 

Table 6.1. Plant community co-occurrence analysis for each area of chalk heath. 

Including observed and simulated (expected) metrics, significance (P value) and Z-

score. ................................................................................................................. 140 

Table 6.2. Significant species pairs between calcifuge and calcicole species, 

including species pairs identified in both areas.. ................................................ 144 

Table 6.3. Species that were only recorded in one particular area of chalk heath at 

Lullington Heath NNR in this study.. .................................................................. 146 

Table 6.4. Comparing soil factors of typical and restored areas of chalk heath using 

the Kolmogorov-Smirnov two-sample test, including mean (mg/l) and standard 

deviation for each parameter. ............................................................................ 148 

Table 7.1. Species pairs involving calcicole and calcifuge species upheld over two 

or more of the three data chapters within this thesis (Chapters 4, 5 & 6). .......... 166 



List of Tables  ix 

Table 7.2. Co-occurrence analysis for each spatial scale analysed within this thesis. 

C-score and Checker results relate to the community metrics. .......................... 172 

Table 7.3. The spatial scale of the quadrat size for species pairs upheld over two or 

more spatial scales within this thesis (Chapters 4, 5 & 6)................................... 174 



List of Figures  x 

List of Figures 

 

Figure 1.1.  Macro- and micro- nutrient availability along a soil pH gradient.. ........ 4 

Figure 1.2.  Aerial view of Lullington Heath NNR................................................. 11 

Figure 1.3. The topography of Lullington Heath NNR.. ........................................ 11 

Figure 1.4. Plant communities of Lullington Heath NNR. ..................................... 16 

Figure 3.1. The concept that plant species are assembled in a community from a 

regional species pool and that various filters (dashed lines) are imposed at different 

scales.. ................................................................................................................ 53 

Figure 3.2. A triangle illustrating the physiological, morphological, ecological and 

evolutionary properties of species used to test the mechanisms and structure of 

plant community assembly. .................................................................................. 54 

Figure 3.3. Taxonomic diversity. (Original in colour)............................................ 59 

Figure 3.4. The number of calcicoles and calcifuges, within each trait attribute class, 

for traits with significant differences (Mann-Whitney). .......................................... 69 

Figure 3.5. Number of species, within each trait attribute, from chalk heath or not 

on chalk heath for traits with significant differences (Mann-Whitney). .................. 72 

Figure 4.1.  Nested sampling blocks illustrating the stratified random sampling 

design and the location of the four sampling areas in relation to the Thomas 

transect.. .............................................................................................................. 89 

Figure 4.2.  Point spatial scale significant species pairs indicating aggregated 

(positive associations) (n = 6) and segregated (negative associations) (n = 6).. .. 91 

Figure 4.3.  10cm spatial scale significant species pairs indicating aggregated 

(positive associations) (n = 9) and segregated (negative associations) (n = 8).. .. 91 



List of Figures  xi 

Figure 4.4.  20cm spatial scale significant species pairs indicating aggregated 

(positive associations) (n = 10) and segregated (negative associations) (n = 13)..

 ............................................................................................................................ 92 

Figure 4.5.  40cm spatial scale significant species pairs indicating aggregated 

(positive associations) (n = 17) and segregated (negative associations) (n = 25)..

 ............................................................................................................................ 93 

Figure 4.6. The proportion of significant species pair-wise associations at each 

spatial scale which have species with similar/different niches (same/different trait 

cluster).. ............................................................................................................... 98 

Figure 5.1. Aerial view of Lullington Heath NNR showing the location of the Thomas 

transect (dashed line).. ...................................................................................... 110 

Figure 5.2.  Diversity indices a) Shannon-Wiener, b) Simpson’s D.. .................. 113 

Figure 5.3.  Biplot of the temporal chalk heath data from Principal Component 

Analysis (PCA).. ................................................................................................ 114 

Figure 5.4. Rank abundance distributions  a) 1962, b) 1974, c) 1993 & d) 2004..

 .......................................................................................................................... 115 

Figure 5.5. Weighted mean values (and standard deviation) for Ellenberg Indicator 

Values.. ............................................................................................................. 116 

Figure 5.6. The number of species lost, gained or still present along the transect 

between consecutive sampling periods, including differences between the first and 

last year (1962 & 2004) for comparison. ............................................................ 117 

Figure 5.7. 1962 significant species pairs indicating aggregation (positive 

associations) (n=10) and segregation (negative associations) (n=6).. ................ 119 

Figure 5.8. 1974 significant species pairs indicating aggregation (positive 

associations) (n=2) and segregation (negative associations) (n=0).. .................. 119 

Figure 5.9. 1993 significant species pairs indicating aggregation (positive 

associations) (n=30) and segregation (negative associations) (n=19).. .............. 120 



List of Figures  xii 

Figure 5.10. 2004 significant species pairs indicating aggregation (positive 

associations) (n=47) and segregation (negative associations) (n=9).. ................ 121 

Figure 6.1. The two differently managed areas of chalk heath are separated by the 

mid central footpath (black dashed line). ............................................................ 134 

Figure 6.2. Typical chalk heath significant species pairs indicating aggregation 

(positive associations) (n=38) and segregation (negative associations) (n=20).. 142 

Figure 6.3.  Restored chalk heath significant species pairs indicating aggregation 

(positive associations) (n=39) and segregation (negative associations) (n=28).. 143 

Figure 6.4.  Principal Component Analysis (PCA) summarising vegetation 

presence/absence data...................................................................................... 145 

Figure 6.5.  Rank abundance distributions. a) Typical chalk heath, b) Restored chalk 

heath.. ............................................................................................................... 147 

Figure 6.6.  Principal Component Analysis (PCA) diagram summarising edaphic 

data. .................................................................................................................. 149 

Figure 7.1. Abiotic and biotic filters identified in Chapter 3 that potentially restrict 

species from the local species pool (Lullington Heath NNR) occurring within the 

chalk heath species pool (the actual species pool). ........................................... 162 



Acknowledgements  xiii 

Acknowledgements 
 

This thesis is dedicated to my husband Andy, and to my kids Tonika, Cali, Zed and 

Nellie.  

I am extremely grateful to Anja Rott for stepping up to be my supervisor, you took 

on the job towards the end even though this is not your specific knowledge area. 

You gave sound advice, made me rethink my PhD and basically, I wouldn’t have 

had the desire to finish it if it wasn’t for you. A zillion thanks go out to you…. 

Niall Burnside you taught me how to identify plant species vegetatively and for that 

I will be eternally grateful.  To Steve Waite, thank you for the advice and support 

whilst you were my supervisor and beyond – I know you were incredibly busy and I 

appreciate the time you gave; thank you for also providing the Thomas transect data 

for this PhD.  Maureen Berg thank you for your input into my thesis… your advice 

and tips were spot on.... I hope you are enjoying motherhood with little Eliza. 

I would like to thank Malcolm Emery (Natural England) for allowing me to carry out 

my fieldwork at Lullington Heath NNR and to Tim Beech for help and chats whilst 

on site. I’d also like to thank Chris English for helping me with the ICP analysis of 

my soil samples (even if you did worry too much about me going into labour in your 

lab!), and thanks go to Lisa Joliffe for help with that bloody nitrate meter! Thanks 

also go to Lesley Bisseker for putting up with babysitting Nellie, and a MASSIVE 

thank you to Jon May (QMUL) - you know why, and I wouldn’t even be writing this if 

it wasn’t for you! ☺ 

Lastly…. to my kids…. Ecology IS a real science… just like chemistry, physics and 

the rest of biology!!  

  



Declaration  xiv 

Declaration  

 

I declare that the research contained in this thesis, unless otherwise formally 

indicated within the text, is the original work of the author. The thesis has not been 

previously submitted to this or any university for a degree and does not incorporate 

any material already submitted for a degree. 

  

 

Signed 

 

Dated 



Chapter 1 – Introduction  1 

1 Introduction  

 

1.1 Chalk heath communities 

Chalk grassland, lowland heath and chalk heath are all semi-natural, seral 

communities that have been maintained in their plagio-climax state for centuries, 

each containing unique associations of plants. More specifically, chalk heath is an 

internationally rare plant community that contains an intimate mixture of calcicole 

and calcifuge species growing in shallow loam over chalk (Grubb et al. 1969, Smith 

1980). A calcicole is a species that is limited to, or more abundant on, alkaline 

calcareous soils and in plant communities such as chalk grassland; in contrast, a 

calcifuge species is limited to, or more abundant on, acidic soils and in plant 

communities such as lowland heath (Jeffrey, 1987). Chalk grasslands and chalk 

heaths have been traditionally managed under grazing by sheep and rabbits (Grubb 

and Suter, 1971, Denyer et al., 2010), while lowland heaths have been maintained 

in their state by traditional management practices such as burning and grazing 

(Pywell et al., 2003, Hill et al., 2004). Over the last century, substantial amounts of 

all three communities have been lost; grazing by sheep on most of the chalk in 

England came to an end early in the twentieth century and grazing by rabbits 

virtually stopped as a result of myxomatosis in the 1950’s (Thomas, 1963). 

In the last 70 years, around 80% of the UK’s chalk grassland has disappeared 

mainly to be replaced by intensively managed arable crops although neglect and 

undergrazing have also contributed to the loss (Rodwell, 1998). Today, the 

remaining chalk grasslands are highly fragmented and are mainly confined to scarp 

slopes with very few large stands remaining (Keymer and Leach, 1990, Burnside et 

al., 2002).  

Approximately 80% of the UK’s lowland heath has been lost over the past 100 years 

(over 95% globally), due to land use changes such as agriculture, forestry, mineral 

extraction or development (Walker et al., 2004). The remaining lowland heath is 

highly fragmented and the main threat is now lack of appropriate management and 

neglect.  
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Chalk heath was more widespread in the past (Tansley and Adamson, 1926) but 

intensive agriculture (Grubb et al., 1969) together with its vulnerability to scrub 

encroachment (Thomas, 1960b, Thomas, 1963), have caused the community to 

decline to levels whereby only a few small scattered locations remain in the south 

of England (Grubb et al., 1969, Rackham, 2000); namely, Lullington Heath NNR, 

Kingley Vale NNR and Porton Down SSSI. Over 75% of chalk heath sites on the 

South Downs have been lost over the last century and the majority of the remaining 

sites are considered to be in unfavourable condition (Natural-England, 2011, 

Natural-England, 2010).  

Chalk grassland, lowland heath and chalk heath communities are all restricted 

geographically to the north-western areas of Europe and as such are all considered 

to be rare habitats at a global scale (Rodwell, 1998); both chalk grassland and 

lowland heaths are national priority habitats within the UK (SDNPA, 2012). The 

ecological and conservational importance of chalk heaths is recognised in the 

Lowland Calcareous Grassland Biodiversity Action Plan (BAP) for the UK and the 

Lowland Heath Habitat Action Plan (HAP) for Sussex.  

Calcareous heaths may be divided into two categories: chalk heaths on the softer 

Cretaceous chalk of the south and south-east of Britain; and limestone heaths on 

the harder Carboniferous limestone of the west and north-west Britain (Etherington, 

1981). Not only is the substratum a differentiating factor between the two types of 

calcareous heaths but also the soil pH and topography. Chalk heaths are confined 

to acidic soils with a soil pH of 5-6 on plateaux and shallow slopes (Green, 1972, 

Etherington, 1981, Chatters, 1990). Etherington (1981) proposes that chalk heath is 

usually absent from steep slopes due to the erosion of the loess mantle and the 

development of a high carbonate content in the soil; this results in a soil with a pH 

that often exceeds pH7 and as such is too alkaline for calcifuge species. In contrast, 

limestone heaths grow on soil with a pH of 6-7 and the only surviving examples are 

confined to slopes steeper than 20º (Etherington, 1981). 

Investigations into the community composition of chalk heaths and the factors that 

create this unique community are of significant ecological and conservation 

importance. Chatters (1990) states that the conservational significance of chalk 

heath communities is that they provide areas where the interrelationship of plants, 
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soil and bedrock can be investigated and that further research should attempt to 

establish what ecological factors are structuring the plant composition within the 

community. Grubb and Suter (1971) advocated the scientific importance of chalk 

heath communities as areas whereby the overlapping pH tolerances of both 

calcicole and calcifuge species are demonstrated. Burnham & Green (1983) 

suggest that the conservation challenge for chalk heath communities is twofold. 

Firstly, they suggest that chalk heath communities are the result of a combination of 

particular soil conditions and particular management regimes; secondly, they state 

that many chalk heath communities are in retreat, overgrown and in unfavourable 

condition (Grubb et al., 1969).  

 

1.2 Soil pH, calcicoles and calcifuges 

Chalk grassland, lowland heath and chalk heath communities are all associated with 

nutrient-poor soils; however, they differ in terms of soil pH. Chalk grassland soils 

are alkaline with a pH between 7 and 8 (Smith, 1980, Wang et al., 2012). In contrast, 

the soils of lowland heaths are markedly acidic with a pH in the range of 3.4 – 6.5 

(Díaz et al., 1998). The soils of chalk heaths tend to have a pH intermediate between 

those of chalk grassland and lowland heath communities, typically a pH of 5-6 

(Grubb et al., 1969, Smith, 1980).  

Soil pH is a fundamental property of soil systems and is one of the most important 

factors that determines the availability of essential plant nutrients in soils 

(Chesworth, 2008, Marschner, 2011). It has long been recognised that acidic and 

alkaline soils support different assemblages of biota, and attempting to discover the 

principle causes of these distributions was one of the earliest tasks undertaken by 

analytical plant ecologists (Jeffrey, 1987, Larcher, 2003). A calcicole is a species 

that is limited to, or more abundant on, alkaline calcareous soils; in contrast, a 

calcifuge species is limited to, or more abundant on, acidic soils (Jeffrey, 1987). The 

terms calcicole and calcifuge are not rigidly exclusive categories but represent 

extreme points on a continuum of physiological variation. Some of the soil 

characteristics and nutrient constraints on plant growth in both alkaline and acidic 

soils are shown in Figure 1.1. The macronutrients nitrogen, phosphorous, calcium 

and magnesium tend to have optimal availability at an intermediate pH and 



Chapter 1 – Introduction  4 

availability decreases with both increasing and decreasing pH, whereas, for the 

macronutrients potassium and sulphur availability decreases with decreasing pH. 

The majority of micronutrients have optimal availability at a more acidic pH (copper, 

zinc, manganese and iron) whereas the micronutrient molybdenum has optimal 

availability in alkaline soils with availability decreasing with decreasing pH.   

 

 

Figure 1.1.  Macro- and micro- nutrient availability along a soil pH gradient. The 

darker the shading the greater the availability of the nutrient to a plant and 

conversely as the shading diminishes availability decreases. Vertical bold lines 

delimit the upper and lower pH levels found in this study; dashed lines delimit the 

soil pH range for chalk heaths sensu Grubb et al. (1969).  

 

The ecological effects of calcium on plant performance are indirect and are further 

complicated by the fact that it is the most abundant base cation in calcareous soils 

(Marschner, 2011). As such, calcium deficiency tends to be associated with low pH 

and this relationship suggests that it is necessary to distinguish between plants that 

require high levels of calcium and those that are simply not competitive on acidic 

soils (Crawley, 1997). Calcicoles may not be plants that require higher levels of 
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calcium, but plants that are more sensitive to other environmental factors influenced 

by calcium. These factors include acidity, nutrient availability, aluminium toxicity, soil 

temperature or aeration (Crawley 1997). As a result, calcicole species occur in 

abundance on moderately acidic soils, with very little or no calcium carbonate, 

calcifuge species are found on alkaline soils with relatively high levels of calcium 

carbonate (Lawesson, 2003) and the coexistence of calcicole and calcifuge species 

has been documented (Tansley and Rankin, 1911, Thomas, 1960b, Grubb et al., 

1969, Etherington, 1981, Chatters, 1990, Jeffrey, 2003).  

Within the UK flora, over 30 genera (comprising of over 150 species), contain both 

calcicole and calcifuge species thus indicating that even closely related congeneric 

species can differ in their preferences for alkaline or acidic soils (see Table 1.1 for 

a selection of genera).  

 

Genus Calcicole species  Calcifuge species 

Galium pumilum saxatile 

Hypericum montanum pulchrum 

Polygala  calcarea serpyllifolia 

Potentilla neumanniana erecta 

Teucrium botrys scorodonia 

Viola hirta lactea 
 

Table 1.1.  A selection of examples of UK calcicole and calcifuge species belonging 

to the same genus. See Hill et al. (1999) for more examples. 

 

A substantial amount of research has been dedicated to investigating the causes of 

the distribution of calcicole and calcifuge species within the UK either by laboratory 

experimentations and manipulations, observational fieldwork, theories or 

postulations (Hope Simpson, 1938, Rorison, 1960a, Rorison, 1960b, Jefferies and 

Willis, 1964a, Jefferies and Willis, 1964b). Research in the early to mid-twentieth 

century specified the importance of soil chemical factors and plant mineral nutrition 

requirements in shaping the distribution of calcicole and calcifuge species (De Silva, 

1934, Hope Simpson, 1938, Steele, 1955, Rorison, 1960b, Rorison, 1960a, Jefferies 

and Willis, 1964a, Jefferies and Willis, 1964b). These studies mainly investigated 

the soil properties and/or plant tissue composition of specific calcicole and/or 
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calcifuge species when grown in its typical and in its contrasting soils, sands or 

solution cultures. Rorison (1960a) investigated, in situ, seedling growth of calcicole 

and calcifuge species in which the seeds of calcicole species were sown into an 

acidic greensand soil and the calcifuge seeds were sown into an alkaline chalk soil. 

Rorison (1960b) determined that calcicole seeds germinate best in calcareous soils 

and that calcifuge species germinated best in acidic soils. Grime (1963) studied the 

mixed calcicole - calcifuge vegetation of limestone vegetation, in Derbyshire and 

Ireland, and concluded that severe phosphorus deficiencies were evident in 

calcifuges that occurred on soils supporting mixed calcicole - calcifuge vegetation. 

Grime (1963) also went on to state that the most promising sites to examine, for the 

fundamental differentiation between calcicole and calcifuge species and/or soil 

types, are ones in which both types of species occur together. Despite this, no 

research has investigated the pair-wise co-occurrence patterns of calcicole and 

calcifuge species, in situ, in a community where they form an intimate, multispecies 

sward.  

 

1.3 Previous research on chalk heaths 

Research on chalk heaths has been limited, with the majority of research focusing 

on the chalk heath at Lullington Heath NNR.  Chalk heath communities were first 

described by Tansley & Rankin (1911) who suggested that differential root 

stratification enabled the calcicole and calcifuge species to co-exist (Tansley, 1939, 

Smith, 1980). However, differential root stratification cannot provide a complete 

explanation for the chalk heath community since it has been determined that the 

intimate mixture of calcicole and calcifuge species has developed from the ability of 

both to form healthy, intermingled root systems in soils at pH 5-6. Both strict 

calcicole and strict calcifuge species have overlapping pH tolerances within the 

chalk heath community and many shallow-rooted, strict calcicole species are 

common on chalk heaths, e.g. Filipendula vulgaris, Viola hirta and Asperula 

cynanchica. (Etherington, 1981, Grubb et al., 1969).  

Grubb et al. (1969) provide the most comprehensive account  of the chalk heath 

habitat in which they highlight calcicole and calcifuge dynamics and the associated 

problems of soil acidification caused by the rapid invasion of ericoids and Ulex 
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europaeus. Floristic explanations were based on relatively large and homogenous 

samples in which they detail two different areas within the chalk heath at Lullington 

Heath NNR, an area of chalk heath free from rabbits 1954-67 (typical chalk heath) 

and an area of mown chalk heath 1960-67 (restored chalk heath). Grubb et al. 

(1969) established that annuals, biennials and low-growing perennials were limited 

to disturbed areas within the chalk heath community and many dicotyledon species 

regenerated vegetatively (Grubb et al., 1969). Grubb et al. (1969) went on to 

suggest that factors such as dense shade, a deep litter layer and a dense root mat 

prevented the regular regeneration of any species, calcicole or calcifuge, from seed. 

Grubb et al. (1969) detailed that strict calcicole and calcifuge species have an 

overlapping pH tolerance within the community and that the community is able to 

persist only if the topsoil pH remains in the range 5 - 6. Soil pH was determined in 

situ and found that the soils were more acidic, by more than one pH unit (in the 

upper 1cm of soil) under Calluna vulgaris and Ulex europaeus than in the 

surrounding chalk heath. Grubb further studied the process of the acidification of the 

soil by Calluna vulgaris and Ulex europaeus at Lullington Heath NNR (Grubb and 

Suter, 1971), and determined that the absence of grazing and the subsequent 

invasion of woody species and grasses, results in a new mixture of calcifuge species 

and species that are indifferent to pH when the Ulex europaeus and Calluna vulgaris 

are cleared. Grubb and Suter (1971) also  inferred that calcicole species are unable 

to regenerate from seed within the acidic soil unless heavy grazing maintains the 

rank-growing grasses and acidifying shrubs at low statures (Grubb and Suter, 1971). 

Thomas (1960b &1963) recorded changes in vegetation across seven NNRs, 

including across the whole of the Lullington Heath NNR and its chalk heath 

community, as part of a regional study into the changes in the vegetation due to the 

cessation of grazing by rabbits following the arrival of myxomatosis. A 4385ft 

(1340m) permanent transect was erected across Lullington Heath NNR in 1954 and 

iron posts were positioned 100ft (30m) apart along its entire length (Thomas, 

1960b). The vegetation was sampled every 10ft (3m), 30ft (9m), 50ft (15m), 70ft 

(21m) and 90ft (27m) in each hundred-foot (30m) section along the entire length of 

the transect using a standard point-quadrat frame (Thomas, 1960b). Thomas 

surveyed the site for 8 years and concluded that the main change in the vegetation 

was the way in which the chalk heath and grassland were rapidly invaded by woody 
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plant species and grasses, which had previously been kept at low abundances due 

to high densities of rabbit grazing. Thomas went on to suggest that without 

continued grazing the chalk heath community  may change into heathland and then 

thicket (Thomas, 1960a, Thomas, 1963). 

The comparative roles of both herbivory and soil nutrient status as potential factors 

influencing community structure and composition of the chalk heath community at 

Lullington Heath NNR was studied by Denyer (2005, 2010). It was determined that 

both grazing treatment and soil factors contributed significantly to the species 

composition of the chalk heath community and that significant differences between 

the two areas of chalk heath found at Lullington Heath NNR can be attributed to soil 

pH as well as to the availability of nitrogen/nitrate, potassium and magnesium.  

Denyer (2010) concluded that during the six year experiment, soil properties had a 

greater impact on the vegetation heterogeneity of chalk heath than the impact of 

grazing, that grazing increased species richness within the vegetation and that the 

plant species responses to grazing were soil dependant. 

Descriptive accounts of the floristic composition of chalk heath found on the Isle of 

Wight (Chatters, 1990) and of limestone heath communities in south west Britain 

(Etherington, 1981) provide further knowledge on the existence of calcicole and 

calcifuge species co-occurring in a heterogeneous, multispecies sward. The soils of 

the chalk heath found on the Isle of Wight have a similar pH (pH 5.49 to 6.79) to that 

found by Grubb et al. (1969) on the South Downs, whereas the soil pH of limestone 

heath appears to be more alkaline (pH 6.2 to 7.2). 

Attempts to reclaim the chalk heath vegetation, from Ulex europaeus scrub, at 

Lullington Heath NNR are described by Gay, Green and Labern (1968) and Green 

(1972). Both papers suggest that low nitrogen content of the soils is an important 

factor determining the presence and reclamation of chalk heath on the site. 

A descriptive account of the management history of the reserve is provided by 

Burnham and Green (1983), whilst Burnham (1983) details the results of the 

analysis of two soil samples extracted from within the reclaimed (mown area) of the 

chalk heath at the site. These studies maintain that the acidity of the soil horizons is 

remarkable in so shallow a soil over chalk and that soil micro-variability seems to be 

considerable and may produce the species diversity evident on chalk heaths. Emery 
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(2000) provides a descriptive account detailing the reasons for the selection of 

particular grazing animals with the aim of scrub management within the reserve, 

between the period 1954 and 2000.  

There have been no studies investigating the structure of chalk heath communities 

in terms of species co-occurrence patterns, species traits or phylogeny, Describing 

the structure of a community in terms of these three factors is considered an initial 

goal when describing community assembly rules (Weiher and Keddy, 2001). 

Determining the mechanisms that cause these species associations could 

potentially aid in the conservation, management and restoration of a community 

(Weiher and Keddy, 2001).  

Consequently, there is a gap in the knowledge of chalk heath communities: firstly, 

there have been no studies that have investigated any factors that may influence 

the establishment and composition of species within a chalk heath community; 

secondly the biodiversity and fine-scale co-occurrence patterns of chalk heath 

species has not been investigated at either a spatial or temporal scale, nor related 

to the effects of restorative management practices. 

 

1.4 Study Site: Lullington Heath National Nature Reserve (NNR), East 

Sussex, UK 

The study was conducted at Lullington Heath NNR, where the chalk heath is 

considered to be the largest and best example of this community in the UK 

(Rackham, 2000, Barham and Stewart, 2005, Denyer et al., 2010). The chalk heath 

vegetation at Lullington Heath NNR has undergone many changes over the past 60 

years, including the invasion of scrub and the subsequent management approaches 

that focus on restoring a type of chalk heath vegetation to these areas (Emery, 2000, 

Denyer, 2005). 

 

1.4.1 Location 

Lullington Heath NNR is situated within the South Downs National Park, about 8km 

WNW of Eastbourne, East Sussex (National Grid Reference TQ 51545017, latitude 
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50.79, longitude 0.19; see Figure 1.2). The reserve covers an area of 62ha, of which 

25ha is considered a chalk heath community. Lullington Heath was designated as 

a Site of Special Scientific Interest (SSSI) in 1949 and a National Nature Reserve 

(NNR) in 1953. These notifications were awarded to conserve two nationally rare 

communities within the site from afforestation, namely, the chalk heath and chalk 

grassland communities (Thomas, 1960b, Thomas, 1963, Emery, 2000).  

A dry valley towards the west of the reserve divides the site into two major parts with 

the chalk heath community situated on the spur in the central area of the reserve 

(Figure 1.3) (Grubb et al., 1969). The whole site lies on the Upper Chalk of the South 

Downs, which was deposited during the Cretaceous period, approximately 60 million 

years ago.  

 

1.4.2 The management history of Lullington Heath NNR 

Sheep grazing has been the dominant method of farming on the Downs for over a 

thousand years, thus enabling the herb-rich grasslands and chalk heath to develop 

(Grubb et al., 1969, Smith, 1980, Brandon, 1998). Consequently, chalk heath 

vegetation is considered as having been the predominant habitat on Lullington 

Heath for many centuries (Grubb et al., 1969).   

The reserve is owned by South East Water who, since the 1920’s, have used the 

site as a catchment area for the local public water supply, and as a result, built a 

pumping station, in 1936, in the south-west corner of the reserve (Grubb et al., 

1969). The water company leased the reserve, and the surrounding area, to the 

Forestry Commission in the late 1920’s, who then set up extensive plantations of 

beech and pine towards the southern edge of the reserve (Friston Forest). Sheep 

grazing on the reserve ended in the 1940’s, due partly to the decline in the sheep 

industry and partly due to the owner’s fear of faecal contamination of the local water 

supply (Emery, 2000). 
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Figure 1.2.  Aerial view of Lullington Heath NNR. The white line delimits the 

boundaries of the reserve; the light blue line delimits the chalk heath community. 

Taken from Google Earth 12/3/12. (Original in colour). 

 

 

Figure 1.3. The topography of Lullington Heath NNR. The black line delimits the 

boundary of the reserve. The purple line delimits the chalk heath community.  

(Ordinance-Survey, 2012). (Original in colour). 

 

Following the designation of Lullington Heath as a National Nature Reserve in 1954, 

the Forestry Commission sublet the site to the Nature Conservancy (now Natural 

England) (Grubb et al., 1969). When the NNR was established there was 40ha of 

chalk heath within the reserve and despite the fact that the landowners would not 
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allow livestock to graze on the site, a large population of rabbits (Oryctolagus 

cuniculus) maintained the chalk heath community until the arrival of the viral disease 

myxomatosis in 1954 (Thomas, 1960b, Emery, 2000). By 1955 the disease had 

virtually destroyed the rabbit population on the reserve (Thomas, 1960a, Emery, 

2000). Prior to myxomatosis, chalk heath and chalk grassland swards covered most 

of the reserve; these swards were close-cropped with patches of bare chalk visible 

and only a few scattered low bushes were present across the entire reserve 

(Thomas, 1960b, Burnham and Green, 1983). 

The cessation of rabbit grazing resulted in the increased growth of grasses and 

woody species namely, gorse (Ulex europaeus) and the heathers Calluna vulgaris 

and Erica cinerea. Most of the scrub encroachment was within the eastern to middle 

part of the reserve, invading the chalk heath community, and it is estimated that 

15ha of chalk heath were lost during this period (approx. 40% of chalk heath present 

in the 1950s). By the early 1960s, some areas to the east of the reserve were 

predominantly covered by Ulex europaeus scrub (Thomas, 1963).  Throughout the 

1950s and most of the 1960s, all the Nature Conservancy could do to try to prevent 

the invasion of scrub species, was use machines and manpower to keep certain 

areas mown. Large rides were cut through the biggest area of Ulex europaeus, 

mainly as a precaution against fire but also to try and regenerate the area to 

grassland and/or chalk heath (Grubb et al., 1969); bare ground was left to recolonise 

naturally (Burnham and Green, 1983).  

Negotiations in the late 1960s finally resulted in the reinstatement of livestock onto 

the reserve in the 1970s and a grazing strategy was developed (Emery, 2000, 

Denyer et al., 2010). To date, this grazing strategy has evolved to include permanent 

residents of primitive breeds of ponies, sheep and goats. At present there are 3 New 

Forest & Exmoor ponies (Equus ferus caballus), a small flock (c. 20 individuals) of 

Hebridean mountain sheep (Ovis aries) and a herd (c. 30 individuals) of Bagot goats 

(Capra hircus hircus bagot) (Emery, 2000, Barham and Stewart, 2005, Denyer, 

2005, Denyer et al., 2010). These species have different grazing preferences and 

the combination of sheep, goats and ponies permit the plant communities on the 

reserve to be managed in a much more flexible and selective manner than was 

previously achieved by mechanical methods (Emery, 2000). Consequently, the rate 

http://en.wikipedia.org/wiki/Equus_%28genus%29
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of recovery within the chalk heath community is now seen to be constant and 

gradual, rather than the sporadic, disruptive and unselective recovery that was 

observed when mechanical methods were employed (Emery, 2000, Barham and 

Stewart, 2005, Denyer, 2005, Denyer et al., 2010). 

 

1.4.3 Soils of Lullington Heath NNR 

Chalk heath soils have been characterised as having a pH 5 to 6 (Grubb et al., 

1969). As shown in Figure 1.1, calcicole species growing in this pH range will have 

less available potassium, sulphur, molybdenum, phosphorus and calcium than they 

would when grown in an alkaline soil; whereas calcifuge species growing in this pH 

range will have more available copper, zinc and manganese and less aluminium 

toxicity than they would when grown in a more acidic soil. Soils with a pH of 5 to 6 

are usually fertile with respect to plant macro- and micro- nutrient availability; 

however, the soils of chalk heaths are generally nutrient poor. Clark and Baligar  

(2000) state that soils with slight acidity (pH 5.5 to 6.5 i.e. circa chalk heath soil pH) 

do not inflict many impediments to plant growth when sufficient amounts of essential 

mineral nutrients are available, but suggest that these soils are relatively prone to 

acidification from inappropriate management and/or environmental pollution. 

Soil micro-variability, in terms of pH, nutrient availability and depth has been proven 

to be considerable on chalk heaths and may possibly account for the species 

diversity evident within the community (Thomas, 1960a, Grubb and Suter, 1971, 

Burnham, 1983). There is a mosaic of different pH levels within the chalk heath 

community; some micro-sites have soil which is more alkaline whilst other micro-

sites have soils that are more acidic (Grubb et al., 1969, Burnham and Green, 1983). 

The activities of rabbits, ants and earthworms, which transfer subsoil and chalk 

rubble closer to the surface, are believed to create areas that have a more alkaline 

pH (Grubb et al., 1969). Whereas the acidification of the soil by Ulex europaeus, 

Calluna vulgaris and Erica cinerea create micro-sites that are more acidic, by more 

than one pH unit (in the upper 1cm of soil), within the chalk heath (Grubb and Suter, 

1971). Burnham (1983) demonstrated the soil microvariability at Lullington Heath 

NNR by determining the soil pH and extractable phosphorus levels for three topsoil 
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samples taken approximately 10-15cm apart. Results revealed a range in pH of 6-

7.1, and a range of 1-10ppm for extractable phosphorus (Burnham, 1983).  

The chalk heath soil varies in depth from 8-20cm, although in areas it can reach 

depths of 50cm (Grubb et al., 1969, Burnham, 1983, Burnham and Green, 1983). A 

typical soil profile of the chalk heath soil at Lullington Heath NNR has an A horizon 

(topsoil) depth of 2-10cm consisting of stone-less friable silt loam; the A horizon soil 

is dark brown in colour, very humose, has a fine crumb structure, abundant roots 

throughout and free drainage. The B horizon (subsoil) is typically 10cm thick (10-

20cm depth) and differs from the A horizon in that it contains many medium and 

large angular flints (1-10cm across). Several authors have commented that the 

contrast between the stone-less A horizon and the very stony B horizon is 

noteworthy and typical of the acidic soils at Lullington Heath NNR (Perrin, 1956, 

Grubb et al., 1969, Grubb and Suter, 1971, Burnham, 1983). A layer of brown 

stained chalk rubble (up to 10cm thick) is present between the B horizon and the 

solid chalk bedrock below. 

The acidity of the soil horizons has been found to range from pH 4 to 5 in the top 

soil whilst the subsoil has a pH typically higher than pH 6.5 (Grubb et al., 1969, 

Grubb and Suter, 1971, Burnham, 1983). Tansley and Rankin (1911) believed the 

acidic surface layer was attributable to locally higher rates of leaching by rainfall, 

however, the cause of the surface acidity is now regarded to be the result of a thin 

surface deposit of silt or clay with flints (typically loessal silt of windborne origin) as 

opposed to leaching  (Perrin, 1956, Thomas and Perrin, 1967, Grubb et al., 1969, 

Grubb and Suter, 1971, Smith, 1980, Etherington, 1981, Burnham, 1983, Burnham 

and Green, 1983).  

Soils supporting both chalk grassland and lowland heath communities typically have 

low fertility levels, in particular low nitrogen content. Gay et al. (1968) and Green 

(1972) both suggested that the low nitrogen content of the chalk heath soil was an 

important factor determining the presence and reclamation of the chalk heath 

community.  Burnham (1983) suggested that low fertility levels, in particular low 

available phosphate, low potassium and the immobilisation of nitrogen together with 

a high organic and high calcium content of the soil, were significant factors allowing 

the co-existence of calcicole and calcifuge species within the community. In 
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addition, Denyer (2010) established that soil properties had a greater impact on the 

vegetation heterogeneity of chalk heath than the impact of grazing, that grazing 

increased species richness within the vegetation and that the plant species 

responses to grazing were soil dependent. 

 

1.4.4 Biodiversity of Lullington Heath NNR 

1.4.4.1 Community types 

Lullington Heath NNR supports a diverse mosaic of plant communities (Figure 1.4) 

which in turn support a wide range of animal species (Emery, 2000).  The chalk 

heath is situated along the spur in the centre and eastern part of the reserve (Figure 

1.2 & 1.3) (Grubb et al., 1969). Before the 1950s the chalk heath extended to the 

northern, eastern and southern edges of the reserve with occasional trees and Ulex 

europaeus present. This has now been replaced by dry heath, with Ulex europaeus 

and Calluna vulgaris, to the south-east and by neutral grasslands with patches of 

scrub to the north and south. A couple of areas of chalk grassland are found towards 

the bottom of both slopes of the spur and an area of acid grassland, with very few 

calcicoles, is found on the north-facing slope. Ulex europaeus scrub dominates the 

southeastern part of the reserve and scattered blocks of Ulex europaeus, of various 

height, age and size, occur elsewhere within the eastern area (Grubb et al., 1969, 

Natural-England, 2012). 

 

1.4.4.1 Chalk heath flora 

The chalk heath community covers 40% of Lullington Heath NNR; however, the 

chalk heath community contains nearly 60% of the 200 species of vascular plants 

found within the reserve. The key calcicole species that occur in the chalk heath 

community are  Sanguisorba minor, Filipendula vulgaris and Thymus pulegiodes, 

whilst  key calcifuge species include Calluna vulgaris, Erica cinerea and Teucrium 

scorodonia (Thomas, 1960a, Grubb et al., 1969, Burnham and Green, 1983, 

Chatters, 1990, Denyer, 2005, Denyer et al., 2010).  
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Figure 1.4. Plant communities of Lullington Heath NNR (adapted from the SSSI 

condition report (Natural-England, 2012)).   

 

1.4.4.2 Fauna  

Over 200 plant species occur on the reserve and changes in the vegetation have 

led to changes in the animal and bird species that inhabit the area (Emery, 2000). 

Despite the fact that none of the floral chalk heath species at Lullington Heath NNR 

are identified as UK BAP species, the combination of calcicole and calcifuge species 

present within the chalk heath community support a diverse number of types of 

animal species, nearly 60 of which are identified as priority species for conservation 

in the UK (see Appendix A for the UK BAP fauna species found on Lullington Heath 

NNR).   

Just under a hundred bird species have been sighted on Lullington Heath NNR, half 

of which nest on the reserve and 18 of which are included in the UK Biodiversity 

Action Plan (BAP) as priority species for conservation in the UK. Over 650 species 

of insects are known to be present in the reserve of which 35 are UK BAP species 

(6 butterflies, 27 moths and 2 true flies). Four reptiles have been recorded on 
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Lullington Heath NNR all of which are detailed as UK BAP priority species (slow 

worm Anguis fragilis, grass snake Natrix natrix, common adder Vipera berus, and 

common lizard, Zootoca vivipara). A number of mammal species inhabit the reserve 

(less than 10) some of which are protected by law, but none of which are listed as 

UK BAP priority species.  

 

1.5 Community ecological theory 

A community can be defined as an assemblage of species populations that occur 

together both spatially and temporally. As a result, a community contains both 

individuals and populations of species whose presence in the community is 

determined by environmental and dispersal constraints as well as by internal 

dynamics and species interactions (Begon et al., 2006). Within plant communities,  

spatial patterns and processes are particularly important since plants lack mobility 

(Weiher et al., 2011) and are forced to primarily interact at a fine-scale, with close 

neighbours, for the same resources (e.g. light, water and nutrients) (Crawley, 1997, 

Wang et al., 2010). 

A fundamental concept in community ecology is the ecological niche, which 

incorporates all the interactions, both biotic and abiotic, a species has with the 

environment in order to survive and reproduce (Polechová and Storch, 2008). The 

position a species has within a community can be seen to be highly dynamic and 

created not only by its own biotic and abiotic requirements but also by its interactions 

with other species (Hutchinson, 1957). Hutchinson (1957) formulated two basic 

niche concepts: a species fundamental niche and its realised niche. The 

fundamental niche of a species is determined by its tolerance of all environmental 

variables, both biotic and abiotic, which govern where the species can persist and 

reproduce in the absence of interspecific competition (i.e. in a monoculture under 

laboratory conditions) (Prinzing et al., 2008). In contrast, the realised niche can be 

seen as a subset of the fundamental niche, wherein coexistence with other species 

is incorporated and as a result, a species persistence is determined by its 

competitive abilities in the presence of other species that are contending for the 

same resources (Polechová and Storch, 2008, Sillero, 2011, Boulangeat et al., 

2012). Through inter-specific competition, the presence of one species constrains 
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the presence of another species, and as a result, the realised niche of a species 

incorporates not only the ecological tolerances of the particular species but also its 

functional role within a community. The breadth and position of a species realised 

niche is considered to be highly variable in time and space due to temporal and 

spatial variation in both biotic and abiotic factors within a community (Soberón and 

Nakamura, 2009). In addition, a species can compensate for ecophysiological stress 

(deterioration in biotic and abiotic factors) by changing its realised niche position 

within different environments (Prinzing et al., 2008).  

Hutchinson (1957) postulated that a species’ realised niche is exclusive; that no two 

species can share the same niche and that in a stable environment no overlap in 

realised niche is possible. In addition, ecological theory assumes that no two 

species sharing the same niche could co-exist within a community since a 

competitively superior species will displace a competitively inferior species 

(Polechová and Storch, 2008, Prinzing et al., 2008). Consequently, the competitive 

exclusion/displacement theory has developed into a core principle in community 

ecology, devoted to understanding how species with similar ecological niches can 

coexist within a community. However, competitive exclusion/displacement can be 

perceived as a relatively oversimplified and static model of species interactions 

within a community which cannot operate to completion (i.e. complete exclusion) 

because of environmental heterogeneity and stochasticity  (Begon et al., 2006). As 

a result, the theory of limiting similarity has developed to assess if there is a limit to 

how functionally and morphologically similar two species can be, if they are to co-

exist in the same community (Polechová and Storch, 2008, Wilson and Stubbs, 

2012). 

The coexistence of species with similar realised niches in a community is considered 

a consequence of niche differentiation, wherein species divide the resource so that 

the effects of interspecific competition are reduced. For plant species, niche 

differentiation is predominantly a result of resource partitioning whereby species 

differ in their abilities to utilise a resource based on varying environmental 

conditions, e.g. light, water and nutrient availability (Silvertown and Law, 1987). One 

species may be more competitive under one set of environmental conditions (i.e. a 

calcifuge in an acidic edaphic environment), whereas another species may be more 

competitive under another set of environmental conditions (i.e. a calcicole in an 
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alkaline edaphic environment). Consequently, in a heterogeneous environment 

each species can be seen to be, either temporally or spatially, the better competitor 

and consequently the two species could co-exist.  

Plant species not only respond to their environment but can also modify the biotic 

and abiotic parameters of their environment, thus affecting both their own realised 

niche and the niches of other species (Polechová and Storch, 2008). For example, 

within chalk heath communities, both Ulex europaeus and Calluna vulgaris have 

been documented as modifying their local environment by acidifying the soil beneath 

their crowns (Grubb and Suter, 1971). 

 

1.5.1 Community Assembly 

The concept that there may be rules that govern how communities are assembled 

has a long history in ecology. Community assembly, the process by which species 

are added to or deleted from a local community can be seen to be highly 

deterministic, leading to a community that is in equilibrium and contains the optimal 

number and selection of species (Weiher and Keddy, 2001). The argument whether 

plant communities are discrete communities (Clements, 1916), random 

assemblages (Gleason, 1926) or neutral assemblages (Hubbell, 2001) continues to 

be a central concept in community ecology (Pitta et al., 2012). The sorting of species 

that produces the high level of integration and organisation observed in communities 

(Weiher and Keddy, 2001), has traditionally been viewed as a result of interspecific 

biotic associations, such as competition, but it could also be due to other factors 

such as habitat heterogeneity and historical effects. As a result, there are three main 

potential hypotheses that could explain non-random species associations: biotic 

interactions, habitat heterogeneity and historical effects (Gotelli, 2000, Reitalu et al., 

2008).  

Biotic interactions causing non-random co-occurrence within a community are 

primarily seen to be a result of competition but could also be due to facilitation or 

grazing intensity stress (Götzenberger et al., 2011). Habitat heterogeneity can 

create patterns, or checkerboards, whereby species are associated with different 

abiotic features within the sites. Habitat heterogeneity is dependent on the scale of 
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observation as well as the size of the organisms surveyed (Wilson, 2000), however, 

in general terms habitat heterogeneity leads to less co-occurrence than expected 

by chance (Gotelli, 2000, Götzenberger et al., 2011). Consequently, two species 

may colonise a site independently but do not interact because one may prefer, for 

example, acidic soil conditions and the other alkaline soil conditions; these species 

will exhibit a perfect checkerboard pattern that is due to abiotic factors rather than 

biotic interactions such as competition. Other environmental and landscape factors 

that may affect co-occurrence patterns include soil depth, scrub encroachment, 

grazing intensity and/or previous land use (Reitalu et al., 2008). Historical effects 

include phylogenetic processes and allopatric speciation which are predicted to lead 

to less coexistence than expected by chance and may lead to a pattern of little or 

no coexistence between congeneric species, whether or not competition is occurring 

(Collins et al., 2011, Gotelli and Entsminger, 2012). The hypotheses for non-random 

co-occurrence are not mutually exclusive and there may be interactions between 

these mechanisms. This is illustrated by the fact that the evolution of distinct habitat 

preferences and the resulting reduction in niche overlap between species could be 

a result of historical competitive interactions (Collins et al., 2011, Götzenberger et 

al., 2011).  

Scale plays an important role in defining co-occurrence patterns within plant 

communities and it is generally agreed that intra- and inter- specific biotic 

interactions occur over small spatial scales (Watkins and Wilson, 1992, 

Götzenberger et al., 2011, Weiher et al., 2011). Interactions between plant species 

can range from a few centimetres to a square meter for herbaceous plants, to much 

larger scales for interactions between two tree species (Götzenberger et al., 2011). 

Species co-occurrence patterns can change with scale, with some species pairs 

showing a segregated (negative association) at a smaller scale but an aggregated 

(positive) or random association at a larger scale of observation (Jonsson and 

Moen, 1998, Waite, 2000, Zhang et al., 2009).  This effect of scale on pattern could 

be a result of biotic interactions, habitat heterogeneity, historical or dilution effects; 

furthermore, the larger the scale of observation, the more the pattern may have been 

generated by factors other than intra- and/or inter- specific biotic interactions 

(Götzenberger et al., 2011). 
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When Diamond (1975) coined the term assembly rule, he created two types of rules: 

rules in terms of individual species and rules in terms of the general constraints on 

species co-existence. Diamond (1975) reasoned that any non-random pattern is 

evidence for some sort of non-random community assembly process and that 

describing and demonstrating that non-random patterns exist in communities is 

proof that some sort of assembly process has occurred, even if specific rules cannot 

be deduced.  

Since the publication of Diamonds seminal paper (1975), there has been a 

proliferation of papers challenging, supporting, and/or testing the concept that there 

are sets of constraints that govern how communities are assembled and maintained 

(Connor and Simberloff, 1986, Gotelli and Graves, 1996, Booth and Larson, 1999, 

Gotelli and McCabe, 2002). Despite much controversy about Diamond’s statistical 

methodology (see Connor & Simberloff (1986) and Gotelli & Graves (1996)), the 

debate that followed focused on two questions: whether his theory was logically 

sound and how to construct adequate null models to test his inferences (Connor 

and Simberloff, 1979, Gotelli and McCabe, 2002, Ulrich, 2004). In spite of the 

resulting extensive discussions on whether non-random patterns exist in nature, the 

debate resulted in many useful advances that have led to more focused 

hypothesizing and testing through improved statistical techniques and the use of 

null model analysis (Fox and Brown, 1993, Gotelli and Ulrich, 2010, Götzenberger 

et al., 2011, Weiher et al., 2011, de Bello, 2012, Gotelli and Ulrich, 2012, Ulrich and 

Gotelli, 2012, Veech, 2012, García‐Baquero and Crujeiras, 2015).  

 

1.5.1.1 Co-occurrence 

Spatial patterns (or associations), can be either aggregated when two species co-

occur more often than expected by chance (positive association), segregated, when 

two species co-occur less often than chance (negative association) or random.  

Spatial patterns can be identified by null model analysis, either for a community as 

a whole (Gotelli and Entsminger, 2012), or for particular species pairs (Ulrich, 2008, 

Gotelli and Ulrich, 2010, Pitta et al., 2012), or for species traits or guilds (Watkins 

and Wilson, 1992). Defining spatial patterns, and their deviance from randomness 

can be seen as the first step in defining community assembly processes. The next 
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step is to attempt to account for the observed pattern of species co-occurrence by 

formulating working hypotheses regarding how the pattern was assembled and, if 

possible, which constraints define the patterns (Ribichich, 2005). 

 

1.5.1.2 Null models 

Null model analysis is a pattern generating method, based on the randomisation of 

ecological data, that tests for structure in natural communities (Gotelli and McGill, 

2006, Ulrich and Gotelli, 2013, García‐Baquero and Crujeiras, 2015). Over the last 

25 years, null model analysis has become an important and key analytical tool for 

making inferences about species distribution patterns within communities (Ladau 

and Ryan, 2010, de Bello, 2012, Chalmandrier et al., 2013, Richard et al., 2013, 

Krasnov et al., 2014, Veech, 2014, Horn et al., 2015, Soberón, 2015). The null model 

is designed so that the randomisation produces patterns that would be expected 

under a neutral or cause-free supposition.  A specified number of expected null 

communities are created by the null model, the average of which is compared to the 

observed pattern detected within the ecological data. As a result, the null model 

functions as a standard statistical null hypothesis for detecting pattern (Gotelli and 

McGill, 2006). Rejection of the null hypothesis is considered as evidence that non-

random patterns exist within the data, or community, and connotes that some other 

constraints have limited the co-occurrence of species, rather than patterns being 

due to chance alone.  Consequently, the use of null model analysis has become a 

standard method for assessing species co-occurrence patterns within community 

datasets (Ladau and Ryan, 2010, Götzenberger et al., 2011, Veech, 2014, Soberón, 

2015).  

Both technical and theoretical criticisms of null model analysis have been discussed 

and debated over the last 30 years (Gotelli, 2001). However, randomisation 

techniques are a long established statistical procedure for constructing null 

hypotheses that also have the benefit of fewer assumptions than traditional 

statistical tests (Gotelli and Graves, 1996). In essence, all statistical models and 

tests include some level of assumption(s), this doesn’t imply that all models or tests 

are insufficient or unsound, it merely emphasises the need to realise the 
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assumptions or limitations of each model and/or test as well as validate that the 

model is realistic enough to meet its intended purpose (Augusiak et al., 2014).  A 

specific criticism of null model analysis is that multiple processes are in operation 

and as a result, such null models are unable to identify the mechanism causing the 

patterns. There are three main potential hypotheses that could explain non-random 

species associations and community patterns: biotic interactions, habitat 

heterogeneity and historical effects (Gotelli, 2000, Reitalu et al., 2008). However, 

defining and describing any non-random patterns and species associations in a 

community dataset is seen as an initial step in the process to identify mechanisms 

determining any community assembly processes. Once non-random associations 

or patterns have been detected, then working hypotheses can be formulated to 

assess how the pattern was assembled and which constraints define the patterns 

(Ribichich, 2005). Another potential issue of null model analysis is that results 

depend on the spatial scale investigated and the type of null model used in the 

analysis. However, this is also true, to some extent, the results of any ecological 

pattern detection model and/or test depend on the spatial scale surveyed; the 

concepts of pattern and spatial scale are unequivocally linked, spatial scale governs 

not only how patterns and processes are determined but it also impacts on the 

resulting description and prediction of the results obtained (Wiens, 1989, Sandel 

and Smith, 2009). The impacts of spatial scale and the choice of null model test 

used in analysis will be assessed in Chapter 4. Nonetheless, null model analysis 

can be seen to provide both specificity and flexibility in data analysis, which is not 

generally feasible with conventional statistical tests (Gotelli and Graves, 1996, 

Richard et al., 2013). Accordingly, null models are now considered an informative, 

parsimonious tool for pattern detection in community datasets (Gotelli, 2001, 

Götzenberger et al., 2011, Richard et al. 2013, Soberón, 2015, Castelin et al., 2016).  

In many instances, the use of previously published presence-absence data matrices 

have been used to perform null model analysis (with the aim to support, refute, or 

test the concept) (Götzenberger et al., 2011, Pitta et al., 2012). Such meta-analysis 

has mainly concentrated on two datasets: Diamond’s original dataset on bird fauna 

of the Bismark Archipelago (Diamond, 1975) and Atmar and Patterson’s (1995) 

nested temperature dataset (comprising just under 300 datasets on various species 

including plants, mammals, birds, herptiles, fish, insects, other invertebrate and 
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protozoa) examples include (Ulrich, 2004, Sanderson et al., 2009, Gotelli and Ulrich, 

2010, Collins et al., 2011, Gotelli and Ulrich, 2012, Pitta et al., 2012). As a result, 

the subsequent literature review concentrates on null model analysis performed on 

original datasets in differing communities and types of species.  

Dullinger et al. (2007) used null model analysis to assess spatial scale, 

environmental severity and species groupings (by growth form) within an alpine 

plant community. They established that the alpine community exhibited random co-

occurrence patterns; however, trends were identified that illustrate that species 

aggregation was more frequent within the community than segregation. In addition, 

they discovered only weak and variable associations between species co-

occurrence patterns and linear environmental severity. Reitalu et al. (2008) 

concluded that species in semi-natural grasslands, at various spatial scales of 

observation, exhibited a segregated community structure but only determined 

significant results for less than 20% of their matrices. Co-occurrence patterns for 

weed species were examined at both field and landscape scales  (Petit and Fried, 

2012) and were found to be randomly assembled at a field scale but at a landscape 

scale, weed species exhibited a segregated community structure when all species 

were analysed. Further analysis, at the landscape scale, divided weed species into 

guilds containing generalists, specialists and intermediate species and the resulting 

co-occurrence patterns indicated random, aggregated and segregated community 

structure, respectively within these subsets. Zhang et al. (2009) examined the effect 

of spatial scale upon the co-occurrence patterns exhibited in an old-growth 

temperate forest, in which they analysed seven scales of observation (from 5m to 

100m). They determined that significantly segregated community structuring was 

only found at the smaller scales of observation and concluded that co-occurrence 

patterns change with spatial scale and that the spatial scale of observation is an 

important factor contributing to the identification of community assembly rules.  

In addition to studies on spatial scale, co-occurrence patterns can also be detected 

for temporal studies. Rooney (2008) compared the co-occurrence structure of field 

layer species within a temperate forest between two points in time (1950 and 2000). 

Rooney (2008) determined that significant community structuring occurs within the 

field layer of temperate forests but that co-occurrence patterns showed relative 

stability over the 50-year period despite a loss of species at sites; thus, suggesting 
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that minor losses in species may not necessarily affect the co-occurrence structure 

of the community as a whole. Sanders et al. (2003) used a partition test as a null 

model to ascertain co-occurrence patterns within sites pre- and post-invasion, by an 

ant species (Linepithema humile). Sanders et al. (2003) found that pre-invasion sites 

exhibited a segregated community structure in relation to native ant species 

whereas post-invasion sites exhibited an aggregated community structure, thus 

indicating that co-occurrence patterns altered once the ant had invaded a site. 

Recently the use of null model analysis has been extended to identify specific pair-

wise co-occurrence patterns that contribute to the general pattern exhibited by the 

community null model method (Ulrich et al., 2010, Krasnov et al., 2011, Ulrich and 

Gotelli, 2012, Krasnov et al., 2014, Neeson and Mandelik, 2014, Veech, 2014, Horn 

et al., 2015, Soberón, 2015). This pair-wise approach can detect aggregated, 

segregated or random patterns of associations between two species for all species 

pairs within the community; and provides a more comprehensive assessment of the 

co-occurrence patterns within the community than the community matrix approach 

(Veech, 2014), although Soberón (2015) advocates the use of both approaches. 

Ulrich et al. (2010) used the community metric method in conjunction with the pair-

wise approach to assess the effects of tourism on the spider communities of two 

lake islands in Poland. They determined that within the island without tourism, spider 

assemblages indicated a segregated co-occurrence pattern between specific 

species pairs and for the community as a whole. In contrast, within the island with 

tourism, the spider assemblage indicated a random co-occurrence pattern for the 

community as a whole although specific positive and negative species associations 

could be identified. Ulrich et al. (2010), concluded that disturbance generated by 

tourism causes the disassembly of co-occurrence structure, in relation to spider 

assemblages, and could be a factor that acts negatively on ecosystems. Krasnov et 

al. (2011) assessed flea assemblages on small mammals from published data, 

within different biogeographical realms. It was concluded that the majority of flea 

communities indicated non-random co-occurrence patterns and that when flea 

assemblages on the same host species were analysed, the flea communities 

indicated an aggregated community structure. In terms of specific species co-

occurrence patterns, it was determined that, from a total of 10,943 unique species 

pairs in 59 matrices, only a small proportion indicated significant species co-
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occurrence patterns (264 species pairs in 37 flea communities). The number of non-

random species pairs (264) equates to 2.4% of the total number of unique species 

pairs, which in statistical terms, is less than half the traditional confidence limit (5%) 

of significant results expected simply by chance, regardless of this fact there was a 

general tendency for flea species to exhibit aggregation (positive associations). 

Null model analysis can function as a useful ecological tool for revealing general 

patterns in biotic communities (Krasnov et al., 2011, Gotelli and Entsminger, 2012, 

Veech, 2014) and can evaluate the statistical significance of the co-occurrence 

patterns identified within the whole community (Tofts and Silvertown, 2000, Wang 

et al., 2012, Neeson and Mandelik, 2014). Moreover, null model analysis can play 

an important role in developing conservation-related management decisions that 

are based on patterns generated from observational data (Ladau and Ryan, 2010).  

Ascertaining species associations within the chalk heath community is important for 

understanding any temporal changes that may have occurred within the community. 

Changes in management practices have identified the importance of maintaining a 

permanent grazing strategy as opposed to using mechanical methods (Grubb and 

Suter, 1971); however, there has been no evidence of whether any species 

associations have altered within the chalk heath community over this period. In 

addition, understanding how species associations and/or composition may alter 

under future environmental scenarios, including further changes in management 

and/or climate change will help to conserve this globally rare plant community. It is 

predicted that without continued grazing the chalk heath community would exclude 

many calcicole species and develop into heathland and eventually a thicket 

community type (Thomas, 1960b, Thomas, 1963, Grubb and Suter, 1971).  

 

1.6 Research aims 

The aim of this thesis is to expand the knowledge of chalk heath communities with 

the intention of aiding the management, restoration and conservation of this 

internationally rare plant community. There have been no studies investigating the 

structure of chalk heath communities in terms of phylogeny, species traits or species 

co-occurrence patterns. Describing the structure of a community in terms of these 
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three factors is considered an initial goal when describing community assembly 

rules (Weiher and Keddy, 2001).   

There is a gap in the knowledge of chalk heath communities: firstly, there have been 

no studies that have investigated any factors that may influence the establishment 

and composition of species within a chalk heath community; and secondly the 

biodiversity and fine-scale co-occurrence patterns of chalk heath species has not 

been investigated at either a spatial or temporal scale, nor been related to the effects 

of restorative management practices. 

In this thesis a ‘baseline’ understanding of factors that may influence the biodiversity 

within the chalk heath community at Lullington Heath NNR are investigated. The 

first step identified how the chalk heath is structured in regard to the filtering of plant 

species traits, environmental characteristics and species relatedness (Chapter 3). 

Then using null model analysis, the co-occurrence patterns of the vascular plant 

species were identified in terms of fine-scaled spatial variation, with the intention of 

assessing how both community and pair-wise co-occurrence patterns change with 

scale, as well as reviewing any limitations of scale when employing the null model 

method (Chapter 4). Long-term temporal patterns examined  a 40-year period to 

understand and quantify any changes in biodiversity and species co-occurrence 

patterns that may have occurred within the chalk heath community since the advent 

of myxomatosis in 1954 (Chapter 5). Lastly, the effects of restorative management 

practices were evaluated. The importance of maintaining a permanent grazing 

strategy, as opposed to using mechanical methods, has already been identified 

(Grubb and Suter, 1971, Emery, 2000); however, there has been no evidence of 

whether biodiversity or species associations have altered within the chalk heath 

community over this period. Evaluating the effects of restorative management 

practices will be beneficial for conserving this globally rare plant community 

(Chapter 6). Throughout the thesis, emphasis will be placed on the calcicole and 

calcifuge species present within the chalk heath community as there is a lack of 

evidence determining how these groups of species (with differing pH requirements) 

can co-exist within a community (Grime, 1963). 
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Four research themes with subsequent research questions were identified:  

i) Chapter 3 explores the possible biotic, abiotic and evolutionary factors 

influencing the establishment, structure and composition of species within the chalk 

heath community at Lullington Heath NNR. 

• How are species filtered from the local species pool (Lullington Heath NNR) 

into the chalk heath community species pool (actual pool)?  

• Is there any evidence this filtering is linked to species traits, abiotic factors 

or taxonomic/evolutionary effects? 

 

ii) Chapter 4 evaluates whether the species co-occurrence patterns within the 

chalk heath community are scale dependent. 

• How does altering the fine-grained spatial scale of the sampling units 

employed affect the outcome of significant species co-occurrence patterns?  

• Is scale dependence a factor determining species co-occurrence patterns? 

 

iii) Chapter 5 employs archived biological data to determine any temporal 

variation in species diversity and co-occurrence patterns within the chalk heath 

community over a forty-year period. 

• Are there any temporal changes in biodiversity and species co-occurrence 

patterns within the chalk heath community over a period of 40 years?  

• What species co-occurrence patterns occur within the chalk heath 

community over this period?  

• To what degree are diversity and co-occurrence patterns maintained?  

 

iv) Chapter 6 provides an analysis of any differences in terms of species co-

occurrence, species diversity and edaphic factors, between two areas of chalk heath 

that have resulted from restorative management practices over the past sixty years.  

• How do co-occurrence patterns, diversity and edaphic factors compare 

within two differently managed areas of chalk heath?  

• How has scrub invasion and the subsequent restoration impacted the chalk 

heath community? 
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1.7 Thesis structure  

Chapter 1: provided a detailed review of the literature concerning chalk heath 

communities; it introduced the study site Lullington Heath NNR and detailed the 

ecological determinants of calcicole and calcifuge species in relation to soil pH. 

Community assembly, it’s foundation in ecological theory and null model analysis 

were also reviewed. 

Chapter 2: details all statistical methodology used within the thesis and includes the 

statistical principles of null model analysis which forms the basis of the co-

occurrence analysis within Chapters 4, 5 & 6. The method used to classify species 

as calcicole, calcifuge and neutral, i.e. species considered to neither have calcicole 

nor calcifuge tendencies, are also described.   

Chapters 3, 4, 5 & 6: contain the four main investigations conducted on the chalk 

heath community. Chapter 3 explores the possible biotic, abiotic and evolutionary 

factors influencing the establishment, structure and composition of species within 

the chalk heath community at Lullington Heath NNR. Chapter 4 evaluates whether 

the species co-occurrence patterns within the chalk heath community are scale 

dependent. Chapter 5 employs archived biological data to determine any temporal 

variation in species diversity and co-occurrence patterns within the chalk heath 

community over a forty-year period. Chapter 6 provides an analysis of any 

differences in terms of species co-occurrence, species diversity and edaphic factors, 

between two areas of chalk heath that have resulted from restorative management 

practices over the past sixty years.  

Chapter 7: concludes by discussing the potential filters acting upon the local 

species pool as well as the attributes that distinguish between calcicole and 

calcifuge species in terms of traits and co-occurrence patterns. The appropriate 

scale for defining co-occurrence patterns within the community will also be reviewed 

as well as the community structure of the chalk heath community in terms of 

taxonomy and co-occurrence patterns at both a community level and for non-

random species pairs.
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2 Methodology 

 

2.1 Introduction 

This thesis is divided into four investigations of the chalk heath community at 

Lullington Heath NNR.  These investigations are based on the research questions 

described in Section 1.6. 

  

2.2 Classification of calcicole, calcifuge and species with neutral 

tendencies to soil pH 

Plants have been used for a long time as biological indicators for agriculture, habitat 

quality, nature conservation and environmental monitoring (Diekmann, 2003, Ewald, 

2003b, Kollmann and Fischer, 2003). It has been long accepted that certain species 

are indicators of certain habitat characteristics; for example, calcicoles are 

associated with high pH basic soils, whereas calcifuge species are associated with 

low pH acidic soils. Other species can be used as indicators of other environmental 

parameters i.e. light, moisture, fertility. 

Ellenberg’s indicator values (Ellenberg, 1974) are one of the most frequently used 

ecological indicators in Europe and have proven to be an effective tool to assess 

not only vegetation-environmental relationships but also for conservation and 

restoration purposes (Hill et al., 1999, Shipley, 2010, Klaus et al., 2012). Ellenberg 

(1974) compiled a quantitative approach to describe seven major environmental 

indicator values for 2726 species of vascular plants in western central Europe.  The 

indicator values are a set of numbers on an ordinal scale that express the species 

optima under field conditions and were derived from his field observations and to a 

lesser extent on laboratory tests (Thompson et al., 1993, Hill et al., 1999, Fanelli et 

al., 2006). The basis of the indicator value is the realised ecological niche of a plant 

and not its fundamental niche, as a result, Ellenberg values can be seen as a 

shortcut to measurements of these environmental variables  (Thompson et al., 1993, 

Hill et al., 1999).  
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Species preferences change over geographic ranges and consequently, indicator 

values become less reliable as one moves away from the region for which they were 

developed (Ellenberg, 1991, Thompson et al., 1993, Hill et al., 1999). As a result, 

Ellenberg indicator values have been recalibrated for many other countries including 

the UK (Hill et al., 1999, Diekmann, 2003, Ewald, 2003b, Böhling, 2004, Klaus et 

al., 2012). Hill et al. (1999) recalibrated Ellenberg values for five of Ellenberg’s 

original environmental parameters: light, moisture, reaction (pH) nitrogen (fertility) 

and salt. As a result, there are Ellenberg values for 1791 species within the UK.  

The Ellenberg reaction value (recalibrated for the UK (Hill et al., 1999)) was used to 

classify the species found within the chalk heath community as calcicole, calcifuge 

or ‘neutral’ species i.e. species considered to have neither calcicole nor calcifuge 

tendencies (see Table 2.1 for calcicole and calcifuge species, see Appendix B for 

the classification of all Lullington Heath NNR species including species with neutral 

affinities to pH). The indicator value for reaction (R) relates to soil or water pH (Hill 

et al., 1999). Species with an indicator value of 1 to 4 were classified as calcifuges, 

species with an indicator value of 5 to 7 were classified as species with neutral 

tendencies to soil pH, and species with an indicator value of 8 or 9 were classified 

as calcicole species (adapted from, and for more detailed definitions of each 

reaction value see Hill et al. (1999). Consequently, of the 1791 vascular plant 

species listed within Hill et al., (1999), 242 species were identified as calcifuge, 289 

species as calcicole and 1260 species as having neutral tendencies to soil pH within 

the UK. 

This classification will be used throughout all data chapters within this thesis to 

identify a species as a calcicole, calcifuge or as a species with neutral tendencies 

to soil pH. As shown in Table 2.1, the grass species Festuca ovina is identified as a 

calcifuge, using the Ellenberg reaction value for the UK, despite being a common 

and constant species found in calcareous grasslands (Hodgson et al., 1995, Davies 

and Waite, 1998, Rodwell, 1998, Kalamees and Zobel, 2002). Consequently, 

discriminant analysis was employed using species traits and habitat descriptors 

(Ellenberg indicator values for light, moisture and fertility) to evaluate the validity of 

this classification. Results of the discriminant analysis are detailed in Chapter 3 

(Section 3.3.1.1) and support the classification of Festuca ovina as a calcifuge 

species. 
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Ellenberg values for light, moisture and fertility are used to describe the ecological 

characteristics of species (Chapter 3) and to evaluate any temporal changes in 

these environmental variables within the community (Chapter 5). The Ellenberg 

value for Salt was not used in any analysis as 85% (1529) species within the UK 

flora have a salt value of zero.  

Species Abbrev Common name 
Growth 
forms 

Ellenberg 
R 

Annual / 
Perennial 

Calcifuge      
Galium saxatile Ga sa Heath Bedstraw Forb 3 Perennial 
Hypericum pulchrum Hy pu Slender St John's wort  Forb 4 Perennial 
Hypochaeris glabra Hy gl Smooth Cat's Ear Forb 4 Annual 
Potentilla erecta Po er Tormentil Forb 3 Perennial 
Rumex acetosella Ru acl Common Sorrel Forb 4 Perennial 
Teucrium scorodonia Te sc Wood Sage  Forb 4 Perennial 
Veronica officinalis Ve of Heath Speedwell Forb 4 Perennial 
Agrostis canina Ag cn Velvet Bent Grass 3 Perennial 
Agrostis capillaris Ag cp Common Bent  Grass 4 Perennial 
Anthoxanthum odoratum An od Sweet Vernal Grass Grass 4 Perennial 
Danthonia decumbens Da de Heath-grass  Grass 4 Perennial 
Festuca ovina Fe ov Sheep's-fescue Grass 4 Perennial 
Calluna vulgaris Cal V Heather  Shrub 2 Perennial 
Erica cinerea Er ci Bell Heather  Shrub 2 Perennial 

Calcicole      
Asperula cynanchica As cy Squinancywort Forb 8 Perennial 
Centaurea scabiosa Ce sc Greater Knapweed Forb 8 Perennial 
Cirsium acaule Ci ac Dwarf Thistle Forb 8 Perennial 
Filipendula vulgaris Fi vu Dropwort  Forb 8 Perennial 
Hippocrepis comosa Hi co Horseshoe Vetch  Forb 8 Perennial 
Medicago lupulina Me lu Black Medick Forb 8 Annual 
Picris hieracioides Pi hi Hawkweed Oxtongue Forb 8 Perennial 
Sanguisorba minor Sa mi Salad Burnet Forb 8 Perennial 
Scabiosa columbaria Sc co Small Scabious  Forb 8 Perennial 
Thymus pulegioides Th pu Large Garden Thyme Forb 8 Perennial 
Viola hirta Vi hi Hairy Violet  Forb 8 Perennial 
Brachypodium pinnatum Br pi Heath False-brome  Grass 8 Perennial 
Bromopsis erecta Br er Upright Brome Grass 8 Annual 
Rosa pimpinellifolia Ro pi Burnet Rose Shrub 8 Perennial 
 

Table 2.1. Calcicole and Calcifuge plant species present on Lullington Heath NNR; 

for neutral species see Appendix B (Adapted from Hill et al. (1999)).  Abbrev = 

Abbreviated name used throughout this thesis 

 

2.3 Sampling methodology 

The importance of scale when defining plant communities and interpreting pattern 

analysis, assembly rules and co-occurrence patterns has long been recognised by 

ecologists (Kershaw, 1962, Austin, 1968, Götzenberger et al., 2011). It has been 
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established that inter- and intraspecific biotic interactions that potentially drive 

species co-occurrence patterns occur over small/fine spatial scales (Watkins and 

Wilson, 1992, Virágh and Bartha, 1998, Bartha et al., 2011, Götzenberger et al., 

2011, Weiher et al., 2011). Within plant communities, spatial patterns and processes 

are particularly important since plants are non-motile (Weiher et al., 2011) and 

primarily interact at a fine-scale, with close neighbours, (Crawley, 1997, Wang et 

al., 2010). In addition, larger spatial scales may contain environmental gradients and 

therefore any patterns identified could possibly be due to abiotic effects rather than 

co-occurrence per se (Götzenberger et al., 2011). Accordingly, the spatial scale of 

the sampling unit is seen as a fundamental component that contributes to the 

detection of species co-occurrence patterns and community assembly rules (Zhang 

et al., 2009).   

Within the UK, the Joint Nature Conservation Committee (JNCC) recommend 4m2 

quadrats for short herbaceous vegetation and dwarf shrub heaths (Rodwell, 2006); 

however, grasslands, including chalk grasslands, are generally studied at a spatial 

scale of 1m2 (Reed et al., 2009). Spatial scales of this size have been proven to 

have limited ability in identifying any significant co-occurrence patterns within 

herbaceous communities (Tofts and Silvertown, 2000, Götzenberger et al., 2011, 

Weiher et al., 2011) and typically quadrats smaller than 1m2 have been used 

(Watkins and Wilson, 1992, Wilson and Watkins, 1994, Dullinger et al., 2007, Reitalu 

et al., 2008, Maestre et al., 2009). Tofts & Silvertown (2000) conclude that the effects 

of community assembly processes in plant communities will probably be seen at 

much smaller spatial scales than the scales at which ecologists normally take 

measurements and make predictions about vegetation. As the main focus of this 

thesis was to identify co-occurrence patterns within the chalk heath community at 

Lullington Heath NNR, quadrat sizes smaller than 1m2 were sampled for analysis 

within this thesis.  

Table 2.2 describes and depicts the different vegetation sampling methodologies 

employed within Chapters 4, 5 & 6.  
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Chapter 
Chapter 4 

(spatial scale) 
Chapter 5 
(temporal) 

Chapter 6 
(management) 

Sampling 
design/unit 

 

Nested quadrats 
 

 

Point-quadrat frame 
 

 

Contiguous grid 
 

 

 

 

 
 

Sampling/ 
quadrat  
size 

 

Point (0.04cm2) 
10cm x 10cm (100cm2) 
20cm x 20cm (400cm2) 

40cm x 40cm 
(1600cm2) 

 

Approximate area 
50cm x 5cm2 (250cm2) 

(2.5cm around each pin) 
 

5cm x 5cm (25cm2) 
within a 

50cm x 50cm (2500cm2) 
contiguous grid 

Number of 
quadrats 

80 at each scale 
77 point-quadrat 

frames 

 

600 (300 in each area) 

(6 contiguous grids) 
(3 in each area) 

 

Rarefaction 
curves 

 

 

 

 

 

 
    

Date of 
sampling 

June 2008 

 

August 1962 
July 1974 
July 1993 
July 2004 

 

July 2008 

References 

 

Mosley et al., 1989 
Critchley and Poulton, 1998 

Fridley et al., 2005 
Questad et al., 2011 

Peet et al., 2012 
 

 

Thomas 1960 & 1963 
Hofmann and Ries, 1990 

Hartnett et al., 1996 
Westbury et al., 2006 

Clay, 2014 
 

 

Kershaw, 1962 
Austin, 1968 

Virágh et al., 2008 
Texeira and Altesor, 2009 

Bartha et al., 2011 
 

 

Table 2.2. Vegetation sampling methodology for Chapters 4, 5, & 6. Rarefaction 

curves are included to justify sample sizes (for larger versions of these figures see 

Appendix C). 

 

2.4 Statistical analysis 

A range of statistical analyses were used throughout this thesis (Table 2.3). 
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Statistical analysis 

 

Chapter 3 
(Species pool) 
 

 

Chapter 4 
(Spatial scale) 
 

 

Chapter 5 
(Temporal) 
 

 

Chapter 6 
(Management) 
 

 

Null Model Analysis     

 Community Co-occurrence   ✓ ✓ ✓ 

 Pair-wise Analysis  ✓ ✓ ✓ 

 Randomisation Tests 
 

✓    
 

Diversity & Similarity     

 Shannon-Wiener   ✓ ✓ 

 Simpson’s D   ✓ ✓ 

 Relative Abundance Distributions   ✓ ✓ 

 Mean Shift Rank   ✓  

 Proportional Persistence   ✓  

 Jaccard’s    ✓ 

 Sørensen’s 
 

   ✓ 
 

Multivariate Analysis     

 Hierarchal Cluster Analysis ✓    

 Discriminant Analysis ✓    

 PCA 
 

  ✓ ✓ 
 

Resampling methods     

 Bootstrapping   ✓  

 Jackknifing 
 

  ✓ ✓ 

Table 2.3. Statistical analysis used in all data chapters. 

 

2.4.1 Null model analysis 

Null model analysis (NMA) is used to investigate the fine-scale co-occurrence 

patterns of chalk heath species at both spatial and temporal scales, as well as to 

define patterns in the differently managed areas of the chalk heath at Lullington 

Heath NNR. NMA was chosen as the method for co-occurrence analysis as it is a 

well-established pattern generating technique that has been extensively used in 

community ecology for over 25 years (Manly and Sanderson, 2002, Ladau and 

Ryan, 2010, Götzenberger et al., 2011). NMA allows for a reliable assessment of 

species co-existence as it provides both flexibility and specificity in data analysis, 

which is often not viable with conventional statistical tests (Richard et al., 2013). In 

addition, randomisation procedures are an accepted protocol in statistics for 

constructing null hypotheses and are preferred by many statisticians because they 
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are burdened by fewer assumptions than conventional statistical tests; in addition, 

all of the conventional statistical tests have analogues based on randomisations 

tests i.e. F-ratio and Chi2 distribution (Gotelli and Graves, 1996). 

 

2.4.1.1  Quantifying community non-random species co-occurrence 

Co-occurrence indices are single metrics that summarise the co-occurrence 

patterns within a presence-absence matrix and signify the structure of the 

community (Gotelli, 2000, Götzenberger et al., 2011, Veech, 2012a, Soberón, 

2015). Despite the extensive use of this method there still remains debate as to 

which null model simulation and which co-occurrence index should be used (Gotelli, 

2000, Zhang et al., 2009, Götzenberger et al., 2011, Veech, 2012b). The use of 

different co-occurrence indices can produce different results because the different 

indices measure different patterns within the data (Table 2.4).  

 

 
Co-occurrence index 

Checker C-score V-ratio Species Combo 

Pattern 
measured 

The number of 
species pairs 

forming perfect 
checkerboard 
distributions 

The average 
number of 

checkerboard 
distributions 

The variance ratio 
is an index of 
variability in 

species richness 
per site 

The number of 
unique species 
combinations 

Comments 

Measures in 
absolute terms the 
number of species 
that never co-occur 

Measures the 
tendency for 

species to never 
co-occur 

Measures 
variability in the 
total number of 
species in an 
assemblage 

– it does not directly 
measure any patterns of 
species co-occurrence 

Measures in 
absolute terms the 
number of species 

that always 
co-occur 

Pattern expected in 
a community with a 
segregated 
structure 

Observed > Expected Observed > Expected Observed < Expected Observed < Expected 

Source Diamond, 1975 
Stone and Roberts, 

1990 
Schluter, 1984 

Pielou and Pielou, 
1968 

 

Table 2.4. Summary of four community co-occurrence indices.  

 

The two most frequently used indices, the C-score (Stone and Roberts, 1990) and 

the Checker index  (Diamond, 1975), were calculated for each matrix analysed 

(Götzenberger et al., 2011). The C-score index (Stone and Roberts, 1990), 
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measures the average number of ‘checkerboard units’ between all possible pairs of 

species and is calculated for species that occur at least once in the matrix.  

 

A checkerboard unit is any submatrix of the form: 

 

1 0
0 1

      or      
0 1
1 0

 

The number of checkerboard units (CU) for each species pair is calculated as:  

 

𝐶𝑈 = (𝑟𝑖 − 𝑆)(𝑟𝑗 − 𝑆) 

The C-score index is calculated as: 

 

𝐶 = ∑(𝑟𝑖 − 𝑆)(𝑟𝑗 − 𝑆)/((𝑅)(𝑅 − 1)/2) 

where S is the number of shared sites and ri and rj are the row totals for species i 

and j, and R is the number of species in the matrix (rows) (Gotelli and Entsminger, 

2012).  

 

A checkerboard unit is an arrangement of two species and two sites (or quadrats) 

so that the species are mutually exclusive. The C-score is an index that reflects 

competitive interactions and a C-score larger than expected by chance (observed > 

expected) indicates a segregated community structure (negative co-occurrence), 

whilst a C-score smaller than expected by chance (observed < expected) indicates 

an aggregated community structure (positive co-occurrence) (Dullinger et al., 2007, 

Gotelli and Ulrich, 2010, Gotelli and Entsminger, 2012). The C-score is one of the 

most popular indices used in community structure and is very useful for determining 

whether a community is random or not  (Krasnov et al., 2011b).  

The Checker index (Diamond, 1975) calculates the sum of the number of species 

that form a perfect checkerboard distribution between all possible pairs of species 

and is calculated for species that occur at least once in the matrix. In other words, 

the Checker index calculates the total number of species pairs that are never 

present in the same sample unit at a given site, which, in contrast to the C-score 

calculates the average number of checkerboard units between all possible species 

pairs. The Checker index, therefore, requires a perfect checkerboard pattern to 
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increase the score and as a result, it is a more stringent index than the C-score. The 

effectiveness of using the Checker index is debatable as the index may not always 

detect patterns of negative co-occurrence and may cause the null hypothesis to be 

incorrectly accepted. The reason for this is due to the fact that the index is sensitive 

to rearrangements of species co-occurrence patterns and a change in a single 

species occurrence can create or destroy a perfect checkerboard (Gotelli, 2000). 

The Checker index reflects competitive interactions and a Checker score larger than 

expected by chance (observed > expected) indicates a segregated community 

structure (negative co-occurrence), whilst a Checker  score smaller than expected 

by chance (observed < expected) indicates an aggregated community structure 

(positive co-occurrence) (Dullinger et al., 2007, Gotelli and Ulrich, 2010).  

Both the C-score and Checker indices are related and for a given species pair, the 

C-score index measures the tendency of species to form checkerboards, whereas 

the Checker index measures in absolute terms whether a species pair forms a 

perfect checkerboard distribution (Gotelli, 2000, Gotelli and Entsminger, 2012).  

For both indices, the fixed-equiprobable algorithm was used to generate the 

randomly constructed matrices. In this model, the row totals (species) from the 

original (observed) matrix are maintained whilst the column totals (sites) are 

equiprobable so that the number of species in a site is allowed to vary (column total). 

In other words, the simulated matrices were randomly created by re-shuffling 

species occurrences among all samples, but always preserving the total presence 

of each species the same in all the simulated null models. ‘Fixing’ the row sums 

keep every species specific abundance and rarity in the null models the same as 

the original matrix. Maintaining sites as equiprobable assumes that all sites are 

equally suitable for all species and eliminates observed differences in the species 

richness of sites from the simulated null models. This model also takes into account 

the creation of degenerate matrices or empty sites – simulated matrices in which a 

site(s) do not contain any species but which may have been occupied in a randomly 

assembled community; in other words, when using the equiprobable simulation for 

column data (sites), the simulation of null models may create degenerate matrices 

wherein at least one column total equals zero (empty site).   
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The fixed-equiprobable simulation corresponds to the simple model of community 

assembly in which species colonise sites independently of one another and allows 

the examination of co-occurrence patterns within a spatial context (Sanders et al., 

2003). Gotelli (2000) states that this simulation is suitable for sample lists generated 

by standardized ecological sampling procedures, such as quadrats and point 

counts, and it performs well for both Type I and  Type II statistical errors as well as 

being quite powerful in detecting co-occurrence patterns in noisy datasets 

(Götzenberger et al., 2011). In addition, the fixed-equiprobable algorithm is 

appropriate for data collected from small sample plots of fixed area (Sanders et al., 

2003). 

For each matrix and each co-occurrence index, 5000 random matrices were 

generated using the sequential swap algorithm and retaining degenerate matrices. 

All analysis was conducted with all species. Preliminary analyses were conducted 

generating both 5000 (the Ecosim default number) and 10000 random simulated 

matrices; similar results were identified when the observed indices were compared 

to the mean of the 5000 and 10000 randomly simulated (expected) null matrices 

and so 5000 random matrices were produced for all analysis. The tail probability, 

that each of the observed matrices is greater than or lower than expected by chance, 

was measured. The observed index was considered significant when it was greater 

than or less than 95% of the 5000 randomly stimulated matrices, indicating a 

segregated or an aggregated community structure respectively (Sanders et al., 

2003, Dullinger et al., 2007, Rooney, 2008, Krasnov et al., 2011b). All null model 

analyses were conducted using the software EcoSim 7.72 (Gotelli and Entsminger, 

2012). 

 

2.4.1.2  Quantifying whether community co-occurrence patterns differ 

between sampling periods, sites or scales. 

A Z-score (also known as a standardised effect size (SES)) was calculated for each 

matrix so as to allow the results between the analysed matrices to be compared. 

The Z-score is calculated by standardising the difference between the observed and 

simulated indices and is measured by the number of standard deviations that the 
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observed index is above or below the mean index of the 5000 simulated (expected) 

matrices.  

The Z-score is calculated as: 

 

Z-score =  (𝐼𝑜𝑏𝑠 − 𝐼𝑠𝑖𝑚)/𝜎𝑠𝑖𝑚 

Where 𝐼𝑜𝑏𝑠 is the co-occurrence index of the observed matrix, 𝐼𝑠𝑖𝑚 is the mean of 

the simulated indices and 𝜎𝑠𝑖𝑚 is the standard deviation of the simulated indices. 

 

The Z-score has the effect of transforming the original distribution to one in which 

the mean becomes zero and the standard deviation becomes 1. As a result, it scales 

the results into units of standard deviations and generally a Z-score greater than 

1.96 or less than -1.96 is assumed statistically significant with a tail probability of 

0.05, for other levels of significance see Table 2.5 (Zhang et al., 2009, Gotelli and 

Entsminger, 2012). When scores are transformed to a Z-score, it is possible to use 

these newly transformed scores to compare scores from different distributions, 

sampling periods, sites or scales of observation. For null model tests of presence-

absence matrices, a Z-score greater than 2 or less than -2 would indicate that the 

observed index value is over 2 standard deviations, greater or less, than the mean 

of the simulated (expected) matrices. For C-score and Checker indices, a Z-score 

above 2 indicates a segregated community structure whilst a value below -2 

indicates an aggregated community structure. All null model analyses were 

conducted using the software EcoSim 7.72 (Gotelli and Entsminger, 2012). 

 

 

Level of significance α 0.05 0.01 0.001 

Critical values of Z-score  

for two tailed tests 

Z < -1.96 

and 

Z > 1.96 

Z < -2.58 

and 

Z > 2.58 

Z < -3.29 

and 

Z > 3.29 

Table 2.5.  Z-score levels of significance α. 
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2.4.1.3 Identifying non-random species pair-wise associations within 

communities. 

The community indices used in section 2.4.1.1 are either an average of an index 

that is calculated for each unique species pair in the matrix (the C-score), or an 

aggregate sum (Checker). Whether a matrix is dominated by positive species 

associations or negative species associations cannot easily be distinguished using 

these community indices, as the P value and Z-score refer to the whole matrix rather 

than on particular species pairings. Consequently, neither index can identify 

particular pairs of species that contribute to the pattern of non-randomness (Gotelli 

and Ulrich, 2010, Gotelli, 2012). A matrix that is identified as being random using 

community metrics, may also contain a number of significant aggregated (positive) 

and/or segregated  (negative) species pairs that are concealed by the community 

metric approach due to the majority of the species associations being random 

(Ulrich and Gotelli, 2012, Veech, 2014, Neeson and Mandelik, 2014, Soberón, 

2015).  

Gotelli and Ulrich (2010) state that ‘in theory, the same null model methodology, 

which is applied to the whole matrix, could be used to identify the statistical 

significance of each individual species pair’.  The difficulty is that with n species in 

the matrix, there are (n)(n – 1)/2 such possible pairs. For example (using the nested 

data in Chapter 4), the point (n = 38), 10cm (n = 45), 20cm (n = 50) and 40cm 

matrices (n = 55) have 703, 990, 1225 and 1485 unique species pairs respectively 

to be tested. Using the traditional confidence limit of 95%, a matrix with 703 species 

pairs (point scale) would expect to have 36 species pairs that fall outside the 95% 

confidence limit just by chance, for the 10cm, 20cm and 40cm matrices this number 

would be expected to be 50, 62 and 75 species pairs respectively. If there were 5 

truly non-random species pairs within each matrix, then the false detection error rate 

(FDER) would be 88% for the point matrix ((36)/(36+5) = 88%) whilst for the 10cm, 

20cm and 40cm matrices the FDER would be 91%, 93% and 94% respectively.  The 

false detection error rate is the expected proportion of incorrect rejections among all 

rejections (Benjamini and Yekutieli, 2001). 
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To reduce the false detection error rate, the Bonferroni correction test could be used 

by dividing the significance (α) by the total number of tests (r) (Gotelli and Ulrich, 

2010, Wos-Oxley et al., 2010). However, the Bonferroni correction assumes the 

tests to be independent which is not usually the case for presence-absence matrices 

and it will often result in an overly conservative estimate of pair-wise species 

associations due to the number of species pairs in an average matrix (Gotelli and 

Ulrich, 2010). A less conservative sequential FDER correction for dependent tests 

was developed by Benjamini & Yekutieli (2001) in which the test-wise null 

hypothesis (H0) probability significance level (α) P-value (𝑃𝑘) is modified to: 

 

𝑃𝑘
∗  = 𝛼

𝑘

𝑟

1

∑
1

𝑖
𝑟
𝑖=1

 

 

Where k = 1 to r probability values,  𝑃𝑘 are ordered from largest to smallest, and 𝑃𝑘
∗ 

the adjusted probability benchmark. This refinement adjusts the test-wise H0.  

 

Gotelli and Ulrich (2010) state that although there are good statistical reasons for 

avoiding adjustments to P-values, in species pairs analysis where on average there 

are hundreds, or thousands of comparisons being made, some adjustment to the 

standard P-value is prudent.  To distinguish whether the different matrices analysed 

are dominated by segregated or aggregated species pairs, the presence-absence 

matrices were analysed using the PAIRS programme (Ulrich, 2008). The Benjamini 

& Yekutieli criterion (BY criterion) was used to identify pair-wise species 

associations as this is the most stringent association test within the PAIRS 

programme (Ulrich, 2012). The C-score was used to calculate all pair-wise 

associations and all species within each matrix were used within the analysis. The 

PAIRS programme generates a Z-score for each specific pair of species within the 

matrix. The programme generated 100 random simulated matrices using the 

sequential swap algorithm; this number of simulated matrices is considered as 

giving stable results equivalent to the results obtained if 1000 randomised matrices 

had been simulated (Ulrich, 2008, Gotelli and Ulrich, 2010). 
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2.4.2 Measures of diversity and similarity 

2.4.2.1 Diversity 

Diversity indices are commonly used in community ecology with the aim of 

conveying the diversity of a sample/site in a single number (Waite, 2000, Kent, 

2011). Many different diversity indices are available, however, the most widely used 

are the Shannon-Wiener index (H’) and Simpson’s index (D’). Both indices combine 

species richness with relative abundance and make no assumptions about the 

underlying distribution or processes determining the abundance of species (Waite, 

2000, Kent, 2011).  

The Shannon-Wiener index is sensitive to changes in the number and abundances 

of rare species within the community (Waite, 2000). The Shannon-Wiener diversity 

index (H’) is calculated from the formula: 

𝐻′ =  ∑ 𝑝𝑖 ln 𝑝𝑖

𝑆

𝑖=1

 

Where S is the number of species, 𝑝𝑖  is the proportion of individuals or the 

abundance of the 𝑖 th species, and  ln =  log base𝑛 . Values of H’ typically range 

between 1.5 and 3.5 and a higher value for H’ can be interpreted as an increase in 

species number. 

 

The Simpson’s index is sensitive to changes in the more abundant species within 

the community and can be seen as an index of dominance (Waite, 2000). The 

Simpson’s diversity index (D’) is calculated from the formula: 

 

𝐷′ = 1 −  ∑ 𝑝𝑖
2

𝑆

𝑖=1

  

Where S is the number of species, 𝑝𝑖  is the proportion of individuals or the 

abundance of the 𝑖th species. The value of D’ ranges from 0 to 1 and a low value 

for D’ is interpreted as a decrease in diversity. Diversity indices (Shannon-Wienner 

& Simpson’s) were conducted using SDR ver.IV (Seaby and Henderson, 2006). 
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The use of single-figure diversity indices to describe complex community structure 

can be criticised since much of the original information is lost (Ellison and Gotelli, 

2004, Kent, 2011). As a result, relative abundance distributions (RADs) have been 

used to graphically plot the proportional abundance of a species in a sample/quadrat 

on a log scale against their rank, from most abundant to least abundant (Kent, 2011). 

RADs are an effective way of summarising community datasets; the species 

richness of the sample is indicated by the length of the line, and community 

evenness is indicated by the slope of the line (Waite, 2000). A community with low 

species richness and low evenness will have a steep, short line, whereas a 

community with high species richness and high evenness will have a longer gently 

sloping line. In addition, the species composition of the community can be shown by 

labelling the plotted points. 

Two recent methods for assessing temporal changes in diversity are Mean Rank 

Shift (MRS) and Proportional Persistence (PP); both are quantitative measures of 

community stability that make comparisons between consecutive pairs of years in a 

time series (Collins et al., 2008, Magurran and Henderson, 2010). As a result, MSR 

and PP can determine variations in species composition and rank abundances 

through time  (Collins et al., 2008).  

Mean rank shift (MRS) is a measure of relative changes in species rank abundances 

between two sampling periods and is indicative of shifts in relative abundance over 

time (Collins et al., 2008, Robinson et al., 2013). MSR is calculated as: 

 

𝑀𝑅𝑆 =  ∑ (|𝑅𝑖,𝑡+1 −  𝑅𝑖,𝑡|) 𝑛⁄

𝑛

𝑖=1

 

Where n is the number of species in common in both years, t is the year, 𝑅𝑖,𝑡 is the 

relative rank of species i in year t.  

 

A low MSR value indicates a more stable community structure, because on average, 

the rank abundance for the majority of species did not change from one sampling 

period to the next (Robinson et al., 2013). 
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Proportional persistence (PP) quantifies the relative gains and losses in species 

from one sampling period to the next and is scaled to the most recent (later) year 

(Collins et al., 2008). 

 PP is calculated as: 

𝑃𝑃 =  (𝑠𝑡  ∩  𝑠𝑡+1) 𝑆𝑡+1⁄  

Where 𝑠𝑡  ∩  𝑠𝑡+1 is the number of species in common in years t and t + 1 

standardised to S, the total number of species in year t + 1. 

 

 Proportional persistence values range from 0 to 1, the higher the value the more 

stable/similar the two sampling periods are in terms of species composition. 

 

2.4.2.2 Similarity/dissimilarity 

A large number of descriptive coefficients have been developed to assess the 

similarity or dissimilarity between vegetation samples, quadrats or sites (Waite, 

2000, Ellison and Gotelli, 2004, Kent, 2011). Certain coefficients are quantitative 

and are based on abundance data, whilst other coefficients are qualitative and are 

based on presence/absence data, however, many coefficients can perform with both 

types of data. Similarity coefficients quantify the degree to which species 

composition of samples, quadrats or sites are the same. Dissimilarity coefficients 

measure the degree to which two samples, quadrats or sites differ in terms of 

species composition. As a result, there is a close association between measures of 

similarity and measures of dissimilarity, as both measures are compliments, or 

opposites, of each other (Waite, 2000, Kent, 2011). The most commonly used 

similarity coefficients are Jaccard’s coefficient, Sørensen’s coefficient and the 

coefficient of Euclidean distance  (Waite, 2000, Ellison and Gotelli, 2004, Kent, 

2011).  

The Jaccard’s coefficient is generally applied to qualitative data (presence/absence) 

and similarity is calculated using the formula: 

𝑆𝑗 =  
𝑎

𝑎 + 𝑏 + 𝑐
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Dissimilarity is calculated using the formula: 

𝐷𝑗 =  
𝑏 + 𝑐

𝑎 + 𝑏 + 𝑐
 or 1 − 𝑆𝑗 

 

Where a is the number of species common to both samples/quadrats/sites, b is the 

number of species in sample 1 only, and c is the number of species in sample 2 

only. The Jaccard’s coefficients for similarity and dissimilarity can each be 

expressed as a percentage value (by multiplying by 100). 

 

Both Sorensen’s and Euclidean distance coefficients can be used with either 

quantitative (abundance) or qualitative (presence/absence) data (Kent, 2011). The 

Sorensen’s coefficient is calculated using the formula: 

𝑆𝑠 =  
2𝑎

2𝑎 + 𝑏 + 𝑐
 

 

Dissimilarity is calculated using the formula: 

𝐷𝑠 =  
𝑏 + 𝑐

2𝑎 + 𝑏 + 𝑐
 or 1 − 𝑆𝑠 

   

Where a is the number of species common to both samples/quadrats/sites, b is the 

number of species in sample 1 only, and c is the number of species in sample 2 

only. The Sorensen’s coefficients for similarity and dissimilarity can each be 

expressed as a percentage value (by multiplying by 100). 

 

The Euclidean distance coefficient is based on the Euclidean properties of a right-

angled triangle (that the square of the hypotenuse is equal to the sum of the squares 

on the opposite two sides) (Waite, 2000). For two species the Euclidean distance is 

defined by Pythagoras’ theorem: 

𝐷𝐸 =  √(𝑥𝑎 − 𝑥𝑏)2 + (𝑦𝑎 − 𝑦𝑏)2 

Where x and y are different species and a and b are two different samples/quadrats 

or sites. 

The generalised formula for the Euclidean distance for more than two species is: 
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𝐷𝑖𝑗 =  √∑(𝑋𝑖𝑘

𝑚

𝑘=1

− 𝑋𝑗𝑘)2 

Where 𝐷𝑖𝑗 is the Euclidean distance between quadrats i and j, m is the number of 

species, 𝑋𝑖𝑗 is the value of the kth species in quadrat i, and 𝑋𝑗𝑘 is the value of the 

kth species in quadrat j.  

 

The lower the Euclidean distance value is, the more similar samples are in terms of 

species composition. Complete similarity is represented by an Euclidean distance 

value of 0 (the lower limit); however, there is no upper limit for this coefficient and 

for this reason the Euclidean distance coefficient is known as a coefficient of 

dissimilarity (Kent, 2011). 

Jaccard’s and Sørensen’s coefficients were conducted using SDR ver.IV (Seaby 

and Henderson, 2006).  

 

2.4.3 Multivariate analysis 

Multivariate techniques are commonly used in community ecology for data that 

contains multiple non-independent response variables measured for each sample, 

site, species or replicate (multivariate data) (Waite, 2000, Kent, 2011). The term 

multivariate analysis covers a wide range of methods that permit the description and 

analysis of multivariate data in a succinct graphical summary. The ability to describe 

and quantify intercorrelations and relationships between several variables 

simultaneously has made multivariate analysis an effective and extensively used 

method in ecology for data exploration and pattern generation (Waite, 2000, Kent, 

2011). 

 

2.4.3.1 Hierarchical Cluster analysis  

Cluster analysis is the most common technique used for classifying and grouping 

similar objects into identifiable and interpretable groups that can be discerned from 

neighbouring clusters (Ellison and Gotelli, 2004). Within community ecology, cluster 
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analysis can be used to group sites (or quadrats) in terms of species abundances 

or presence/absences, or to group species in terms of similarity in measured 

characteristics.  

The most common clustering technique used in vegetation ecology is hierarchical 

cluster analysis, this method uses either agglomerative or divisive techniques in the 

analysis (Waite, 2000, Kent, 2011). The results of a hierarchical clustering 

classification are portrayed as a dendrogram (tree diagram) which clearly illustrates 

different levels of similarity or dissimilarity (Kent, 2011). In a hierarchical cluster 

dendrogram, a cluster with few observations (quadrats/species/sites) is embedded 

within higher-order clusters that contain more observations; i.e. if observations a 

and b are in one cluster, and observation x and y are in another cluster, a larger 

cluster that includes a and y will also contain observations b and x (Ellison and 

Gotelli, 2004, Waite, 2000).   

Hierarchical agglomerative methods proceed from individual observations 

(quadrats/species/sites) and group them in terms of their similarity into successively 

larger clusters until one cluster is obtained. In contrast, hierarchical divisive methods 

proceed with all observations (samples/quadrats, species, sites) included in one 

cluster and then splits the cluster into successively smaller clusters based on 

dissimilarity (Ellison and Gotelli, 2004). Conventional similarity and dissimilarity 

coefficients, such as Sørensen’s and Euclidean, are most often used to calculate 

the degree of matching between each pair of observations. There are numerous 

linkage methods available to group observations, however, Ward’s method is 

recommended as it minimises distortions in the underlying space (McCune et al., 

2002). Cluster analysis was conducted using PcOrd V5  (McCune and Mefford, 

2006). 

 

2.4.3.2 Discriminant analysis 

Discriminant analysis is used to assign observations (species, quadrats, sites) to 

pre-defined groups, or categories, and as a result, it performs like a cluster analysis 

in reverse (Ellison and Gotelli, 2004). Linear combinations of the variables are 
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generated and then used to separate/predict the groups that give the minimum error 

(Waite, 2000). The equation used is: 

𝐷 =  𝑣1𝑋1 + 𝑣2𝑋2 + 𝑣3𝑋3 + … … … 𝑣𝑖𝑋𝑖 + 𝑎 

Where D is the discriminant function, v is the discriminant coefficient or weight for 

that variable, X is the respondent's score for that variable, a is a constant and i is 

the number of predictor variables. The equation minimises the possibility of 

misclassifying observations into their respective groups or categories. 

 

Discriminant analysis is similar to multiple regression as both methods use two or 

more predictor variables that are classed as a single response variable; however, in 

discriminant analysis, the response variable is categorical  (Ellison and Gotelli, 

2004). Discriminant analysis was conducted using Minitab v15 (Minitab, 2007). 

 

2.4.3.3 Principal component analysis (PCA) 

Principal component analysis (PCA) is the simplest eigenvector method of 

ordination (Ellison and Gotelli, 2004). Ordination is used to reduce complex 

multivariate data into smaller, more manageable data. PCA can sort sites on the 

basis of species assemblages or environmental data, or it can identify species 

responses to environmental gradients or disturbance (Waite, 2000, Ellison and 

Gotelli, 2004, Kent, 2011). 

The purpose of PCA  is to convey the covariation in many variables into a smaller 

number of composite variables; this is achieved by seeking the strongest linear 

correlation among variables (McCune et al., 2002). In other words, a data matrix 

containing 100 quadrats and 70 observations (variables/species) can be reduced to 

100 quadrats with 5 or even fewer components. These new components can be 

considered as being made up of highly correlated combinations of the original 70 

observations and as a result, the new components are said to be orthogonal and 

completely uncorrelated (Kent, 2011). 

Eigenvectors are linear equations (solutions to simultaneous equations) that 

combine the original variables (McCune et al., 2002). As a result, eigenvectors are 

sets of scores that represent the weighting of each of the original observations 
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(species/variables) on each component. Eigenvector scores are scaled to range 

from +1.0 to -1.0 and the closest the score is to +1.0 or -1.0, the more influential that 

variable or species is in terms of weighting that component (Kent, 2011).  

Eigenvalues explain the variance of each axis and are produced as roots of a 

polynomial (McCune et al., 2002). As a result, eigenvalues represent the relative 

contribution of each component to the description of the total variation in the data. 

There is one eigenvalue for each component and the size of the eigenvalue denotes 

the importance of that component in describing the total variation within the dataset. 

Using the eigenvectors and the data matrix, each observation is plotted into an 

ordination space (biplot). PCA is type of indirect gradient analysis whereby gradients 

are unknown and are inferred from species composition data (Kent, 2011); it is also 

considered a descriptive technique as it does not test a null hypothesis and there is 

no p-value to inform of any significance  (Ellison and Gotelli, 2004, Dytham, 2011). 

PCA was conducted using PcOrd V5 (McCune and Mefford, 2006). 

 

2.4.4 Resampling methods - bootstrapping and jackknifing 

Resampling methods are used to estimate the precision of sample statistics; 

common resampling techniques include bootstrapping and jackknifing (Ellison and 

Gotelli, 2004). 

Bootstrapping is a method in which statistics are estimated by repeatedly sub-

sampling with replacement from the original dataset (Ellison and Gotelli, 2004). 

Bootstrapping allows the sample statistic to be assigned confidence intervals, 

variance or prediction of error in order to measure the accuracy of the sample 

statistic; almost any test statistic can be resampled using a simple bootstrapped 

method. Bootstrapping is a suitable method to control and check the stability of the 

results of a statistical test and is more accurate than the standard intervals derived 

from using sample variance and assumptions of normality (Efron, 1987). Within this 

thesis bootstrapping is used to estimate the upper and lower 95% confidence levels 

for the diversity measures detailed in Section 2.4.2.1.  
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Jackknifing is a method in which the variability in the dataset is estimated by 

systematically deleting each observation and then recalculating the test statistic 

(pseudo value); this process is repeated a number of times (10,000 using SDR 

ver.IV) and the mean and standard error of the pseudo values is calculated  (Ellison 

and Gotelli, 2004). Within this thesis, jackknifing (using a two-tailed test) is used to 

assess; i) whether the diversity index for one sampling period is significantly different 

from another sampling period (Chapter 5); and ii) whether the diversity index from 

one area of chalk heath is significantly different from the other area of chalk heath 

(Chapter 6). 

Both the bootstrap and jackknife methods estimate the variability of a statistic from 

the variability of that statistic between subsamples, instead of from parametric 

assumptions. Bootstrapping and jackknifing were conducted using SDR ver.IV 

(Seaby and Henderson, 2006). 
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3 Chalk heath: a biotic, abiotic and taxonomic 

evaluation of the pool-filter-subset concept of 

community assembly. 

 

3.1 Introduction 

Understanding how biodiversity within communities is structured is a central and 

challenging question in ecology (Messier et al., 2010, Albert et al., 2012, Garnier 

and Navas, 2012, Wang et al., 2012, Sutherland et al., 2013, Schöb et al., 2017). 

The importance of regional and local processes in determining community diversity 

and structure has long been established and one aim of community assembly is to 

predict which species from the regional species pool will occur in a specified plant 

community (Keddy, 1992, Zobel, 1998, Götzenberger et al., 2011, Pärtel et al., 

2011, Weiher et al., 2011, de Bello et al., 2012). Within this paradigm, selective 

processes, both environmental and biotic, operate at increasingly finer scales and 

effectively act as filters that determine which species from the surrounding regional 

species pool are able to colonise and inhabit the target community (Figure 3.1) 

(Keddy, 1992, Götzenberger et al., 2011, Marteinsdóttir and Eriksson, 2014). At 

broader spatial scales, environmental and climatic filters operate - a species must 

be able to survive in the particular community. At finer spatial scales, species need 

to avoid or reduce competition and so biotic filters can be seen to predominantly 

operate within the parameters of local abiotic conditions (Dupré, 2000, Grime, 

2006).  

Definitions of regional, local and actual species pools vary (Mueller-Dombois and 

Ellenberg, 1974, Eriksson, 1993, van der Maarel and Sykes, 1993, Zobel, 1998); 

nonetheless, there are relatively few studies that relate the structure or assembly of 

a plant community to the pool of species found in the local vicinity or surrounding 

area (Marteinsdóttir and Eriksson, 2014).  For the purpose of this thesis the 

definitions will follow those of Zobel (1997): a regional species pool is a ‘set of 

species occurring in a certain region that is capable of co-existing in the target 

community’; the local species pool is the ‘set of species occurring in the landscape 
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around a target community that is capable of coexisting in that community’; the 

actual species pool is the ‘set of species present in the target community’; the target 

community is ‘a plant community bound by a certain set of environmental conditions 

that provide appropriate ecological niches for the occurring species’. 

 

 

Figure 3.1. The concept that plant species are assembled in a community from a 

regional species pool and that various filters (dashed lines) are imposed at different 

scales. These filters restrict which species from the regional pool are able to occur 

within a community. Different symbols represent different plant species. 

 

The structure and biodiversity of plant communities is a multi-scale concept that is 

not solely limited to the identity, abundance and richness of taxonomically described 

species; it also encompasses variation in the functional, ecological and genetic 

properties of species (Tagliapietra and Sigovini, 2010, Purschke et al., 2014, 

Vandewalle et al., 2014). Kraft et al. (2007) state that ‘a direct link may exist between 

the evolutionary relatedness of organisms in a community, the characters they 

possess, and the ecological processes that determine their distribution and 

abundance’. 

The majority of studies examining the vegetation structure of a community have 

concentrated on species composition, richness and/or evenness (Vandewalle et al., 

2014), i.e. ‘the things that you see’ sensu Shipley (2010). These studies have 

neglected to incorporate other components of community structure, such as species 

traits, phylogenetic/taxonomic elements and the environmental characteristics of the 
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vegetation (Swenson, 2011), i.e. ‘the properties of these things’ (Shipley, 2010) 

(Figure 3.2). Recently, studies investigating the vegetation structure of a community 

have integrated these properties of species within the analysis (Weiher et al., 1999, 

Kraft and Ackerly, 2010, Laughlin and Laughlin, 2013, Pérez-Harguindeguy et al., 

2013, Schöb et al., 2017, Ulrich et al., 2017). Such studies quantify the ecological 

and biological similarities and/or differences among coexisting species as well as 

identifying patterns of phylogenetic/taxonomic relatedness.  

Studies that identify these properties of the species within a community can enhance 

the understanding of not only the structure of the plant community itself and its 

assembly, but will also help identify mechanisms driving biodiversity within the 

community and help predict the future dynamics and distribution of that biodiversity 

(Kraft and Ackerly, 2010, Shipley, 2010, Swenson, 2013). However, relatively few 

studies have applied a species traits approach (that includes environmental 

characteristics) together with a phylogenetic/taxonomic approach in their analysis 

of community structure and/or assembly (Kraft and Ackerly, 2010, Swenson, 2014). 

 

 

Figure 3.2. A triangle illustrating the physiological, morphological, ecological and 

evolutionary properties of species used to test the mechanisms and structure of 

plant community assembly (adapted from (Swenson, 2011)).  

 

Classic community assembly predicts that under environmental filtering, species will 

tend to be more similar in their ecological requirements and consequently, species 

are expected to be more similar in their traits and phylogeny (i.e. more congeners) 
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(Cavender‐Bares et al., 2004, Chalmandrier et al., 2013, Marteinsdóttir and 

Eriksson, 2014); under competition, species with overlapping niches are less likely 

to co-exist and so species are expected to be less similar in their traits and 

phylogeny (i.e. fewer congeners) (Darwin, 1859, MacArthur and Levins, 1967, 

Weiher et al., 2011, Cavender‐Bares et al., 2004). Whilst these theoretical 

predictions of community structure are uncomplicated in isolation, there are 

difficulties explaining the opposing effects that abiotic and biotic processes have on 

the structure of communities when both processes interact and are operating at 

multiple scales (Chalmandrier et al., 2013). Species traits may enable a species to 

overcome abiotic factors (environmental filtering) whilst also enabling the species to 

co-exist with other species (biotic filtering) (Pillar et al., 2009); however, the effect 

that this has on the relatedness of species (phylogeny) is conceptual (Mouquet et 

al., 2012, Bennett et al., 2013).  

 

3.1.1 Species traits 

Functional traits describe the physiological, morphological, anatomical and 

phenological characteristics of a plant species and reflect a species ecological and 

life-history strategies (Pérez-Harguindeguy et al., 2013, Kazakou et al., 2014). The 

study of functional traits can provide a synthesis between the fundamental biological 

and ecological characteristics of a species and the dynamics and diversity of the 

community in which the species occurs (Adler et al., 2013). As a result, the use of 

functional traits can establish how a plant species responds to environmental factors 

and influences ecosystem processes (Knapp, 2009, Shipley, 2010, Kattge et al., 

2011, Pérez-Harguindeguy et al., 2013). 

Information on plant traits has historically been confined to scientific literature, 

biological floras, field guides and unpublished datasets; making the vast majority of 

available trait data scattered and difficult to access (Poschlod et al., 2003). In order 

to address this issue, ecologists have created digital databases, using scientific 

literature sources, in order to amalgamate the wealth of information on plant traits 

e.g. Ecoflora for UK plant species (Fitter and Peat, 1994). In addition to Ecoflora, 

there are several other published sources that detail species traits and 

environmental characteristics for vascular plant species in the UK: Ellenberg’s 
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indicator values for British plants (Hill et al., 1999), CPE (comparative plant ecology) 

(Hodgson et al., 1995) and Plantatt (Hill et al., 2004). Employing published 

autecological accounts for plant species has the benefit of being consistent and 

easily accessible as well as establishing a certain degree of independence and 

robustness to the analysis (Pywell et al., 2003). One potential problem of 

autecological databases is incomplete data wherein there are missing values for 

certain species, traits and/or variables (Tofts and Silvertown, 2000), however, gap 

filling techniques have recently been developed to help with this issue (Schrodt et 

al., 2015).  

Functional traits can uncover ecological differences between species and can infer 

processes that potentially influence the assembly of species within a community and 

in doing so, identify possible filters from the regional or local species pool (de Bello 

et al., 2012). Traits are associated with various biological and ecological functions 

that include species ability to disperse to a site, establish, and persist within a 

community (Table 3.1).  

Many studies examining traits endeavour to account for trait variation either 

temporally (Kahmen et al., 2002, Ma et al., 2011, Fernandez-Going et al., 2012) or 

along environmental gradients (Bernard‐Verdier et al., 2012, Laughlin et al., 2012, 

Auger and Shipley, 2013). However, relatively few studies have attempted to 

interpret traits as filters from the regional or local species pools into the target 

community. Algar (2011) established that 80% of trait variation in temperate 

communities could be explained by regional and local filters; with regional filters 

having the greater effect in limiting trait variation, whilst local filters appeared to 

enhance trait variation. These results are validated by other studies that conclude 

that traits can exhibit an over-dispersed pattern at local scales and yet a clustered 

pattern at regional scales of observation (Cavender‐Bares et al., 2009, Houseman 

and Gross, 2011, Peres-Neto et al., 2012, Swenson, 2013). Algar (2011) went on to 

suggest that the remaining 20% variation in traits could be explained by local factors 

such as stochastic events or environmental gradients. 
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Function Trait / functional marker Source* 

Dispersal distance/ability 

Height 

Dispersal agent 

Seed weight 

1,2,3,4 

Establishment 

Seedbank 

Propagation 

Seed weight 

1, 3 

Persistence 

Life-form 

Woodiness 

Lifespan 

Height 

Spread 

Leaf area 

Pollen vector 

Seedbank 

Propagation 

Seed weight 

1,2,3 

Competitive ability 

Height 

Spread 

Leaf area 

Seedbank 

Propagation 

Seed weight 

1,2,3 

Longevity 

Life-form 

Woodiness 

Height 

1 

Relative growth rate 
Leaf area 

Seed weight 
3 

Space acquisition 
Life-form 

Spread 
1 

Resource acquisition Leaf area 2 

Recruitment Earliest flowering time 2 

Fecundity  

Height 

Pollen vector 

Seed weight 

1, 2, 4 

Time to reproduction 

Lifespan 

Height 

Seed weight 

1, 2 

Disturbance tolerance 
Life-form 

Earliest flowering time 
1 

Stress tolerance/avoidance 
Leaf area 

Earliest flowering time 
1,3,4 

Table 3.1. The functional significance of plant traits. Source*: 1- (Weiher et al., 

1999), 2 – Garnier & Navas (2012), 3 – Vandewalle et al. (2014), 4 – Lebrija-Trejos 

et al. (2010). 

 

Species traits are increasingly being used to elucidate the effects that abiotic and 

biotic filters have on the structuring of plant communities (Adler et al., 2013, Kraft 
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and Ackerly, 2014) and provide additional information on community structure that 

may be transferable between community types since there is the potential for 

general patterns to emerge (Götzenberger et al., 2011, Weiher et al., 2011, Bernard‐

Verdier et al., 2012). 

 

3.1.2 Phylogenetic/Taxonomic elements 

Taxonomic relatedness has a long history of being employed as a proxy for 

ecological similarity when analysing community structure (Elton, 1946, Simberloff, 

1970, Swenson, 2013); it is based on the assumption that closely related species 

should, on average, be more biologically and ecologically similar to one another 

than species that are distantly related (Darwin, 1859). In community ecology, the 

analysis of taxonomic ratios has been used as a tool to indicate community structure 

(Elton, 1946, Jarvinen, 1982, Gotelli, 2004, Wang et al., 2012). Such ratios compare 

the diversity of taxonomic ranks, typically, species to genus ratios (S/G) but also 

higher taxonomic ranks (Tofts and Silvertown, 2000, Vamosi et al., 2009, Williams 

and Kelly, 2013).  

Elton (1946) and other authors originally assumed such ratios reflected competitive 

interactions amongst species (Jarvinen, 1982). However, they failed to take into 

account not only the statistical performance of the ratios in small samples (Gotelli, 

2004) but also how various other processes contribute to the assembly of a 

community from the regional species pool (Kraft and Ackerly, 2010, Swenson, 

2011). In the 1970s, the use of taxonomic ratios expanded and was extensively used 

in conjunction with the development of the use of randomisation tests to evaluate 

the statistical significance of the results obtained from the ratios (null model analysis 

(NMA)) (Simberloff, 1970, Gotelli and Graves, 1996, Gotelli, 2004, Swenson, 2011). 

This approach asks the question: is the observed taxonomic diversity of a 

community higher or lower than expected by chance (i.e. the mean taxonomic 

diversity, from a number of random draws of a given number of species, from a 

larger species pool). Three outcomes can be hypothesised: 

A. Taxonomic overdispersion - the species within a community are a non-

random subset of possible colonists from the local species pool, and they 
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deviate from randomness in the direction of a higher than expected number 

of genera, families, or orders (i.e. fewer congeners and a lower S/G ratio) 

than would be expected by chance (null expectations) (Figure 3.3a). 

B. The species within a community are a random subset of possible colonists 

from the local species pool. 

C. Taxonomic clustering - the species within a community are a non-random 

subset of possible colonists from the local species pool, and they deviate 

from randomness in the direction of a lower number of genera, families or 

orders (i.e. more congeners and a higher S/G ratio) than would be expected 

by chance (null expectations) (Figure 3.3b). 

 

A 

 

B 

 

Figure 3.3. Taxonomic diversity. Assemblage A comprises of three plant species 

from three different genera and families (taxonomic overdispersion); assemblage B 

comprises of three plant species from the same genus and family (taxonomic 

clustering). Both assemblages have the same species richness, however, 

assemblage A is more taxonomically diverse than assemblage B. Adapted from 

(Knapp, 2009). (Original in colour). 

 

Taxonomic overdispersion indicates that species are more distantly related and 

possibly more ecologically dissimilar  (Cavender‐Bares et al., 2004, Swenson, 

2013); historically this result has been interpreted as a consequence of interspecific 

competition (Elton, 1946, Simberloff, 1970, Wang et al., 2012, Bennett et al., 2013) 

however facilitation and herbivory can also cause this pattern (Bennett et al., 2013). 

In contrast, taxonomic clustering indicates that species are more closely related and 

possibly more ecologically similar (Cavender‐Bares et al., 2004, Swenson, 2013); 

typically this result has been interpreted as a consequence of environmental filtering 

and/or dispersal limitations (Simberloff, 1970, Vamosi et al., 2009, Wang et al., 

2012).  
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Contemporary views are that multiple mechanisms can result in the same taxonomic 

patterns, and as such, taxonomic analysis can ultimately only identify patterns of 

randomness, non-randomness, and the direction of any non-randomness (Jarvinen, 

1982, Gotelli and Graves, 1996, Swenson, 2011, Bennett et al., 2013). Further 

analyses are required in order to ascertain what factors are important in structuring 

the taxonomic patterns evident within a community (Mouquet et al., 2012, Bennett 

et al., 2013). Weiher (2011) suggests that without trait data, phylogenetic analysis 

provides limited understanding of community structure; but when used in 

conjunction with trait data, a phylogenetic approach can be complementary and 

provide insights into evolutionary and biogeographical dynamics.   

Analyses of taxonomic ratios generally indicate that communities contain more 

species per genus than expected by chance (i.e. a lower number of genera -

taxonomic clustering) (Tofts and Silvertown, 2000, Enquist et al., 2002, Gotelli, 

2002, Vamosi et al., 2009, Lessard et al., 2012, Wang et al., 2012) implying possible 

environmental filtering and/or dispersal limitations. However random patterns have 

also been identified from phylogenetic analysis (Vamosi et al., 2009, Chamberlain 

et al., 2012).  

The theory that closely related species often share similar traits and occupy similar 

niches is rarely incorporated into ecological meta-analyses (Chamberlain et al., 

2012); although recently, there has been an increase in ecophylogenetic research, 

predominately due to increased molecular phylogenetic data available for many taxa 

but also due to improved computer programming and capabilities (Webb et al., 

2008, Kembel et al., 2010). The high number of studies detecting 

phylogenetic/taxonomic clustering indicates that the filtering of species into the local 

community appears to have a role in the non-random structuring of the community  

(Vamosi et al., 2009). 

The main aim of this chapter is to explore the possible factors influencing the 

assembly and composition of species within the chalk heath community at Lullington 

Heath NNR, using a twofold approach: 1) how species are filtered from the local 

species pool (Lullington Heath NNR) into the chalk heath community species pool 

(actual pool) and 2) whether this filtering is linked to species traits, abiotic factors or 

taxonomic/evolutionary effects.  
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Firstly, plant traits and ecological characteristics were used to examine whether 

biotic (plant traits) or abiotic factors (habitat descriptors) explain the assembly of 

species within the chalk heath community. Specifically, the following questions were 

asked: 

• Which traits, or habitat descriptors, best distinguish between calcicole and 

calcifuge species on chalk heath?   

• Which traits, or habitat descriptors, best distinguish the species that occur on 

the chalk heath community from those species that occur in the reserve but 

not in the chalk heath community?  

Secondly, a taxonomic approach was applied to explore evolutionary and ecological 

influences on the structure of the chalk heath community in order to answer the 

following question: 

• Is the distribution of species among the chalk heath community non-random 

with respect to taxonomy and if so, is the deviation from randomness in the 

direction of taxonomic overdispersion or taxonomic clustering?  

In addition to these aims, the validity of using the Ellenberg reaction value 

(recalibrated for the UK (Hill et al., 1999)) as the sole method for categorising 

species as calcicole, calcifuge or a species with neutral tendencies to pH within this 

thesis, will also be examined (see Section 2.2. for methodology). Specifically, can 

group membership as calcicole, calcifuge or neutral species be predicted and 

validated using the species traits and habitat descriptors detailed in Table 3.2? 

 

3.2 Methods 

3.2.1 Total floristic composition 

Two species pools were delineated for the analysis: a chalk heath community 

species pool (actual pool) and a local species pool delimited by the boundaries of 

Lullington Heath NNR. As a result, the chalk heath species pool can be seen to be 

a nested subset of the larger Lullington Heath NNR species pool.  
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The chalk heath species pool (CH) was compiled from published sources that detail 

chalk heath vascular plant species (Thomas, 1960b, Thomas, 1963, Grubb et al., 

1969, Burnham and Green, 1983, Chatters, 1990, Denyer, 2005, Denyer et al., 

2010) as well as from fieldwork included in Chapters 4, 5 & 6 (spatial scale, temporal 

& management). Field notes from the Thomas transect surveys were also used to 

identify any additional species found on the chalk heath community but not recorded 

as touching one of the point quadrats (see Section 5.2.1 for methodology). The chalk 

heath species pool contained 125 vascular plant species (see Appendix B). 

The Lullington Heath NNR species pool (LHNNR) was compiled from a dataset 

provided by The Sussex Biodiversity Record Centre in July 2013. The dataset 

included all species (flora and fauna) recorded within the boundaries of Lullington 

Heath NNR and contained 216 vascular plant species; four plant species within the 

reserve were identified as aquatic species (there is a dew pond on the reserve) and 

so were excluded from analysis. Therefore, analysis was conducted on a LHNNR 

species pool of 212 vascular plant species (see Appendix B).  

 

3.2.2 Plant trait and ecological characteristics 

Existing autecological accounts were used to obtain data on traits and ecological 

characteristics of the 212 species within both species pool datasets; these data are 

available from published sources that are accessible in the open literature (Fitter 

and Peat, 1994, Hodgson et al., 1995, Hill et al., 2004).  

Twelve traits, three ecological and three biogeographic characteristics were 

selected due to ecological significance and perceived ability to differentiate between 

species (Table 3.2). Due to incomplete data for many variables, 79 species had to 

be omitted from analysis. Consequently, 133 species were used for analysis: 95 

from the CH community and 38 solely from the LHNNR species pool. The original 

plant trait and ecological characteristic data included categorical, binary and/or 

continuous measurements, therefore all data was transformed into categorical 

classes prior to analysis (Table 3.2) (Diaz et al., 1998, Barradas et al., 1999, Peco 

et al., 2005).  
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Trait Trait attribute classes 

Source

* 
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Life-form, 

history, 

morphology, 

physiology 

Raunkiaer’s life-form 
1 = phanerophyte; 2 = chamaephyte;  

3 = hemicryptophyte; 4 = geophytes;  

5 = therophyte 

1 

Woodiness 1 = herbaceous; 2 = semi-woody; 3 = woody 1 

Life span 1 = annual; 2 = biennial; 3 = perennial 1 

Height (cm) 
1 = <20cm; 2 = 21-50cm; 3 = 51-100cm;  

4 = >100cm 
1 

Spread 
1 = height<width; 2 = height=width;  

3 = height>width 
1&2 

Leaf area (cm2) 
1 = <1cm2; 2 = 1-10cm2; 3 = 10-100cm2;  

4 = >100cm2  
2 

Reproductive 

Success 

Earliest flowering 
1 = Spring; 2 = Summer; 3 = Autumn;  

4 = Winter 
3 

Pollen Vector 1 = insect; 2 = selfed; 3 = wind 2 

Dispersal agent 
1 = unspecialised; 2 = animal; 3 = water;  

4 = wind 
2&3 

Seedbank 
1 = long-term persistent, 2 = short-term 

persistent; 3 = transient 
2&3 

Propagation 
1 = seed only; 2 = seed and vegetative;  

3 = vegetative only 
2&3 

Seed weight  1 = <0.5mg; 2 = 0.51-2mg; 3 = >2mg 2 

Habitat 

descriptors 

Light 
1 = semi-shade; 2 = well lit/partial shade;  

3 = lightloving 
1 

Moisture 
1 = dry-site indicator; 2 = moist-site indicator;  

3 = damp-site indicator 
1 

Fertility 1 = infertile: 2 = intermediate fertility: 3 = fertile 1 

 
Geographical 

characteristics 

% of UK 10km squares 
1 = <20%; 2 = 21-40%; 3 = 41-60%;  

4 = 61-80%; 5 = >80% 

1 

 % of European countries 1 

 % of NVC  2 

Table 3.2. Plant traits used in the analysis. * Data sources 1- Plantatt (Hill et al., 

2004); 2 – Ecoflora (Fitter and Peat, 1994); 3 – CPE (Hodgson et al., 1995).  

 

3.2.3 Data analysis 

3.2.3.1 Trait and habitat descriptors analysis 

Hierarchical agglomerative cluster analysis (Euclidean distance and Ward’s linkage 

criteria) was carried out on the matrix of 133 species with the aim of partitioning 

species into groups or clusters. Five different trait combinations were used in the 

cluster analysis and five dendrograms were produced: (i) All traits (n=15), (ii) Life-

form traits (n=6), (iii) Reproductive success traits (n=6), (iv) Habitat descriptors 

(n=3), and (v) Geographical characteristics (n=3). A group/cluster cut off level of 

67% similarity was chosen for all cluster dendrograms (Waite, 2000). Discriminant 
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analysis, using the linear discriminant function, was performed to verify the groups 

of species determined by the hierarchal clustering.  

To evaluate which traits and habitat descriptors best distinguish the calcicole and 

calcifuge species within the chalk heath community, cophenetic distances between 

the calcicole and calcifuge species identified within the same cluster of the ‘all traits’ 

dendrogram were also calculated. These cophenetic similarity values were then 

compared to cophenetic distances between the same species for the other four 

dendrograms.  

The Mann-Whitney test was used to further distinguish any variation in traits and 

ecological characteristics between (i) calcicoles and calcifuges and (ii) species that 

occur on chalk heath community (CH) and those species that occur on the reserve 

but do not occur on the chalk heath community (notCH). Discriminant analysis was 

also conducted to examine whether a species could be identified as a calcicole, 

calcifuge, or a species with neutral tendencies to pH, based solely on the traits and 

habitat descriptors analysed. In addition, discriminant analysis was conducted to 

evaluate whether species occurring on the chalk heath community could be 

predicted from the LHNNR species pool based purely on trait and habitat 

descriptors. 

 

3.2.4 Taxonomic classification  

Taxonomic classification data for each species was acquired from the PLANTATT 

database (Hill et al., 2004). For the purpose of this study, taxonomic rankings based 

on DNA sequencing (FamA & OrdA) (Hill and Preston, 2002) that are included in 

the online version, were used in the analysis. Using taxonomic classifications based 

on genetic sampling provides an improved representation of the species phylogeny 

and evolutionary relationships, compared to a classification based purely on 

morphological differences (Webb et al., 2008, Vamosi et al., 2009). 
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3.2.4.1 Taxonomic ratios  

A null model approach was employed to investigate the influence of ecological 

processes on the structuring of the chalk heath community (Simberloff, 1970, Wang 

et al., 2012). Since the CH species pool is a nested subset of the larger LHNNR 

species pool and taking into account that both species pools comprise of  total 

floristic composition rather than random samples/subsamples, randomisation tests 

were used to evaluate the statistical significance of the results (Tofts and Silvertown, 

2000, Wang et al., 2012).  

In order to calculate the taxonomic structure of the chalk heath community, 

taxonomic ratios were determined for genera:species, family:species and 

order:species (Elton, 1946, Simberloff, 1970, Wang et al., 2012). In total 1000 

simulations were generated, in which 125 species (the number within the CH 

species pool) were randomly selected from the 212 species within the LHNNR 

dataset and the number of genera, families and orders for each simulation were 

calculated. From these calculations, the means of 1000 simulations were 

determined.  

 

3.3 Results 

In terms of area, the chalk heath community covers 40% of Lullington Heath NNR, 

however, the chalk heath community contains 58% of the vascular plant species 

found within the reserve. Table 3.3 details the number of species used in the 

taxonomic and trait analysis. There were three calcifuge and ten calcicole species 

with limited trait data that had to be omitted from any trait analysis. However, only 

two calcifuges and two calcicoles were from the chalk heath species pool and all 

were species that were rarely found on chalk heath and were included within the CH 

species pool from literature sources (Thomas, 1960b &, 1963, Grubb et al., 1969).  
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Dataset 

Chalk 

heath 

species 

Not on 

chalk 

heath 

LHNNR 

species Calcifuge Calcicole 

Trait based  95 38 133 14 19 

Taxonomic  125 87 212 17 29 
 

Table 3.3. The number of species analysed within each dataset, including the 

number of calcicole and calcifuge species. 

 

3.3.1 Species traits 

The results of the cluster analysis identified 15 clusters within the ‘all trait’ matrix 

which was used as the principal dendrogram for all analysis (Table 3.4). The other 

four dendrograms were produced to explore which group of trait combinations or 

habitat descriptors best distinguished the species within each cluster from species 

in the other clusters on the ‘all traits’ dendrogram (see Appendix D for all 5 

dendrograms Figs D.1, D.2, D.3, D.4 & D.5). Discriminant analysis indicates that the 

majority of species (>95%) within all 5 dendrograms have been correctly placed into 

clusters identified at the ‘cut-off’ level of 67% similarity. 

 

 
All 

traits 

Life-

form 

Reproductive 

Success 
Environmental Geographical 

Number of 

traits 
15 6 6 3 3 

Number of 

clusters 

>67% 

similarity 

15 4 8 5 5 

Proportion 

correct DA 

analysis 

98.5% 96.2% 98.5% 100% 94.7% 

Table 3.4. Summary of plant trait cluster analysis and discriminant analysis (DA).  
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3.3.1.1 Calcicole vs. Calcifuge species 

Calcicoles and calcifuges within each cluster group were identified and cophenetic 

distances were calculated for all calcicole and calcifuge species within each 

group/cluster of the ‘all traits’ dendrogram (Table 3.5). Seven of the fifteen cluster 

groups contained one or less calcicole or calcifuge species and so cophenetic 

similarity values could not be calculated for four calcicole and one calcifuge plant 

species.  

Life-form and woodiness dictate the clustering of the calcicole and calcifuge species 

found within the reserve. The key calcicole species, Filipendula vulgaris, 

Sanguisorba minor and Thymus pulegoides, are clustered primarily by life-form, 

woodiness, spread and leaf area. The key calcifuge species, Teucrium scorodonia, 

Calluna vulgaris and Erica cinerea, are also clustered by life-form, woodiness, 

spread and leaf area, but height and seed weight are additional factors that 

determine the clustering of calcifuges. 

The calcicoles Filipendula vugaris (Cluster 1) and Sanguisorba minor (Cluster 6) 

have the same life-form traits (n=6) and habitat descriptors (n=3); it can, therefore, 

be suggested that traits relating to reproductive success are what categorise these 

species into separate clusters. The only reproductive success trait that these two 

species share as the same is flowering time, all other reproductive traits (n=5) differ 

between these two species.  

The calcifuge species, Calluna vulgaris and Erica cinerea (both Cluster 14) have all 

6 life-form traits in common, whereas the calcifuge Teucrium scorodonia (Cluster 

12) differs for all traits except life span. In terms of reproductive success traits, the 

three key calcifuges all have long term seedbanks but differ in all other five 

reproductive success traits. 

Habitat descriptors (n=3) contribute least to the clustering of calcicoles and 

calcifuges within the reserve. Well lit/partial shade, moist site and infertility are 

common habitat descriptors for both calcicoles and calcifuges within half of the 

clusters identified (1, 2, 6, 7, 11, 12 and 14); including four of the six key chalk heath 

species, Filipendula vulgaris, Sanguisorba minor, Teucrium scorodonia and Erica 

cinerea.  
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Cluster Spp 
All traits 

N=15 

Life-Form 

N=6 

Reproductive  

Success 

N=6 

Environmental 

N=3 

1 
Ge am # 

Fi vu # 

84% 

(8/15) 

71% 

(3/6) 

91% 

(3/6) 

41% 

(2/3) 

2 

Li vu # 

Hy pu * 

Sc co # 

In co # 

76% 

(7/15) 

36% 

(4/6) 

65% 

(3/6) 

0% 

(0/3) 

3 // / / / / 

4 An st # / / / / 

5 Me lu # / / / / 

6 

Ag cn * 

Ag cp * 

Ru acl * 

Sa mi # 

76% 

(6/15) 

37% 

(3/6) 

79% 

(2/6) 

0% 

(0/3) 

7 

An od * 

Fe ov * 

Br er # 

Br pi # 

70% 

(7/15) 

37% 

(4/6) 

70% 

(1/6) 

40% 

(2/3) 

8 As cy # / / / / 

9 

Da de * 

Po er * 

Ga sa * 

96% 

(11/15) 

80% 

(5/6) 

52% 

(3/6) 

100% 

(3/3) 

10 Ve of * / / / / 

11 

Ci ac # 

Vi hi # 

Hi co # 

72% 

(5/15) 

71% 

(2/6) 

78% 

(2/6) 

39% 

(1/3) 

12 

Ce sc # 

Cy of # 

Te sc * 

Co ar # 

72% 

(5/15) 

37% 

(2/6) 

30% 

(0/6) 

0% 

(0/3) 

13 // / / / / 

14 

Cal v * 

Th pu # 

Er ci * 

Pi sy * 

67% 

(3/15) 

37% 

(2/6) 

0% 

(0/6) 

39% 

(1/3) 

15 Eu eu # / / / / 

Table 3.5. Summary of the clusters within the ‘all traits’ dendrogram including 

cophenetic similarity (%) and the number of traits the species have in common 

(figures in parenthesis). Spp = Species abbreviations (see Appendix B), * = 

calcifuge, # = calcicole, Species in bold are key chalk heath species; // = no calcicole 

or calcifuge species within the cluster; / = no analysis due to numbers. 
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The traits of calcicole and calcifuge species differ significantly in terms of moisture 

(Ellenberg F) (U = 325.5, P = 0.0003), leaf area (cm2) (U = 181.5, P = 0.0304), 

seedbank (U = 184.0, P = 0.0306), mean seed weight (mg) (U = 169.5, P = 0.0080) 

and in the percentage of 10km squares that they occur in across the UK (U = 349.5, 

P = 0.0001) (Figure 3.4). As shown in Figure 3.4, calcifuges found on chalk heath 

tend to occur on damp soils, have smaller leaves, longer term seedbanks, smaller 

seed sizes and the majority occur across the whole of the UK. In contrast, calcicole 

species found on the chalk heath tend to occur on moist soils, have larger leaves, 

short-term or transient seedbanks, larger seeds and for the majority of calcicole 

species, have a restricted distribution within the UK (Figure 3.4).  

 

  

  

 

Figure 3.4. The number of calcicoles and calcifuges, within each trait attribute class, 
for traits with significant differences (Mann-Whitney). a) Moisture (P ≤ 0.001), b) Leaf 
area (cm2) (P ≤ 0.05), c) Seedbank (P ≤ 0.05), d) Mean seed weight (mg) (P ≤ 0.01), 
e) UK (percentage of UK 10km squares) (P ≤ 0.001).   Black = calcifuges, Grey = 
calcicoles. For results for all traits and environmental characteristics see Appendix 
D Table D.1 
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Results of the discriminant analysis, predicting species group membership as a 

calcicole, calcifuge or as a species with neutral tendencies to soil pH, identified an 

overall proportion of 77.4% of the species correctly predicted from traits and habitat 

descriptors (Table 3.6). Calcifuges could be predicted from trait and habitat 

descriptors; however, only half of the calcicole species could be predicted from 

these factors.  

 

 Original group 

Predicted group Calcifuge Neutral Calcicole 

Calcifuge 12 9 1 

Neutral 2 81 8 

Calcicole 0 10 10 

Total N 14 100 19 

N correct 12 81 10 

Proportion 

correct 
85.7% 81% 52.6% 

N = 133 N correct = 103 Overall proportion correct = 77.4% 

Table 3.6. Calcicole vs. Calcifuge discriminant analysis results. Original group = 
Ellenberg reaction value classification; Predicted group = species categorised using 
species traits and habitat descriptors. 

 

Thirty species in total were identified as being incorrectly categorised as a calcicole, 

a calcifuge or as a species with neutral tendencies to pH (Table 3.7) when predicted 

using species traits and habitat descriptors instead of the Ellenberg reaction value. 

The majority of these 30 species, were species identified from Ellenberg values as 

having neutral tendencies to pH (n=19) that have a higher probability (from 

discriminant analysis) of being classified as calcicole or calcifuge species. Nine 

calcicole species were predicted to be incorrectly categorised by the Ellenberg 

reaction value as calcicoles, including the key calcicole chalk heath species, 

Sanguisorba minor; which had a higher probability of being classified as a calcifuge 

based on traits and habitat descriptors. This finding is important as Sanguisorba 

minor is not only a key calcicole chalk heath species (Gay et al., 1968, Grubb et al., 

1969, Natural-England, 2012) but is a common and constant NVC chalk grassland 

species that is rarely found on acidic grassland or lowland heath communities  

(Rodwell, 1998). Two other key chalk heath species, the calcifuge Teucrium 

scorodonia and the calcicole Filipendula vulgaris, were predicted to be species with 
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neutral tendencies to soil pH by the discriminant analysis. All calcicole and neutral 

species that discriminant analysis predicted to be grouped as a calcifuge, with the 

exception of Succisa pratensis, had long-term seedbanks. Whereas calcifuge and 

neutral species predicted to be grouped as calcicoles or species with neutral 

tendencies to pH are all indicators of moist sites.  

 

Species Original group 
Original group 

probability 

Predicted group 

by DA 

Predicted group 

probability 

Ag st 

Ca fl 

Ep ob 

Ho la 

Lo co 

Lu ca 

Su pr 

Ul eu 

Ve po 

Sa mi 

N 

N 

N 

N 

N 

N 

N 

N 

N 

C 

6% 

7% 

48% 

7% 

19% 

6% 

42% 

7% 

36% 

21% 

F 

F 

F 

F 

F 

F 

F 

F 

F 

F 

94% 

89% 

51% 

93% 

42% 

68% 

57% 

68% 

62% 

72% 

Te sc 

Ve of 

An st 

Ci ac 

Cy of 

Eu eu 

Fi vu 

Ge am 

Li vu 

Me lu 

F 

F 

C 

C 

C 

C 

C 

C 

C 

C 

27% 

2% 

22% 

43% 

48% 

31% 

31% 

12% 

31% 

27% 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

42% 

91% 

78% 

57% 

52% 

68% 

68% 

85% 

64% 

66% 

Ar el 

Ci vu 

He pr 

Hy ra 

Le hi 

On re 

Ra bu 

Ru ac 

Vi sa 

Vi se 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

37% 

32% 

5% 

10% 

14% 

23% 

28% 

31% 

45% 

48% 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

63% 

69% 

92% 

90% 

85% 

76% 

70% 

67% 

55% 

48% 

Table 3.7. Calcicole vs. Calcifuge species categorised by the Ellenberg reaction 

value that were not validated by the discriminant analysis using species traits and 

habitat descriptors. F = calcifuge; N = neutral species; C = calcicole. For species 

abbreviations see Appendix B. 
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3.3.1.2 Chalk heath species vs. Not on Chalk Heath species 

The traits of the species found on the chalk heath at Lullington Heath NNR (CH 

species) compared to the rest of the species found within the reserve (notCH 

species) differed significantly in terms of fertility, life-form, life span, spread, and the 

normal method of propagation (Figure 3.5). Soil fertility status and whether a species 

is annual, or perennial appear to filter which species are found on the chalk heath 

community within the reserve. Species found on the chalk heath tend to prefer soil 

with lower fertility levels whilst the majority of notCH species tend to be annual 

species.  

  

  

  

Figure 3.5. Number of species, within each trait attribute, from chalk heath or not 
on chalk heath for traits with significant differences (Mann-Whitney). a) Fertility (P ≤ 
0.001), b) Life form (phan = phanerophyte; cham = chamaephyte; hemi = 
hemicryptophyte; geo = geophytes; thero = theropyhte) (P ≤ 0.001), c) lifespan (P ≤ 
0.001), d) spread (P ≤ 0.05), e) propagation (P ≤ 0.001), f) EU (percentage of 
European countries) (P ≤ 0.05).   Dark grey = chalk heath species, Light Grey = 
species on reserve but not found on chalk heath. For results for all traits and 
environmental characteristics see Appendix D Table D.2 
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Discriminant analysis clearly predicted from trait and environmental data whether a 

species occurred on the chalk heath community or not (overall proportion correct = 

88%) (Table 3.8). In total 16 species were predicted by the discriminant analysis as 

being incorrectly identified as a CH species or notCH species based on traits and 

habitat descriptors alone (Table 3.9). Eight of the species were from the chalk heath 

community; however, none of these species were key chalk heath species or 

commonly found within the chalk heath community. 

 

 Original group 

Predicted group CH notCH 

CH  87 8 

notCH 8 30 

Total N 

N correct 

Proportion correct 

95 

87 

92% 

38 

30 

79% 

N = 133 N correct = 117 Overall proportion correct = 88% 

Table 3.8.  CH vs. notCH discriminant analysis results. Original group = species 
actually present in both areas; Predicted group = species categorised using species 
traits and habitat descriptors. 

 

Species Original group 
Original group 

probability 

Predicted group 

by DA 

Predicted group 

probability 

Cr ca 

Ga ap 

Ge mo 

Me lu 

Ra bu 

So ol 

Tr ca 

Tr du 

CH 

CH 

CH 

CH 

CH 

CH 

CH 

CH 

4% 

3% 

10% 

4% 

50% 

9% 

8% 

7% 

Not CH 

Not CH 

Not CH 

Not CH 

Not CH 

Not CH 

Not CH 

Not CH 

96% 

97% 

90% 

96% 

50% 

91% 

92% 

93% 

Cy of # 

Ep ob 

In co # 

Li vu # 

Pi sy * 

Pl me 

Pr ve 

Vi se 

Not CH 

Not CH 

Not CH 

Not CH 

Not CH 

Not CH 

Not CH 

Not CH 

41% 

13% 

13% 

34% 

8% 

8% 

16% 

24% 

CH 

CH 

CH 

CH 

CH 

CH 

CH 

CH 

59% 

87% 

87% 

66% 

92% 

92% 

84% 

76% 

Table 3.9. CH vs. notCH – species categorised from published sources, fieldwork 

and datasets that were predicted differently by discriminant analysis using species 

traits and habitat descriptors. CH = chalk heath community; notCH = species that 

occur in the reserve but not found on chalk heath. * = calcifuge, # = calcicole.  For 

species abbreviations see Appendix B. 
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All the chalk heath species that discriminant analysis predicted to be notCH species, 

with the exception of Ranunculus bulbosus, were annual species that are seed 

propagated and all have neutral tendencies to soil pH. In contrast, all the notCH 

species that occur within the reserve that were predicted by discriminant analysis to 

be chalk heath species were all perennials and include three calcicole and one 

calcifuge species. 

 

3.3.2 Taxonomic analysis results 

Taxonomic analysis of the chalk heath community revealed taxonomic clustering 

with a lower number of genera, families and orders when compared with null 

expectations from the Lullington Heath NNR species pool (Table 3.10). Significant 

results, determined by the Z-score, were only identified for the genus and family 

taxonomic scales. In addition, the chalk heath species pool has more species per 

genus, family and order than null expectations derived from the local Lullington 

Heath NNR species pool. Taxonomic ratios were significantly higher at all three 

taxonomic scales indicating a significant non-random taxonomic structure of the 

chalk heath community.  

 

 

 Number at each  
taxonomic scale 

Taxonomic ratios 

 species genera family order spp:gen spp:fam spp:ord 

Actual CH 
(observed) 

125 89 30 17 1.404 4.167 7.353 

LHNNR NULL 
mean 1000 (expected) 

125 101.72 39.55 23.15 1.230 3.169 5.440 

Stdev n/a 2.735 2.072 3.530 0.033 0.169 0.377 

Z score 
[(obs-exp)/stdev exp] 

n/a -4.649 -4.612 -1.743 5.279 5.918 5.075 

Actual LHNNR 
(212 spp) 

212 146 44 22 1.450 4.818 9.636 

Table 3.10. Taxonomic analysis results. Actual LHNNR is included for reference 

purposes only.  
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3.4 Discussion 

Employing both a trait and taxonomic approach to explore the structure of the chalk 

heath community at Lullington Heath NNR has revealed that filtering from the local 

species pool does occur in the chalk heath community. Functional clusters of 

species were identified: for example, within the all traits dendrogram, cluster 7 

contains all grass species and cluster 11 contains all shrub or tree species 

(Appendix D). Differences between calcifuge and calcicole species as well as 

differences between the chalk heath species and those species that occur on the 

reserve but not in the chalk heath community were also determined.  

 

3.4.1 Calcicole vs. Calcifuge species 

The majority of calcicole species that occur within the reserve do not occur on the 

chalk heath community (56%) whereas the majority of calcifuges within the reserve 

do occur on the chalk heath community (76%). This is not an unexpected result 

since it would be hypothesised that calcifuges growing in shallow soils overlaying a 

chalk bedrock would tend to occur in areas with more acidic soil conditions (i.e. the 

area of chalk heath); and it would also be hypothesised that calcicoles would tend 

to prefer areas with a higher pH (i.e. other areas of the reserve) (Grime, 1963). As 

a result, an obvious and simple assumption would be that this pattern indicates an 

environmental filter whereby the soils of the chalk heath community are too acidic 

for the majority of calcicole species to establish and persist. However, many other 

environmental and/or biotic factors could also produce such a pattern.  

The Ellenberg Reaction value was used to classify species as calcicole or calcifuge 

species and as such could not be included in any analyses; however, analysis of 

other habitat descriptors indicate that soil moisture shows significant differences 

between calcicole and calcifuge species within the local species pool and that soil 

fertility shows significant differences between species found on the chalk heath and 

those that are within the reserve but do not occur on the chalk heath community. 

The analysis presented here suggests that calcifuges are more strongly associated 

with damper soil conditions. Results further suggest that species that occurred on 

the chalk heath community tend to tolerate less fertile conditions. Soil profiles 
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overlying chalk bedrock are typically infertile, free-draining and water limited (Bennie 

et al., 2006) and the infertility of chalk heath soils has long been established (Grubb 

et al., 1969, Grubb and Suter, 1971, Etherington, 1981, Burnham and Green, 1983, 

Chatters, 1990, Denyer, 2005). Bennie (2006) suggested that both soil fertility and 

soil moisture content could best be interpreted as an environmental gradient within 

chalk grasslands whereby both characteristics favour stress-tolerant calcicole 

species at one extreme and competitive-ruderal species at the other. Environmental 

characteristics contributed the least to the cluster analysis identifying functional 

groups of species within the local species pool. Results have shown that traits 

relating to life-form and reproductive success were the key variables that dictated 

functional group designation (in particular Raunkiær’s life-form classification and 

woodiness).  

Leaf area was the only life-form trait that revealed any significant difference between 

calcicoles and calcifuges, wherein the calcifuges tended to have smaller sized 

leaves than the calcicole species. Species with larger leaves tend to have faster 

relative growth rates which can facilitate establishment and persistence of the 

calcicole species within the chalk heath community (Weiher et al., 1999, Garnier 

and Navas, 2012). Species with larger leaves also tend to be able to acquire 

resources more effectively, thereby increasing their competitive ability and help 

avoid or tolerate stressful events such as grazing (Weiher et al., 1999, Garnier and 

Navas, 2012). 

The calcifuges within the reserve tended to have longer-term seedbanks and 

smaller seed sizes than the calcicoles species. The soils of chalk heath are more 

acidic than soils found elsewhere on chalk bedrocks (Grubb et al., 1969, Grubb and 

Suter, 1971, Etherington, 1981, Burnham and Green, 1983, Chatters, 1990, Denyer, 

2005) and so may be seen to favour the calcifuge species (Isselin-Nondedeu and 

Bédécarrats, 2013). Nonetheless, calcicole species are able to germinate and 

establish within the acidic surface layer of the soil in the presence of a heavy grazing 

regime (Grubb et al., 1969, Grubb and Suter, 1971). Calcicoles grown in acidic soil 

conditions have been documented as having longer germination periods, lower 

percentage germination rates and smaller seedling biomass compared to calcicoles 

grown in alkaline soil conditions (Rorison, 1960a, Isselin-Nondedeu and 

Bédécarrats, 2013). Calcifuge species may, therefore, have an advantage over the 
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calcicole species within the chalk heath community in terms of reproductive success 

as well as being able to respond to and accommodate any disturbance, such as 

grazing. Smaller seed size will enable the calcifuge species to disperse to, and 

within, the community better than the calcicole species and a longer seedbank will 

allow the calcifuge species to establish and persist within the community better than 

the calcicole species. In addition, a longer-term seedbank and small seed size can 

both increase a species competitive ability within a community indicating another 

advantage for calcifuge species within the reserve (Weiher et al., 1999, Garnier and 

Navas, 2012). 

In terms of biogeographical factors, many of the calcifuge species that inhabit the 

reserve occur within the majority of 10km squares within the UK. This illustrates that 

the calcifuge species have a much broader habitat niche than the calcicoles 

occurring in the reserve and that the calcifuges may be considered more generalists 

within the UK; whereas the calcicole species require a more alkaline environment 

and therefore tend to be more specialist in their niche requirements and occurrence 

throughout the UK. This result contrasts with results determined in the central 

European flora whereby calcicole species not only outnumber calcifuge species 

within the flora but also inhabit many habitats with predominantly acidic soil 

conditions (Ewald, 2003a, Wohlgemuth and Gigon, 2003).  

The use of discriminant analysis to describe the species group designations as 

calcicole, calcifuge or a species with neutral tendencies to soil pH, illustrates that 

the majority of species were correctly assigned to the right designation based on the 

traits and habitat descriptors analysed. However, it should be noted that the 

predictions of group membership for calcifuges and neutral species were more 

successful from traits and habitat descriptors than predicting the group membership 

of the calcicoles found within the reserve. These results indicate that the species 

traits and environmental characteristics used within the analysis were sufficient to 

differentiate between the three groups of species, however, it also illustrates that 

the use of additional traits and/or environmental characteristics could enhance the 

designation of calcicole species within the reserve. 

The majority of species that discriminant analysis determined as incorrectly 

categorised, based on species traits and habitat descriptors, were species with 
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neutral tendencies to soil pH (n=19) and were evenly split between calcicoles and 

calcifuges. In addition, there were two calcifuge species and eight calcicole species 

that were predicted to have neutral preferences to soil pH.  This is a logical result 

based on the fact that the terms calcicole and calcifuge are not rigidly exclusive 

designations and instead represent extreme points on a continuum of physiological 

variation and tolerance; as a result, there will be species that exhibit traits or 

environmental characteristics that are on the boundaries of each of the 

designations.   

Nonetheless, the proportion of calcicole species whose group membership was 

predicted incorrectly was much higher than for calcifuge species and for species 

with neutral tendencies to soil pH. Possibly the most prominent result was the fact 

that the key chalk heath calcicole species, Sanguisorba minor, was predicted to be 

a calcifuge species from the discriminant analysis. This could be seen as an 

explanation as to why the cluster analysis placed Sanguisorba minor with the 

calcifuge species Agrostis canina, Agrostis capillaris and Rumex acetosella. The 

implication of these results is twofold: firstly, that some calcicole and calcifuge 

species possess similar traits and environmental characteristics; and secondly that 

the use of additional traits and environmental characteristics may possibly improve 

the proportion of calcicoles that are predicted correctly. However, previous studies 

have specified the importance of soil chemical factors as well as plant mineral 

nutrition requirements as factors that predominately differentiate between calcicole 

and calcifuge species (De Silva, 1934, Hope Simpson, 1938, Rorison, 1960b, 

Rorison, 1960a, Jefferies and Willis, 1964a, Jefferies and Willis, 1964b).  

Species traits and habitat descriptors have been identified that distinguish between 

the calcicole and calcifuge species within the reserve, specifically functional traits 

relating to establishment, persistence and competitive ability. In addition, group 

membership predicting a calcicole, calcifuge or a species with neutral tendencies to 

pH has also determined that species traits and environmental characteristics can 

effectively consign the majority of species to the correct relevant group. This, 

therefore, validates the use of these species groupings and also establishes that the 

variables (traits and habitat descriptors) used in the analyses covered a range of 

key variables that are satisfactory in differentiating between calcicole and calcifuge 

species within the reserve. 
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3.4.2 Filtering from the local species pool to the chalk heath community 

Both biotic traits and environmental factors have revealed significant differences that 

could act as possible filters for species within the reserve and that may contribute 

towards the non-random taxonomic clustering evident in the chalk heath community.     

 

3.4.2.1 Species traits 

In terms of environmental characteristics, soil fertility was the only significant habitat 

descriptor that differed between species found on the chalk heath community and 

those occurring within the reserve but not on the chalk heath community. Results 

identified that the species on the chalk heath community tend to be able to tolerate 

more infertile soil conditions than the species restricted to other communities within 

the reserve. The whole reserve is situated on a chalk bedrock so any differences 

between areas within the reserve identified from the environmental characteristics 

of the species may possibly be due to the topography of the reserve (Jenny, 1994, 

Denyer, 2005, Denyer et al., 2010). The chalk heath community is situated on a 

south-west facing spur in the centre of the reserve; other communities are situated 

on either steep east facing slopes, valleys or north/south facing slopes. The 

influence of topography, slope and aspect has been shown to be considerable for 

grassland communities on a chalk bedrock (Bennie et al., 2006, Starr-Keddle, 

2011). North-facing slopes receive less light than south-facing slopes and as a result 

contain wetter, more fertile soils with more grass species, less species diversity and 

increased biomass than south-facing slopes (Bennie et al., 2006, Bennie et al., 

2008, Starr-Keddle, 2011).  

The majority of significant differences between chalk heath species and species that 

occur in the local species pool, but not on the chalk heath community, related to life-

form traits; namely, Raunkiærs life-form, life span and spread. In terms of 

Raunkiær’s life-form and life span, the chalk heath species were predominantly 

perennial hemicryptophytes, whereas most of the species that occur within the 

reserve but not on the chalk heath community were identified as annual therophytes. 

The species within the chalk heath community, therefore, exhibit a greater ability of 

persistence, longevity, space acquisition and tolerance of disturbance than the other 
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species that occur within the reserve (Weiher et al., 1999, Garnier and Navas, 2012, 

Vandewalle et al., 2014).   

Results from this analysis have shown that within the chalk heath community, the 

majority of species propagate either solely by seed or by means of seed and 

vegetative spread, whereas species restricted to other parts of the reserve 

predominantly propagate by seed (Figure 3.5). Consequently, the species within the 

chalk heath community, that are capable of both seed and vegetative propagation, 

may have an advantage in terms of competitive ability (Weiher et al., 1999, Garnier 

and Navas, 2012), as well as in terms of establishment, persistence and the 

acquisition of space within the community (Weiher et al., 1999, Garnier and Navas, 

2012, Vandewalle et al., 2014).  

Discriminant analysis effectively predicted group membership as either chalk heath 

species (CH) or as a species that occurs within the reserve but not on the chalk 

heath community (notCH). Only 16 species (12%) were identified as being 

incorrectly categorised by the discriminant analysis (8 CH species and 8 notCH 

species). Of the CH species that were predicted to be notCH species, all were 

annuals (except for Ranunculus bulbosus) and all were seed propagated, none were 

key chalk heath species, nor calcicole or calcifuge species. 

Within the local species pool at Lullington Heath NNR, soil fertility has been 

identified as a possible abiotic filter that may limit the ability of some of the species 

within the reserve establishing and persisting within the chalk heath community. In 

addition, functional traits relating to dispersal, establishment, persistence and 

competitive ability have been illustrated as variables that may limit some of the 

species within the reserve occurring within the chalk heath community.   

 

3.4.2.2 Taxonomy  

Taxonomic analysis confirms that there are filters that limit species from the local 

species pool occurring within the chalk heath community. Taxonomic clustering at 

the genus, family and order level indicate that non-random processes are operating 

within the local species pool and restricting phylogenetic diversity within the chalk 

heath community. Classic community theory suggests that environmental filtering 
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and/or dispersal limitations would predict this pattern (Cavender‐Bares et al., 2004, 

Chalmandrier et al., 2013, Marteinsdóttir and Eriksson, 2014), and analysis has 

shown significant differences in soil fertility may limit some species from occurring 

within the chalk heath community, whilst significant differences in soil moisture 

content were shown to exist between calcicoles and calcifuges within the 

community. Furthermore, results have also indicated that functional traits describing 

a species ability to establish and persist within the community (Weiher et al., 2011, 

Cavender‐Bares et al., 2004) are also important factors structuring the chalk heath 

community at Lullington Heath NNR. 

 

3.5 Conclusions 

Understanding how biodiversity is structured and assembled within communities is 

a fundamental and yet challenging subject in ecology (Messier et al., 2010, Weiher 

et al., 2011, Albert et al., 2012). This research study has demonstrated that the chalk 

heath community at Lullington Heath NNR is a non-random subset of the available 

species within the local species pool. Novel insights have identified not only abiotic 

filters and functional traits occurring within the reserve but also that possible 

taxonomic filtering is taking place. Soil fertility and a species longevity and 

propagation strategy were shown to be significantly different between key species 

in the local species pool occurring in the chalk heath community. Within the chalk 

heath community, functional traits have been demonstrated as predominant 

variables that differentiate between the realised niches of the calcicole and calcifuge 

species; for example, leaf size, seedbank class and seed weight. In addition, soil 

moisture has also been identified as an abiotic variable that can also distinguish 

between these two groups of species.  

The species traits and environmental characteristics employed within these 

analyses may be limited to 15 variables (six relating to life-form, six to reproductive 

success and three habitat descriptors), however, these variables were successful in 

predicting group membership of calcicole and calcifuge species, as well as group 

membership between chalk heath species and those species that occur within the 

reserve but not on the chalk heath community.  
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The importance of both abiotic filters and functional traits in structuring the chalk 

heath community at Lullington Heath NNR has been demonstrated within this 

chapter. Differences between calcicoles and calcifuges have been identified as well 

as differences between the species found in the chalk heath community and those 

in the surrounding species pool. Chapters 4, 5 and 6 will assess the structure of the 

chalk heath community in terms of the co-occurrence patterns evident at differing 

spatial scales (Chapter 4), temporal variations (Chapter 5) and in terms of 

management (Chapter 6). In addition, Chapter 4 will utilise the clusters identified 

from the ‘All trait’ analysis within this chapter to evaluate whether the species 

identified within the segregated or aggregated species pairs are from the same 

guilds (clusters), or from different guilds (clusters) and whether the pattern changes 

with spatial scale.  
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4 The effects of spatial scale on the species co-

occurrence patterns within the chalk heath community.  

 

4.1 Introduction 

An important goal in community ecology is understanding the causes of variation in 

species richness and discerning how species richness patterns are influenced by 

spatial scale (Sandel and Corbin, 2012). The concepts of pattern and spatial scale 

are unequivocally linked: the description of pattern is synonymous with the 

description of variation, and for variation to be quantified it is essential that the 

spatial scale is determined (Levin, 1992). Species richness is determined by both 

biotic and abiotic factors that operate at various spatial scales and the effects of 

which may change depending on the spatial scale under observation (Sandel and 

Corbin, 2012). Biological and environmental components such as competition or 

facilitation, grazing intensity, soil depth, soil nutrient availability, disturbance, scrub 

encroachment, and/or previous land use, would be expected to affect vascular plant 

species patterns (Reitalu et al., 2008).  

Spatial scale is an important factor in community ecology as it governs how patterns 

and processes are determined and as a result, it impacts on the resulting description 

and prediction of the results obtained (Wiens, 1989, Sandel and Smith, 2009). The 

ability to determine species patterns is seen as a function of the ‘grain’ and ‘extent’ 

of the ecological investigation (Sandel and Smith, 2009). Grain refers to the size of 

the individual sampling unit, (i.e. the quadrat or observational plot) and determines 

the lowest level at which patterns can be identified. In contrast, extent refers to the 

overall area encompassed within a study, (i.e. the site, ecological community or 

population) and determines the upper level at which patterns can be inferred (Wiens, 

1989, Götzenberger et al., 2011). For the purpose of this chapter ‘spatial scale’ 

refers to the size of the quadrat (i.e. the observational plot or grain) (Sandel and 

Smith, 2009).  

The range of processes and patterns (both biotic and abiotic) that can be identified 

within a study is determined by the spatial scale under investigation. An appropriate 

spatial scale should encompass the actual dynamics and species patterns of a 
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community, since using an inappropriate scale may result in a mistaken 

understanding of the processes and patterns being observed (Wiens, 1989, 

Rauschert et al., 2012). Consequently, Wiens (1989) suggested that ecologists 

adopt a multi-scale perspective so that the appropriate scale of investigation can be 

determined. Kemp et al. (2001) concur and state that there is an obvious 

requirement for ecological experiments to be designed to test and advance our 

understanding of how scale governs ecological dynamics and community assembly. 

Adopting a multi-scaled approach enables patterns and/or processes to be 

determined as well as potentially identifying consistent patterns and 

interrelationships between spatial scales (Wiens, 1989, Sandel and Smith, 2009, 

Rauschert et al., 2012, McNickle et al., 2018). 

Inter- and intraspecific biotic interactions that potentially drive species co-

occurrence patterns have been determined as occurring over small/fine spatial 

scales (Watkins and Wilson, 1992, Götzenberger et al., 2011, Weiher et al., 2011). 

Therefore, the spatial scale of the sampling unit is seen as a fundamental 

component that contributes to the detection of species co-occurrence patterns and 

community assembly rules (Zhang et al., 2009, McNickle et al., 2018).  Species co-

occurrence patterns can change with spatial scale; some species pairs, or sites, can 

display a segregated association (less co-occurrence than expected by chance) at 

a fine-scale (smaller scale) but an aggregated (more co-occurrence than expected 

by chance) or random association at a broad-scale (larger scale of observation) 

(Podani et al., 1993, Jonsson and Moen, 1998, Waite, 2000, Zhang et al., 2009). 

This random or aggregated pattern exhibited at broader scales of observation could 

be a result of environmental gradients, habitat heterogeneity, dispersal and/or 

historical effects, rather than due to biotic factors (Gotelli and McCabe, 2002, 

Götzenberger et al., 2011). As a result, when designing species co-occurrence 

research, it is important to consider the spatial scale appropriate for identifying biotic 

interactions within the community, whilst also controlling for habitat heterogeneity 

and environmental gradients (McNickle et al., 2018).  

Scale-dependency refers to patterns or processes that are determined by, or 

sensitive to, the spatial scale that is observed (Sandel and Smith, 2009). Relatively 

few studies have specifically evaluated the effects of spatial scale on species and/or 

community co-occurrence patterns (Götzenberger et al., 2011). As a result, Weiher 
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et al. (2011) suggest that this is an area of community ecology that warrants 

increased attention.  

The terms fine-scale and broad-scale cannot be spatially defined as they are both 

a function of the size of the individuals under observation. A fine-scale investigation 

determining co-occurrence patterns between tree species within woodland will 

undoubtedly involve a larger spatial scale (sampling unit) than a fine-scale 

investigation determining co-occurrence patterns between herbaceous species 

within a grassland community. Scale-dependency in terms of community co-

occurrence patterns within an old-growth temperate forest has been documented 

(Zhang et al., 2009); significant non-random (segregated) co-occurrence patterns 

were only determined at the finest scale of observation (25m2), whilst the six other 

larger spatial scales indicated a random co-occurrence pattern. A similar pattern of 

scale-dependency has been found within semi-natural grasslands, in which more 

significantly segregated plots were identified within the smallest scale of observation 

(2500cm2) than at a patch or landscape scale (Reitalu et al., 2008). In contrast, Petit 

& Fried (2012) determined that co-occurrence patterns for weed species in winter-

wheat fields were segregated only at the largest scale observed (landscape), and 

random co-occurrence patterns were identified at the smallest scale (field). No scale 

dependent relationships in terms of community co-occurrence patterns, were 

identified within alpine grassland communities  (100cm2 and 400cm2 spatial scales) 

(Dullinger et al., 2007) or within a soil lichen community (25cm2 and 100cm2 spatial 

scales) (Maestre et al., 2009). McNickle et al., (2018) examined community co-

occurrence patterns in a range of datasets including low shrub, perennial 

herbaceous grassland, boreal and tropical forests using a modified C-score-area 

relationship metric; each dataset was a map of stem locations so the authors were 

able to repeatedly sample each community at a variety of sample scales using 

virtual quadrats. McNickle et al., (2018) determined that the virtual sampling sizes 

detected significant community-co-occurrence patterns at scales much larger than 

the standard sampling units of the studies; and postulated whether maximum 

observed C-scores (maximum non-randomness in terms of community co-

occurrence) would be observed at the scales where root systems are able to directly 

interact.  
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Community level biotic co-occurrence patterns have more often been identified at 

small spatial scales (fine-scales) and as a result can be seen to be scale dependent 

(Götzenberger et al., 2011). McNickle et al. (2017) suggest that once a spatial scale 

with significant structure has been determined at a community level, the next step 

would be to identify significant pair-wise species co-occurrence patterns at this 

scale. Nonetheless, there is a lack of detail in studies regarding how specific species 

pairs are affected by altering the spatial scale under investigation. 

Chalk heaths are defined as communities containing an intimate mixture of calcifuge 

and calcicole species; however, there have not been any studies determining the 

specific spatial scale necessary for the inclusion of individuals of both groups/guilds 

of species within a chalk heath community. The soils of chalk heath communities 

are considered heterogeneous and soil micro-variability is seen as a factor that may 

contribute to the intimate co-existence of calcifuge and calcicole species within the 

sward (Burnham and Green, 1983). Grubb et al. (1969) suggested that intra-guild 

aggregation (of calcicoles and calcifuges) was possibly occurring within the chalk 

heath sward and determined that there was a mosaic of different soil pH values at 

the surface of the chalk heath. Observations showed that in some areas where 

moles, ants and other animals bring up subsoil, the surface pH is less acidic and 

would favour calcicole species; whereas in other areas such as under Calluna 

vulgaris bushes the soil surface pH had a much greater acidity and would favour 

calcifuge species (Grubb et al., 1969).  

Previous research on the spatial distribution of calcifuge and calcicole species within 

the chalk heath community detail the occurrence and abundance of species found 

within the outer and inner parts of Calluna vulgaris bushes (Grubb et al., 1969). It 

was established that calcicole species such as Filipendula vulgaris and Bromopsis 

erecta could exist within the inner parts of the bush whereas the calcicole 

Sanguisorba minor was restricted to the outer parts. The demarcation of the inner 

and outer part of the bushes was defined as half the mean diameter of the bush. 

Grubb et al. (1969) also determined that the soil pH under Calluna vulgaris bushes 

was more than one pH unit less, i.e. more acidic, than the pH of the soil within the 

open chalk heath sward. At a spatial scale of 1m2, soil nutrient status has been 

determined as a potential factor influencing community structure, and composition, 
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and that soil properties had a greater impact on the vegetation heterogeneity of the 

chalk heath community than the impact of grazing (Denyer, 2005). 

A fundamental objective within community ecology is addressing how patterns and 

processes are determined, at what spatial scale, and how both abiotic and biotic 

factors affect the structuring of communities. Ecological theory would suggest that 

species from different guilds (different niches) ought to reveal aggregated species 

pairs, whereas species from within the same guilds (similar niches) would reveal 

segregated species pairs due to competition (Hutchinson, 1957, Prinzing et al., 

2008, Wang et al., 2010). However, the opposite pattern has also been proposed - 

that species from different guilds (different niches) ought to reveal segregated 

species pairs, whereas species within the same guild (similar niches) would reveal 

aggregated species pairs due to environmental filtering (Azeria et al. 2011). 

Calcicole and calcifuge species are primarily categorised by their tolerance to soil 

pH - a calcicole is a species that is limited to, or more abundant on, alkaline 

calcareous soils and in contrast, a calcifuge species is limited to, or more abundant 

on, acidic soils (Jeffrey, 1987). Consequently, ecological theory would hypothesize 

that these two ‘guilds’ of species should exhibit a segregated co-occurrence pattern 

at both community and species pair-wise scales of observation. However, no 

research has investigated the pair-wise co-occurrence patterns of calcicole and 

calcifuge species, in situ, in a community where they form an intimate, multispecies 

sward. In addition, no research has examined the traits of calcicole and calcifuge 

species and associated these with any non-random co-occurrence patterns.  

The aim of this chapter is to assess the effects of the spatial scale on co-occurrence 

patterns at both a community level and between individual species pairs. Key 

emphasis is placed on the calcicole and calcifuge species present within the chalk 

heath community; establishing the pair-wise co-occurrence patterns of calcicole and 

calcifuge species at different spatial scales will provide a baseline understanding of 

the spatial patterns of these groups of species within the chalk heath community. 

Through the use of null model analysis, any evidence of non-random co-occurrence 

patterns, including the identification of aggregated (positive) and/or segregated 

(negative) species pairs, will address the following questions: 
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• How do co-occurrence patterns change with spatial scale at both a 

community scale and for specific pair-wise associations?  

• Is there any evidence of intra-guild aggregation of calcicole or calcifuge 

species at any spatial scale?  

In addition, trait clusters identified in Chapter 3 (see Appendix D Figs D.1, D.2, D.3, 

D.4 & D.5) will be employed to evaluate the following questions: 

• Are the species identified within the non-random aggregated and segregated 

species pairs from the same trait guilds (clusters), or from different trait guilds 

(clusters)?  

• Does this pattern change with the scale of observation?  

A review of the limitations of scale when employing null model analysis will also be 

discussed.  

 

4.2 Methods 

4.2.1 Vegetation data 

Data were collected in June 2008, using a stratified random sampling design. A total 

of 80 nested quadrats were sampled, 20 within each sampling area. Four spatial 

scales were sampled within each nested quadrat: point (0.04cm2), 10cm (100cm2), 

20cm (400cm2) and 40cm (1600cm2) (Figure 4.1). Since a species present at one 

scale of observation would also be present in all larger scales, the nested design 

enabled a direct comparison between spatial scales (Smith et al., 1986, Sandel and 

Smith, 2009). The percentage cover for each vascular plant was estimated for the 

three larger spatial scales and the species touching the point were recorded for the 

point scale.  
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Figure 4.1.  Nested sampling blocks illustrating the stratified random sampling 

design and the location of the four sampling areas in relation to the Thomas transect. 

Within each sampling area 20 random nested quadrats were placed (x) - the nested 

quadrat design involved four scales of measurement (point, 10cm, 20cm and 40cm 

quadrats). 

 

4.2.2 Data analysis 

In order to evaluate the co-occurrence patterns within the chalk heath community, 

first each sampling scale (point, 10cm, 20cm & 40cm) was analysed separately 

using community-based metrics; then a species pair-wise approach was undertaken 

to identify any non-random species pairs that may differ between the four sampling 

scales. For null model analysis, the data were arranged into four presence-absence 

matrices one for each scale within the nested quadrat design, with each matrix 

containing 80 quadrats.  

 

4.3 Results 

A total of 55 vascular plant species were identified within the nested quadrats; 10 

calcicole species, 8 calcifuge species and 37 species with neutral affinities to soil 

pH. At the point spatial scale, all 8 calcifuge species identified at the 40cm spatial 
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scale were present, but only 70% of the calcicole species and 62% of the neutral 

species were determined. At the 10cm scale, the number of calcicole species 

increased to 8 (80%), yet only 78% of the neutral species had been identified. At the 

20cm spatial scale, the number of calcicole species remained the same, however, 

91% of neutral species had been revealed. 

 

4.3.1 Co-occurrence patterns 

The results of the co-occurrence analysis varied with the spatial scale under 

observation and the co-occurrence index used (Table 4.1). The Checker index 

revealed a consistent pattern at each spatial scale, indicating a tendency towards 

segregation at all four scales although results were only significant at the three 

smallest scales (point, 10cm and 20cm). In terms of the C-score index, results were 

less consistent when the spatial scale was altered. The smallest scale (point) was 

the only matrix to reveal a significant tendency towards segregation but this 

significance was not upheld when comparing all spatial scales together (Z-score).  

 

 

  Point 10cm 20cm 40cm 

C-score 

Observed index 
Expected index 
P value 
Z-score 

41.43 
39.84 
≤ 0.05 
1.82 

65.75 
66.92 

n/s 
-1.09 

71.46 
72.90 

n/s 
-1.34 

79.47 
78.74 

n/s 
0.68 

Checker 

Observed index 
Expected index 
P value 
Z-score 

453.00 
429.36 
≤ 0.01 
2.69 

460.00 
435.90 
≤ 0.01 
2.46 

481.00 
455.25 
≤ 0.01 
2.48 

441.00 
434.26 

n/s 
0.61 

Table 4.1.  Plant community co-occurrence analysis for each spatial scale, including 

observed and simulated (expected) metrics, significance (P value) and Z-score. 

 

In total 73 different species pairs were identified within all four spatial scales, 33 

indicating aggregation and 40 indicating segregation (Figure 4.2, Figure 4.3, Figure 

4.4 & Figure 4.5).  
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Figure 4.2.  Point spatial scale significant species pairs indicating aggregated 

(positive associations) (n = 6) and segregated (negative associations) (n = 6). See 

Appendix B for species abbreviations. 
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Figure 4.3.  10cm spatial scale significant species pairs indicating aggregated 

(positive associations) (n = 9) and segregated (negative associations) (n = 8). See 

Appendix B for species abbreviations. 
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Figure 4.4.  20cm spatial scale significant species pairs indicating aggregated 

(positive associations) (n = 10) and segregated (negative associations) (n = 13). 

See Appendix B for species abbreviations. 
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Figure 4.5.  40cm spatial scale significant species pairs indicating aggregated 

(positive associations) (n = 17) and segregated (negative associations) (n = 25). 

See Appendix B for species abbreviations.  
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Seventeen species pairs were upheld between two or more spatial scales, 59% 

indicated segregation and 41% aggregation (Table 4.2). All non-random species 

pairs upheld at different spatial scales revealed the same co-occurrence pattern i.e. 

if a significantly aggregated or segregated species pair was identified between two 

species at one spatial scale, then the same significant association was found at the 

other spatial scale(s). However, results indicate that a significantly aggregated or 

segregated species pairing at one spatial scale may well be identified as being 

randomly (non-significantly) associated at a different spatial scale. The only species 

pair upheld at all four spatial scales was a segregated pairing between the calcifuge 

Teucrium scorodonia and the calcicole Sanguisorba minor.  

With the exception of the aggregated pairing between the calcifuge species 

Veronica officinalis and the calcicole Thymus pulegoides, all species pairs involving 

a calcifuge species were segregated (negative), whether paired with a calcicole, 

another calcifuge, or a species with neutral tendencies to soil pH (Table 4.2). 

Species pairs involving either two calcicole species, or a calcicole species and a 

neutral species, were predominantly aggregated (positive). The calcicoles 

Sanguisorba minor and Fillipendula vulgaris both displayed segregation when 

paired with a calcifuge species, yet aggregation when paired with another calcicole 

or a species with neutral tendencies to soil pH (the exception being the segregated 

pairing between Filipendula vulgaris – Thymus pulegioides). Erica cinerea and 

Teucrium scorodonia were the most common calcifuge species identified in the 

species pairings, Filipendula vulgaris and Sanguisorba minor the most common 

calcicole species identified in pairings and Plantago lanceolata and Carex flacca the 

most common neutral species identified in the pair-wise analysis. 

At each increasing spatial scale, and for both aggregated and segregated species 

pairs, the number of new non-random pair-wise associations is greater than the 

number of non-random species pairs that are maintained between increasing spatial 

scales. In addition, the number of non-random pair-wise associations that are lost 

by increasing the spatial scale is greater than the number of non-random species 

pairs maintained at each spatial scale (for both aggregated and segregated species 

pairs) except for segregated species pairings between the 20cm and 40cm scale 

where the number maintained is slightly greater than the number lost between these 

spatial scales.  
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Species pairs Point 10cm 20cm 40cm 

 Calcifuge - calcicole     

  Calluna vulgaris - Sanguisorba minor S*    

  Erica cinerea - Filipendula vulgaris   S*  

  Erica cinerea - Sanguisorba minor S** S**   

  Erica cinerea - Viola hirta   S*  

  Rumex acetosella - Filipendula vulgaris   S*** S*** 

  Rumex acetosella - Sanguisorba minor    S** 

  Rumex acetosella - Viola hirta    S** 

  Teucrium scorodonia - Filipendula vulgaris   S** S*** 

  Teucrium scorodonia - Sanguisorba minor S** S* S** S* 

  Veronica officinalis - Thymus pulegioides A***    

 Calcifuge - calcifuge     

  Agrostis capillaris - Veronica officinalis S*    

  Calluna vulgaris - Erica cinerea    S* 

 Calcicole - calcicole     

  Filipendula vulgaris - Sanguisorba minor  A** A** A** 

  Filipendula vulgaris - Thymus pulegioides  S**   

 Calcifuge - neutral     

  Erica cinerea - Plantago lanceolata  S*** S*  

  Potentilla erecta - Carex caryophyllea   S*** S*** 

  Potentilla erecta - Ranunculus bulbosus   S* S** 

  Teucrium scorodonia - Carex flacca   S* S* 

  Teucrium scorodonia - Plantago lanceolata   S*** S* 

 Calcicole – neutral     

  Viola hirta - Plantago lanceolata A*   A** 

  Sanguisorba minor - Plantago lanceolata  A** A* A* 

 Neutral – neutral     

  Agrostis stolonifera - Arrhenatherum elatius   A** A**  

  Agrostis stolonifera - Succisa pratensis   A*** A*** 

  Carex flacca - Carex caryophyllea  S*** S***  

  Galium verum - Leontodon hispidus  A* A*  

  Veronica chamaedrys - Holcus lanatus   A* A** 

Table 4.2.  Significant species pairs between calcifuge and calcicole species, 

including species pairs identified at more than one sampling scale. Stars denote 

significance level  * ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001, aggregated (positive association) 

(A), segregated (negative association) (S), random associations left blank. 

 

Increasing the spatial size of the quadrat from the scale of a point to 40cm, resulted 

in a gain of 17 additional species. Six of these additional species are involved in 

nine significant pair-wise associations (7 aggregated and 2 segregated) that are 
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identified at the 20cm and 40cm scales (Table 4.3).  The point scale was the only 

spatial scale whose rarefaction curve did not level out, thus indicating that more than 

80 point quadrat samples are needed in order to record many of the rarer species 

within the chalk heath community (see Appendix C); nonetheless, only ten additional 

species were recorded as a result of increasing the spatial scale from 10cm to 40cm 

(Table 4.3).  

Increasing the spatial scale of the quadrats resulted in the detection of three 

additional calcicole species and the identification of three pair-wise associations 

involving calcicole species. All three of these pair-wise associations were with a 

neutral species and were detected at the 40cm spatial scale, two were segregated 

and one aggregated (Table 4.3). In contrast, no additional calcifuge species, nor 

pair-wise associations involving calcifuge species, were detected with increasing 

the quadrat size from the point scale to 40cm. 

 

Scale Additional species recorded 
Pair-wise association 

10cm 20cm 40cm 

10cm Fragaria vesca 

Hippocrepis comosa * 

Luzula campestris 

Prunella vulgaris 

Senecio jacobaea 

Taraxacum sect. ruderalia 

Trifolium pratense 

 A 

 

 

 

 

A 

 

 

S* 

 

 

 

 

20cm Centaurea nigra 

Crataegus monogyna 

Euphrasia nemorosa 

Glechoma hederacea 

Quercus robur 

 2xA 2xA 

S* 

40cm Brachypodium pinnatum* 

Briza media  

Cirsium acaule* 

Leucanthemum vulgare 

Polygala vulgaris 

  A* 

Table 4.3.  Additional species gained at each increasing spatial scale, indicating 

any pair-wise associations detected. Aggregated (positive associations) (A), 

segregated (negative associations) (S), random associations left blank. Bold and * 

indicate a calcicole species or a species pairing with one. There were no new 

calcifuge species or significant species pairs identified with increasing spatial scale.  
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4.3.2 Traits and pair-wise co-occurrence patterns 

The majority of both aggregated and segregated species pairs contained two 

species from different clusters (groups/niches) when ‘All traits’ were considered 

(Figure 4.6). This pattern is upheld for both aggregated and segregated species 

pairs when traits relating to reproductive success are analysed; however, when only 

life-form traits are considered the majority of both aggregated and segregated 

species pairs contained two species from the same cluster (group/niche). In terms 

of environmental characteristics (Ellenberg Indicator values for light, moisture and 

fertility), the majority of aggregated species pairs contained two species from 

different clusters (groups/niches) whereas the majority of segregated species pairs 

contained two species from the same cluster (group/niche).  

Scale does not appear to influence whether a species came from the same cluster 

or not for aggregated species pairs for any trait combination. In terms of segregated 

species pairs, the proportion of pair-wise associations involving two species from 

the same cluster decreased with increasing spatial scale for traits relating to 

reproductive success and environmental characteristics; however, when life-form 

traits were considered for segregated species pairs, the proportion of pair-wise 

associations involving two species of the same cluster increased with increasing 

spatial scale.  

The scale dependency evident within the co-occurrence patterns of the chalk heath 

can be seen to enrich the ecological understanding of chalk heath communities 

since empirical information was gained at each spatial scale observed. New species 

identified by increasing the spatial scale (from point to 40cm) accounted for less 

than 7% of the species pairs identified within the community at all scales (2% at the 

10cm spatial scale, 4% at the 20cm scale & 1% at the 40cm spatial scale).  
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a) 

 

 

b) 

 

Figure 4.6. The proportion of significant species pair-wise associations at each 

spatial scale which have species with similar/different niches (same/different trait 

cluster).  a) aggregated species pairs, b) segregated species pairs. Species pairs 

with species from within the same cluster (black), species pairs with species from 

different clusters (grey). See Appendix D (Figures D.1, D.2, D.3, D.4 & D.5) for 

species cluster dendrograms. See Table 3.2  for details of traits analysed. 

 

4.4 Discussion 

Within the chalk heath community, adopting a multi-scaled sampling scheme has 

demonstrated that the fine-grained co-occurrence patterns of vascular plant species 
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change when the spatial scale is altered. In addition, only a low proportion of the 

non-random species pairs identified at one spatial scale were identified at other 

spatial scales, thus illustrating the scale dependence of co-occurrence patterns. 

Interestingly community indices revealed a tendency towards a segregated 

community structure; yet when specific species pairs are identified, the number of 

segregated species pairs is equal to or only slightly larger than the number of 

aggregated species pairs.  

 

Results have shown that spatial scale plays a fundamental role in determining the 

species co-occurrence patterns that can be identified within the chalk heath 

community, both in terms of the community as a whole and when non-random 

species pairs are identified. In terms of community indices, the chalk heath exhibited 

less species co-occurrence than expected by chance (i.e. segregation) at only the 

smaller spatial scales. Similar results have been reported for community co-

occurrence patterns in natural grasslands at nested scales of 0.01m2, 0.25m2 and a 

landscape scale of 10000m2  (Reitalu et al., 2008); in lawns at nested scales of 

0.0157m2 and 0.1444m2 (Watkins and Wilson, 1992) and temperate forests at 

spatial scales ranging from 25m2 to 10000m2 (Zhang et al., 2009); Within these 

studies the data were recorded within quadrats at the smaller scales of observation 

and quadrats were combined to provide data for the larger scale analysis. In studies 

where data are combined, the number of quadrats decreases with increasing spatial 

scale and so any loss of significant non-random co-occurrence patterns at larger 

spatial scales could partly be due to the fact that there were fewer quadrats at these 

larger spatial scales (Watkins and Wilson, 1992).  

This study employed an equal number of nested quadrats at each spatial scale 

(n=80); which is rare in spatial scale studies (Sandel and Smith, 2009), as most 

commonly scale-dependence is measured within a contiguous nested design and 

data combined for larger spatial scale analysis (Watkins and Wilson, 1992, Dullinger 

et al., 2007, Reitalu et al., 2008, Maestre et al., 2009, Zhang et al., 2009, Morgan 

and Farmilo, 2012, Petit and Fried, 2012, Segurado et al., 2012). As this study 

employed an equal number of quadrats at each spatial scale it can be seen to 

provide a more unambiguous comparison of co-occurrence patterns between 

spatial scales.  
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In terms of specific pair-wise patterns of co-occurrence, the majority of species 

pairings identified between a calcifuge and a calcicole species revealed negative 

associations and a tendency to co-occur less often than expected by chance. 

Ecological theory would suggest that species from different guilds should reveal 

negative associations, whereas species within the same guild would reveal positive 

associations (Azeria et al., 2011). Results demonstrate that calcifuge species co-

occur less often with other species within the chalk heath community (whether 

paired with a calcicole, another calcifuge species or a species with neutral 

tendencies to soil pH). Certain calcifuge species such as Calluna vulgaris and Erica 

cinerea have been documented as acidifying the soils beneath their crowns (Grubb 

et al., 1969, Grubb and Suter, 1971) and accordingly, soil acidification could be 

proposed as a mechanism influencing the negative associations involving these 

species.  

Contrary to the suggestions of Grubb et al. (1969), intra-guild aggregation was not 

prevalent at any spatial scale investigated. The species pairing between Filipendula 

vulgaris – Sanguisorba minor, was the only species pair identified between two 

calcicoles that indicated a tendency to co-occur more often than expected by 

chance; this species pairing was upheld over the 3 larger spatial scales. In terms of 

traits and environmental characteristics studied within this thesis, both Filipendula 

vulgaris, and Sanguisorba minor have similar life-form traits and environmental 

characteristics (Appendix D, Figures D.2 & D.4) but differ when traits relating to 

reproductive success and when ‘All traits’ are analysed (Appendix D, Figure D.3 & 

D.1). Differences in rooting depth within the chalk heath could explain the 

aggregated co-existence of these two calcicole species within the chalk heath 

sward; Grubb et al. (1969) determined that the root system of Filipendula vulgaris 

was predominantly horizontally distributed within the upper (and more acidic) 10cm 

of the soil profile, whereas the root system of Sanguisorba minor penetrated deep 

into the chalk bedrock (circa. a depth of 30cm). No two calcifuge species were 

identified as being positively associated within the chalk heath sward.   

The negative (segregated) species pairing between the calcifuge Teucrium 

scorodonia, and the calcicole Sanguisorba minor was the only species pair to be 

upheld at all four spatial scales. In terms of traits and environmental characteristics 

studied within this thesis, both Teucrium scorodonia, and Sanguisorba minor have 
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similar life-form traits and environmental characteristics (Appendix D, Figures D.2 & 

D.4), but differ when traits relating to reproductive success and when ‘All traits’ are 

analysed (Appendix D, Figure D.3 & D.1). When other traits are considered, both 

species are polycarpic perennials and can be regarded as having some similar 

functional or ecological tendencies, for example: similar establishment strategies 

(both are intermediate between stress-tolerant and C-S-R), both species are 

associated with infertile and relatively undisturbed communities including 

carboniferous limestone substrata, and have overlapping distributions in the UK 

(Grime et al., 2007, Stace, 2010). Despite being identified as a calcifuge and 

calcicole, both species have overlapping soil pH ranges (Teucrium scorodonia: pH 

4-5 and >7; Sanguisorba minor: pH 5-8) (Grime et al., 2007). Furthermore, 

differences in phenology, canopy structure/height and regenerative strategies could 

enable both species to tolerate the ecological conditions within the chalk heath 

community through means of niche differentiation (Polechová and Storch, 2008). 

Differences in their requirements for germination and soil moisture content, together 

with nutrient constraints and differing regenerative strategies, could explain the 

segregated species pairing that was determined at each spatial scale between these 

two species (Hill et al., 1999, Grime et al., 2007). 

Interestingly, niche differentiation (the tendency for co-existing species to differ in 

their niche requirements) dominated the trait analysis of the significant pair-wise 

associations for both aggregated and segregated species pairs. As would be 

expected from ecological theory, niche differentiation was evident within the majority 

of aggregated species pairs, at all spatial scales, and for all trait combinations 

except in terms of life-form traits; ecological theory predicts that species with 

different traits/niches would exhibit an aggregated pattern of co-occurrence. 

However, contrary to ecological theory, niche differentiation was also evident within 

segregated species pairings; however, niche differentiation only dominated the 

pairings when ‘All traits’ and traits relating to reproductive success were evaluated. 

In terms of both life-form traits and environmental characteristics, the species within 

most of the segregated species pairings were similar in terms of niche requirements; 

and for both traits combinations the proportion of species with the same niches 

either increased (life-form) or decreased (environmental characteristics) with scale. 

Similarities in environmental characteristics (light, moisture and fertility) are 
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prevalent at all scales however the proportional dominance of similarities decreased 

with increasing spatial scale suggesting that the finer the scale of observation the 

more influential the environmental niche of the species appears to be within the 

chalk heath community. 

Increasing the spatial scale, from a point scale to a 40cm quadrat scale, bestowed 

a combination of losses, and of gains, in specific species pairings within the chalk 

heath community. In addition, the majority of non-random species pairs identified at 

each spatial scale were not determined at other spatial scales investigated. Only 

23% were upheld at two or more spatial scales, indicating that the detection of non-

random species pairs is scale-dependent within the chalk heath. Consequently, the 

transferability of any species pairs across spatial scales appears to be impractical 

(Turner et al., 1989, Azeria et al., 2009).  

Consideration is therefore needed between how much information is gained by 

increasing the spatial scale when compared to the extra work employed to get this 

additional data; accordingly, there is a balance between what is ideal and what is 

practical (Podani et al., 1993).  In terms of the chalk heath community, it could be 

suggested that the point spatial scale is adequate for identifying community co-

occurrence patterns, albeit more than 80 point quadrats are needed if rarer species 

and additional species pairs are to be identified (Podani et al., 1993).  

However, when specific species pairs were identified within the chalk heath 

community, the smaller spatial scales provided limited information; only 12 non-

random species pairs were determined at the point scale compared to 42 non-

random species pairs at the 40cm spatial scale. There is a lack of vegetation studies 

detailing how specific pair-wise associations alter with spatial scale (Götzenberger 

et al., 2011, Weiher et al., 2011), particularly at the fine-grained scale investigated 

within this study; nonetheless, Podani et al. (1993) postulated that small spatial 

scales, such as the point scale, are in general inadequate for accurately 

representing frequencies of species associations. Methods for estimating an ideal 

spatial scale (Jonsson and Moen, 1998), and incorporating spatial scale as a factor 

(Sandel and Smith, 2009), have been suggested but have not been sufficiently 

tested within vegetation datasets (Weiher et al., 2011).  



Chapter 4 – The effects of spatial scale on co-occurrence patterns 103 

Since vascular plant species are non-motile, interactions are primarily with close 

neighbours whose spatial distribution can influence the intensity of competition 

experienced (Wang et al., 2010). Plants that encounter high levels of competition 

are unable to leave the environment and as a result, the interactions between 

immediate neighbours are considered most important (Rauschert et al., 2012). At 

the spatial scale of a point such fine-scaled pair-wise species associations can be 

identified and any subjective errors removed, as only presence is recorded 

(Thomas, 1963, Waite, 2000).  

Nevertheless, more species pairs were determined at the larger spatial scales and 

although no consistent patterns in species pairings were identified between spatial 

scales, it could be argued that identifying the greatest number of species pairs is 

more appropriate for understanding the co-occurrence patterns within the chalk 

heath community. It must be noted that within this study the largest scale (40cm = 

0.16m2) is still considered a fine-scaled sampling size for vegetation; conventionally 

grasslands are studied at a spatial scale of 1m2 (Reed et al., 2009) and within the 

UK, the Joint Nature Conservation Committee (JNCC) recommend 4m2 quadrats for 

short herbaceous vegetation and dwarf-shrub heaths (Rodwell, 2006). However, 

spatial scales of this size have been proven to have limited ability in identifying any 

significant co-occurrence patterns within herbaceous communities (Tofts and 

Silvertown, 2000, Götzenberger et al., 2011, Weiher et al., 2011) and since the main 

focus of this research was to identify co-occurrence patterns within the chalk heath 

community at Lullington Heath NNR, quadrat sizes smaller than 1m2 were sampled 

in order to identify biotic interactions and control for habitat heterogeneity.  

 

4.5 Conclusions 

A central question in community ecology is how the scale of observation influences 

the description of the resulting patterns (Levin, 1992). Employing a multi-scaled 

sampling scheme has enabled co-occurrence patterns to be identified at a number 

of scales and has illustrated how such patterns alter with the spatial scale observed. 

Species co-occurrence patterns within the chalk heath community were identified 

as being scale dependent and only a few consistent patterns were determined 

between spatial scales for specific species pairs. At a community level, consistent 
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patterns of co-occurrence were identified when the number of species that never 

co-occur was identified, yet when the tendency for species to co-occur was 

calculated, no consistent patterns could be determined.  

Intra-guild aggregation, of either calcicole or calcifuge species, was not prevalent 

within the chalk heath sward at the spatial scales investigated. However, segregated 

species pairs were detected between a calcifuge and a calcicole species at all 

spatial scales. Subsequently, the ‘intimate’ mixture of calcicoles and calcifuges that 

conventionally describes chalk heath communities (Thomas, 1960b, Grubb et al., 

1969, Denyer et al., 2010) cannot be considered ‘intimately’ associated at the fine 

spatial scales investigated within this study.   

The scale dependency of co-occurrence patterns, particularly in terms of the 

identification of specific species associations, is an area within vegetation ecology 

that warrants increased attention (Weiher et al., 2011, McNickle et al., 2018). 

Results identified for the chalk heath community emphasise the general importance 

of spatial scale when identifying specific pair-wise associations.  Results also 

support the concept that processes that produce the co-occurrence patterns of 

vascular plant species within a community act at different spatial scales. Chapter 5 

and 6 will further assess the structure of the chalk heath community in terms of co-

occurrence patterns at additional spatial scales; Chapter 5 evaluates temporal 

variations using a point-quadrat frame at an approximate spatial scale of 250cm2, 

whereas Chapter 6 investigates the effects of past management using 5cm quadrats 

(25cm2). Any final recommendations about the appropriate scale for assessing chalk 

heath communities will be discussed in Chapter 7 (Discussion).  
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5 A temporal evaluation of the chalk heath 

community. 

 

5.1 Introduction 

The concept that communities are dynamic systems was proposed over a century 

ago by early ecologists such as Darwin (1859) and Clements (1916) who recognized 

that communities were not static entities but associations of species that can change 

through time as well as through space (Pickett, 1989, Magurran et al., 2010). Both 

temporal and spatial variation in communities can be a result of direct responses to 

abiotic factors or an indirect response to biotic factors such as the abundance and 

the occurrence of other species. Temporal changes are typically identified through 

the use of long-term studies that assess biotic variations in ecological communities 

in terms of species diversity, frequency, abundances (Bennie et al., 2006), and more 

recently, co-occurrence patterns (Ulrich and Gotelli, 2012, Rooney, 2008).  

Long-term studies may identify factors within a community that cannot be identified 

through the application of short-term ‘snapshot’ studies (Magurran et al., 2010). 

Nonetheless, long-term studies in ecology are relatively rare when compared to the 

number of studies detailing spatial patterns (Magurran et al., 2010). This may be 

due to the hindrance of long-term studies by not only the intrinsic properties of the 

community under investigation, i.e. the longevity of the species and dynamics of the 

community but also by the constraints of anthropogenic research and funding 

(Callahan, 1984, Strayer et al., 1986, Pickett, 1989). The most notable example of 

long-term vegetation study is the Park Grass Experiment in Rothamsted (UK), 

established in 1856, it is the longest running ecological experiment in the world 

(Silvertown et al., 2006). The data collected from the Park Grass Experiment has 

ascertained the occurrence of ecological relationships not detectable by short-term 

studies. Such relationships include associations between nutrient availability and 

grassland diversity, the effects of soil acidification on grassland community 

structure, how community composition responds to nutrient additions and climatic 

variables, as well as identifying patterns of plant population dynamics related to life 

history (Silvertown et al., 2006).  
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In recent decades the value of long-term datasets has been identified through the 

recognition that these sorts of datasets can not only explain temporal changes such 

as succession or changes in management strategy but also identify any changes 

due to anthropogenic activities that are causing biodiversity loss as well as climate 

change (Gotelli et al., 2010). In 1980 the US National Science Foundation (NSF) 

established a Long Term Ecological Research Network (LTER) and in the 1990’s 

an international LTER (ILTER) was created (Robertson et al., 2012). In the UK, an 

Environmental Change Network was established in 1992 with the aim of monitoring, 

analysing and interpreting physical, chemical and biological data from a network of 

sites across the UK (Morecroft et al., 2009). These networks recognise the 

importance of long term research and promote collaboration among researchers at 

local, regional and global scales, with a view to improve comparability and facilitation 

of long-term research. 

A contemporary approach to the lack of long term ecological data is the synthesis 

of archived biological records with recent data whereby the re-sampling of sites can 

potentially reveal long term trends in vegetation (McCollin et al., 2000, Bennie et al., 

2006).  In essence, this approach can be seen to be a series of short term ‘snapshot’ 

surveys over a long-term period that is reliant on the original sites being located and 

comparable methodologies being used.  A potential limitation of this approach is that 

short-term variability in species composition may obscure any long term trends that 

may have been evident from a continuous long-term study. In addition, observer 

bias may present inconsistencies in interpretation, whereby original plots may not 

be precisely located, thus mistakenly assuming that species appear to have 

colonised or gone extinct from the site (Bennie et al., 2006). Nonetheless, this type 

of re-survey approach can potentially fill the gap associated with the lack of long-

term ecological knowledge of a community, habitat or species. 

The use of long-term intervallic re-surveys in vegetation studies have the advantage 

of encompassing time-scales that span many decades, enabling them to take 

account of the generation time of the dominant species, and as a result, possibly 

identifying important processes and/or patterns that structure the community. 

Quantifying trends in species abundance, richness, composition and co-occurrence 

patterns between time periods, can be seen as an important tool for forecasting 
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possible future scenarios as well as providing a baseline dataset for quantifying the 

nature and extent of community change (Buckland et al., 2005, Morecroft et al., 

2009).  

Conventional analysis of temporal ecological data, including intervallic re-survey 

studies, have used species frequency, richness, and composition to assess 

changes in vegetation between time periods. Such studies have employed abiotic 

factors (such as Ellenberg Values) and biotic factors (such as species traits and life 

strategies) in an attempt to identify the drivers of such change (Kahmen et al., 2002, 

Bennie et al., 2006, Keith et al., 2009, Duprè et al., 2010, McGovern et al., 2011, 

Newton et al., 2012). Temporal re-survey studies in acid, neutral and chalk 

grasslands, circa 25 to 70 years, identified that vascular plant species richness 

increased over time, particularly in terms of grass and rosette-forming species, as 

well as in the grass:forb ratio (Kahmen et al., 2002, Duprè et al., 2010, McGovern 

et al., 2011, Newton et al., 2012). However, Bennie et al. (2006) found that the 

average number of species decreased within the 40 year period encompassed by 

their study of chalk grasslands and determined that there had been a shift towards 

more mesotrophic grassland communities. Other temporal changes that have been 

documented include increases in grass species and tussock forming species, 

decreases in dwarf shrub species as well as smaller seed size in the seed bank 

(Kahmen et al., 2002, Duprè et al., 2010, Newton et al., 2012).  

A recent technique to identify temporal changes in community structure uses null 

model analysis to determine variation in species co-occurrence patterns (Sanders 

et al., 2003, Rooney, 2008, Gotelli et al., 2010). Rooney (2008) established that co-

occurrence patterns within the field layer of a temperate forest understory 

community remained stable through time (circa 50years) for both C-score and 

Checker indices (2 snapshot periods). However, using the C-score index, Sanders 

(2003) demonstrated that community co-occurrence patterns shifted from a 

segregated to aggregated pattern following the invasion of the Argentinean ant, over 

a six year period (surveyed every six months). The identification of specific species 

co-occurrence patterns can provide insight into species turnover processes, as 

dominant or consistent patterns of species aggregation or segregation can be 

detected through time (Ulrich and Gotelli, 2012). 
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During the last century, over 75% of chalk heath sites on the South Downs have 

been lost and the majority of remaining sites are at small scattered locations and 

are considered to be in unfavourable condition (Grubb et al., 1969, Natural England, 

2011, Natural England, 2010, Rackham, 2000). Despite the fact that Lullington 

Heath is considered the largest and best example of chalk heath in the UK it has 

undergone many changes over the past 60 years including scrub invasion and the 

subsequent management approaches implemented on the site (Rackham, 2000, 

Barnham and Stewart, 2005, Denyer et al., 2010). Ascertaining temporal changes 

within the chalk heath community and identifying how community structure, species 

composition and frequency have previously altered can be seen as important tool 

that can be used to infer how the community may alter under future environmental 

scenarios or changes in management strategy. 

The aim of this chapter is to identify, describe, and interpret long-term decennial 

changes in the vascular plant species patterns of the chalk heath community at 

Lullington Heath NNR.  Temporal variation in species composition, diversity, habitat 

descriptors (Ellenberg values) and co-occurrence patterns will be evaluated. In 

essence, a baseline record of decennial co-occurrence patterns will be produced 

which could potentially assist in the future conservation and management strategies 

of chalk heath communities. Key emphasis is placed on the calcicole and calcifuge 

species present within the chalk heath community.  

Through the use of diversity measures, habitat descriptors and null model analysis, 

any evidence of decennial changes in species composition, diversity and non-

random co-occurrence patterns, will address the following questions: 

• How has species composition and diversity changed over the 43 year period 

surveyed?  

• Is there any evidence of non-random co-occurrence within the chalk heath 

community? 

• Have these co-occurrence patterns changed between sampling periods i.e. 

1962, 1974, 1993 & 2004? 
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5.2 Methods 

5.2.1 Vegetation data – The Thomas transect 

A 4385ft (1340m) permanent transect was erected across Lullington Heath NNR in 

1954 and iron posts were positioned 100ft (30m) apart along its entire length 

(Thomas, 1960b). The vegetation was sampled every 10ft (3m), 30ft (9m), 50ft 

(15m), 70ft (21m) and 90ft (27m) in each hundred-foot (30m) section along the entire 

length of the transect. Thomas (1960, 1963) used the standard point-quadrat frame 

(Brown and Jolly, 1954), with ten points/pins 5cm apart and each species that 

touched each point was recorded. For all analysis, the term ‘point-quadrat frame’ is 

used to refer to all vegetation data recorded on all ten pins within the frame. Thomas 

(1963) states ‘the ten point-quadrats on the frame, 5cm apart, give a fairly complete 

record of the plants growing on a strip about 54cm long and 10cm wide’; this would 

equate to a sampling area of 540cm2. However, a more pragmatic and realistic 

approach would be to delimit an area 2.5cm around each pin; as a result, for this 

thesis, the sampling area of each point-quadrat frame is considered to be a strip 

approximately 50cm x 5cm (250cm2). 

The first recording of vegetation along the transect was carried out in the spring of 

1954 before myxomatosis had reached the reserve. The transect was subsequently 

resurveyed twice a year for a period of eight years from 1954 to 1961. The results 

from Lullington Heath NNR, for this period, have been published by Thomas (1960a 

& 1963). The transect was successively re-surveyed in 1962 (August) and 1974 

(July) by the Nature Conservancy (now Natural England) and by Dr S Waite and 

colleagues (University of Brighton) in 1993 (July) and 2004 (July). As a result, these 

four ‘snapshot’ datasets comprise a valuable temporal record of vegetation data that 

spans a period of just over 40 years.  

The transect traverses the entire reserve, including the chalk heath community as 

well as chalk and mesotrophic grasslands and scrub (mainly Ulex europaeus) 

(Thomas, 1960b, Grubb et al., 1969) (Figure 5.1). For the purpose of this study, 

analysis was limited to the area of the transect which contains the chalk heath 

community, specifically the section between 1950ft (595m) and 3470ft (1060m), 

which has vegetation data for 77 point-quadrat frames.  
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Figure 5.1. Aerial view of Lullington Heath NNR showing the location of the Thomas 

transect (dashed line). The white line delimits the boundaries of the reserve. Taken 

from Google Earth 12/3/12. 

 

In 1962 the entire transect was surveyed, including and detailing all species that the 

transect traversed. In later years, point-quadrat frames dominated by Ulex 

europaeus, and other woody species, were recorded as scrub. As a result, any 

point-quadrat frame with only 100% abundance, i.e. all ten pins of the point-quadrat 

frame, recorded as Ulex europaeus, or Rubus fruticosus, were removed from each 

of the matrices prior to any further analysis. If a point-quadrat frame was recorded 

as having ten pins of either of these two species but also recorded another species 

on a particular pin then these were kept in the analysis. Any point-quadrat frames 

with no species recorded were removed from the datasets since these quadrats did 

not constitute empty sites where there would have been no species present but 

instead were empty due to the fact that scrub was recorded as the vegetation type 

in these quadrats. 

 

5.2.2 Data Analysis  

To assess any changes in species diversity between years the Shannon-Wiener 

and Simpson’s D indices were calculated. Confidence levels, standard error and 

significance between sampling periods were estimated using bootstrapping, 
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jackknifing and two-tailed randomisation tests respectively. Rank abundance 

distributions were produced to assess any disparities in the relative species 

dominance and/or the relative evenness of species distributions between each 

sampling period (Kent, 2011). Mean shift rank (MSR) and proportional persistence 

(PP) were also calculated for all species within the chalk heath sward (Collins et al., 

2008) Principal component analysis (PCA) was performed to illustrate any temporal 

patterns of variation within the floristic composition of the chalk heath community. 

For the diversity, rank abundance, mean shift rank and proportional persistence 

analyses the data was arranged into a frequency matrix with species as rows and 

four columns (one for each sampling period); the frequency of a species was 

identified as the number of individual pins that a species touched within each point-

quadrat frame; as a result, the maximum frequency for any particular species would 

be 770 (10 pins x 77 point-quadrat frames).  For the PCA analysis, the data was 

arranged as one large presence/absence data matrix with all 215 point-quadrat 

frames as rows and species as columns.  

In order to assess any possible temporal changes in environmental variables, 

Ellenberg values for British plants (Hill et al., 1999, Roy et al., 2000) were used to 

calculate weighted means (and standard deviations) for all species for each 

sampling period. The indices used were light (L), soil moisture (F), reaction/pH (R) 

and nitrogen/fertility (N). 

In order to evaluate co-occurrence patterns within the chalk heath community, first 

the community as a whole was analysed and then a species pair-wise approach 

was undertaken to identify any non-random species pairs that may contribute to the 

general pattern exhibited by the community null model approach. For null model 

analysis, four species presence/absence data matrices were produced, one for each 

sampling period (year).  

 

5.3 Results 

The 1950ft to 3470ft (595m to 1060m) section of the transect contains 77 point-

quadrat frames. Table 5.1 details for each year, data for the number of quadrats 

kept for analysis, the number of quadrats removed from the analysis, as well as the 
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number of species used in the analysis. Within all 4 years, 89 different species were 

recorded along the chalk heath section of the transect. The average number of 

species per point-quadrat remained relatively constant through sampling periods.  

 

 1962 1974 1993 2004 

Number of quadrats not included in analysis 16 54 19 4 

Number of quadrats analysed 61 23 58 73 

Total number of species 49 33 54 65 

Average number of species per point-quadrat frame  8 9 9 8 

Table 5.1. The number of point-quadrat frames and species included each year for 

analysis. 

 

5.3.1 Species composition and diversity through time 

Diversity indices for each year revealed a general trend of increased diversity 

through time (Figure 5.2). The Shannon-Wiener index indicated a significant 

increase in diversity between each sampling period except between 1962 and 1974. 

In contrast, the Simpson Index indicated a significant increase in diversity between 

each sampling period except between 1974 and 1993.  

Multivariate analysis using Principal Component Analysis (PCA) was performed to 

describe any changes or variations in the floristic composition of the chalk heath 

community between re-survey periods (Figure 5.3). Abundances of the calcicole 

forb species Fillipendula vulgaris and Sanguisorba minor, as well as the grasses 

Festuca rubra, Helictotrichon pratense and Koeleria macrantha, can be seen to 

influence the distribution of point-quadrats along Axis 1. Whereas, abundances of 

the calcifuge grass species Festuca ovina, forbs species Plantago lanceolata, 

Galium saxatile, Leontodon hispidus and the shrub Ulex europaeus, can be seen to 

influence positioning along Axis 2.  

The rank abundance distributions (Figure 5.4) indicate that although the dominant 

species rankings do not remain constant through time, a Festuca species is in the 

top four each year, and Agrostis capillaris is in the top five most abundant species 

each year. The calcicoles Filipendula vulgaris and Sanguisorba minor were both top 

4 rankings in 1962 and 1974 but dropped to a more middle ranking in later years. In 

most years, the calcifuge species Calluna vulgaris is a mid-ranked species within 
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the community, except 1974 when it was 6th from bottom rank. In contrast, the 

calcifuge species Erica cinerea was a mid-ranked species in all years except 2004 

when it was ranked 4th in the community. Teucrium scorodonia, another calcifuge 

species, was not recorded on the transect in 1962, but in each subsequent survey, 

its ranking increased from 17th (1974) to 7th in 2004.  For all species within the sward, 

mean rank shifts (MSR) indicate on average there was no change in species 

rankings between re-survey dates and that the proportional persistence (PP) of 

species within the sward remained fairly constant through time.  
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Figure 5.2.  Diversity indices a) Shannon-Wiener, b) Simpson’s D. Also shown are 

95% bootstrapped pointwise confidence intervals obtained by resampling species 

(vertical error bars). Half matrices indicate significant differences between sampling 

periods. 
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Figure 5.3.  Biplot of the temporal chalk heath data from Principal Component 

Analysis (PCA). Quadrats are represented as 1962 ( ), 1974 ( ), 1993 ( ), 2004   

( ); species are represented by biplot arrows. Ellipses enclose 90% of the quadrats 

within each sampling period. Axis 1 accounts for 4.56% of Variance, Axis 2 = 4.25%, 

cumulative % of variance = 8.81. See Appendix B for species abbreviations. 

(Original in colour). 
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Figure 5.4. Rank abundance distributions  a) 1962, b) 1974, c) 1993 & d) 2004. The top ten species within each sampling period are 

indicated as well as calcicole and calcifuge species. See Appendix B for species abbreviations. 
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No significant temporal changes were identified in terms of the weighted mean 

Ellenberg indicator values for light, moisture, reaction, nitrogen and salt (Figure 5.5). 

 

a) 

 

b) 

 

 

c) 

 

d) 

 

 
 

Figure 5.5. Weighted mean values (and standard deviation) for Ellenberg Indicator 

Values. a) Light, b) Moisture, c) Reaction & d) Nitrogen.  

 

In terms of species turnover, the following temporal trends were identified within the 

chalk heath community: a decrease in the rate of species loss between survey 

dates, an increase in the number of new species and an increase in the number of 

species still present within sampling periods and an increase in the number of 

species still present within sampling periods. (Figure 5.6). Between 1962 and 2004, 

12 species were lost, 36 species remained, and 29 new species were identified 

along the transect.  
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Figure 5.6. The number of species lost, gained or still present along the transect 

between consecutive sampling periods, including differences between the first and 

last year (1962 & 2004) for comparison. 

 

5.3.2 Co-occurrence 

The co-occurrence patterns for each year’s data varied depending on the index 

used. For each of the four years, the observed C-score was consistently lower than 

expected by chance, although it was only significantly lower for the years 1962, 1993 

and 2004 (Table 5.2). This indicates that species pairs on average co-occur more 

often than expected by chance for these three years implying the aggregation of 

species, whereas for 1974 the species showed a random co-occurrence pattern. 

The pattern for the observed Checker score (number of checkerboard pairs) showed 

much more variation in the co-occurrence patterns for each of the four years (Table 

5.2). The Checker index revealed that the number of species pairs that never co-

occur was significantly greater for 1962 and 1993 than expected by chance but 

significantly lower than expected by chance for 1974 and 2004. Calculating the Z-

score allowed for results from each year to be compared. Checker results showed 

significant aggregation in 1974 and 2004, and significant segregation in 1962 and 

1993. The Z-scores calculated from the C-Score index only showed significant 
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aggregation for 1962 and 2004, the other two years indicated aggregation but not 

significantly. 

 

  1962 1974 1993 2004 

C-score 

Observed index 

Expected index 

P value 

36.69 

38.04 

≤ 0.01 

7.21 

7.56 

n/s 

37.09 

38.03 

≤ 0.05 

34.45 

36.77 

≤ 0.001 

Z-score -2.68 -1.21 -1.83 -5.20 

Checker 

Observed index 

Expected index 

P value 

647.00 

615.76 

≤ 0.01 

211.00 

235.86 

≤ 0.01 

754.00 

696.52 

≤ 0.001 

1212.00 

1284.88 

≤ 0.001 

Z-score 2.67 -3.11 4.30 -4.67 

Table 5.2.  Plant community co-occurrence analysis for each year, including 

observed and simulated (expected) metrics, significance (P value) and Z-score.  

 

Non-random species pairs indicating both segregation and aggregation were 

identified for all years (Figure 5.7, Figure 5.8, Figure 5.9 & Figure 5.10), although 

for 1974 no significant segregated species pairs were identified (Figure 5.8). Overall 

123 non-random species pairs were identified within all the four survey years, 89 

revealed aggregation and 34 revealed segregation. There were eight different 

aggregated species pairs identified involving calcicole and/or calcifuge species, four 

calcicole - calcifuge, two calcicole - calcicole, and two calcifuge – calcifuge; in 

contrast, only two segregated species pairs were identified and both were between 

two calcifuge species. Calcicole species were involved in 29 species pairs that 

involved a neutral species, nine of which indicated segregation and twenty which 

indicated aggregation. A similar pattern was identified for species pairs between 

calcifuge and neutral species, wherein nine were identified as segregated and 

sixteen were identified as aggregated. Nearly a half of all pair-wise associations 

identified in the chalk heath section of the transect were between two species that 

were both considered neutral to pH (n=57), fourteen indicating segregation and 43 

indicating aggregation. In addition, 90% of the total number of non-random species 

pairs identified involved at least one neutral species. 

With the exception of the 1974 data, which only revealed two non-random species 

pairs, there was a general trend in the increased amount of non-random species 
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pairs through time (16 identified in 1962, 49 in 1993 and 56 in 2004). This pattern 

was mainly due to the increased number of significant aggregated species pairs 

through time (10 in 1962, 30 in 1993 and 47 in 2004).  

 
 
 

 
 

Ac mi                                  
Ag cn                                  
As cy                      

Cal v       
Fe ru       
Fi vu       
Ho la         
Ko ma         
Sa mi         
Ul eu         

 Cal 
v 

Fe 
ru 

Fi 
vu 

Ho 
la 

Ko 
ma 

Sa 
mi 

Su 
pr 

 

 

Br me             P ≤ 0.05     
Cal v             P ≤ 0.01     
Ca fl             P ≤  0.001     

Da gl                    
Da de                    
Fe ru                    
He pr                    
Ho la                    
Ko ma                    
Pi of                    
Po pr                                  
Sa mi                                  
Th po                                  
Ul eu                                  

 Ac 
mi 

Ag 
cn 

As 
cy 

Br 
me 

Cal 
v 

Ca 
fl 

Da 
gl 

Da 
de 

Fe 
ru 

He 
pr 

Ho 
la 

Ko 
ma 

Pi 
of 

Po 
pr 

Sa 
mi 

Th 
po 

Ul 
eu 

                

 

Figure 5.7. 1962 significant species pairs indicating aggregation (positive 

associations) (n=10) and segregation (negative associations) (n=6). See Appendix 

B for species abbreviations. 
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Figure 5.8. 1974 significant species pairs indicating aggregation (positive 

associations) (n=2) and segregation (negative associations) (n=0). See Appendix B 

for species abbreviations. 
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Figure 5.9. 1993 significant species pairs indicating aggregation (positive 

associations) (n=30) and segregation (negative associations) (n=19). See Appendix 

B for species abbreviations. 
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Figure 5.10. 2004 significant species pairs indicating aggregation (positive associations) (n=47) and segregation (negative 

associations) (n=9). See Appendix B for species abbreviations. 
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Eleven species pairs were identified as occurring in two out of four survey years, 

however, no species pairs were maintained over all four sampling periods (Table 

5.3). The segregated species pair Filipendula vulgaris and Ulex europaeus was 

upheld over three survey periods (1962, 1993 and 2004). For each re-survey period, 

the majority of species pairs involving a calcifuge and a calcicole species were 

identified as being randomly distributed within the community. No species pairs 

between calcifuge and calcicole species were identified in the early re-surveys 

(1962 & 1974), whether calcifuge-calcicole, calcifuge-calcifuge or calcicole-

calcicole. A limited number of species pairs were identified between a calcifuge and 

calcicole species, in the later re-surveys (1993 & 2004) (n=4); all indicate a positive 

association, and all involved a calcifuge grass species and a calcicole forb species. 

Non-random species pairs between two calcicole species revealed aggregation, 

whereas species pairs between two calcifuge species revealed both aggregated 

(positive) pairs and segregated (negative) pairs.  

The non-random species pair between the two calcifuges Anthoxanthum odoratum 

and Festuca ovina was identified as being segregated in 1993 but aggregated in 

2004; as a result the association between these two species cannot be ascertained 

from the data as although the association between these two species may have 

changed over the period, it could also be due to the fact that different people 

surveyed the transect during these two years and so there was possibly different 

sampling efforts or limitations involved. The effects of sampling efforts may also be 

the cause of the segregated species pairings identified in 2004 where all nine 

segregated pairs involved Ulex europaeus; 2004 was the only sampling period in 

which areas dominated by scrub (including the areas dominated by Ulex europaeus) 

were recorded as species names and not merely as ‘scrub’ (see  Section 5.2.1 for 

methodology & Table 5.1 for the number of point-quadrat frames not 

included/included in the analysis). As a result, the segregated species pairs 

identified in 2004 are included for information but not discussed in more detail as it 

could be caused by sampling biases. 

Festuca ovina and Anthoxanthum odoratum were the most common calcifuge 

species identified in non-random species pairs within the analysis; Filipendula 

vulgaris and Sanguisorba minor the most common calcicole species identified in 

non-random species pairs, and Ulex europaeus and Plantago lanceolata the most 
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common neutral species identified in non-random species pairs within the pair-wise 

analysis. 

 

Species pairs 1962 1974 1993 2004 

 Calcifuge - calcicole     

  Anthoxanthum odoratum - Filipendula vulgaris    A* 

  Anthoxanthum odoratum - Scabioisa columbaria   A*  

  Festuca ovina - Filipendula vulgaris   A*  

  Festuca ovina - Sanguisorba minor    A** A* 

 Calcifuge - calcifuge     

  Anthoxanthum odoratum - Festuca ovina   S* A* 

  Erica cinerea - Danthonia decumbens   A**  

  Festuca ovina - Teucrium scorodonia   S**  

 Calcicole - calcicole     

  Filipendula vulgaris - Sanguisorba minor   A*** A** 

  Medicago lupulina - Picris hieracioides   A***  

 Calcifuge - neutral     

  Festuca ovina - Ulex europaeus   S** S*** 

 Calcicole – neutral     

  Filipendula vulgaris - Plantago lanceolata   A** A* 

  Filipendula vulgaris - Thymus polytrichus   A* A* 

  Filipendula vulgaris - Ulex europaeus S*  S** S*** 

  Sanguisorba minor - Holcus lanatus S**  S**  

  Sanguisorba minor - Plantago lanceolata   A** A*** 

 Neutral – neutral      

  Pilosella officinalis - Briza media  A*   A*** 

  Pilosella officinalis - Plantago lanceolata  A* A*  

Table 5.3.  Significant species pairs between calcifuge and calcicole species, 

including species pairs identified in more than one sampling year. Stars denote 

significance level  * ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001, aggregated (positive association) 

(A), segregated (negative association) (S), random associations left blank. 
 

 

5.4 Discussion 

Decennial changes in species diversity, frequency, composition and co-occurrence 

patterns have been identified within the chalk heath community at Lullington Heath 

NNR between 1962 and 2003. Results illustrate not only the advantage of using 

multiple ‘snapshot’ re-surveys through time, but also the benefits of using a variety 

of analyses to describe patterns. The results highlight the value of adopting null 
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model analysis to detect evidence of temporal variation in terms of specific species 

pairs as well as for the community as a whole. The analysis showed that an increase 

in the number of non-random species pairs identified over time corresponded to an 

increase in the number of positive associations detected within each sampling 

period. Non-random species pairs that were identified as being upheld through time 

predominantly involved a neutral species together with either a calcifuge or calcicole 

species.  

 

5.4.1 Species composition and diversity 

The chalk heath data clearly indicates a shift in species composition, frequency and 

diversity through time. In addition, there was a tendency for the total number of 

species recorded along the transect to increase between re-survey periods. Fifty-

five percent of species recorded in 2004 were present in 1962. However, trends in 

the turnover of species within the chalk heath community can be identified and 

include: a decrease in the rate of species loss between survey dates, an increase 

in the number of new species and an increase in the number of species still present 

within sampling periods.  

Various vegetation studies have identified an increase in species richness between 

re-survey periods (Kahmen et al., 2002, Duprè et al., 2010, Kapfer, 2011, Newton 

et al., 2012) and others have identified a decrease in the average number of species 

between re-survey periods (Bennie et al., 2006). These studies all included only two 

snapshot periods in time. With respect to the Lullington Heath NNR data, both the 

total number of species and species diversity within the chalk heath community 

increased between each re-survey period; the only exception was the 1974 survey 

period which can most likely be explained by the fact it has considerably fewer 

quadrats (circa. 31% to 40%) compared to the other re-survey periods. However, 

changes in the frequency and diversity of species within the chalk heath community 

may possibly have been caused by differences in management over the re-survey 

periods (Grubb et al., 1969, Barnham and Stewart, 2005, Denyer, 2005). In the 

1960’s and beginning of the 1970’s, management mostly concentrated on reducing 

the encroachment of scrub within the site, and as no grazing was allowed on the 

site until the mid-1970’s, management was predominately by mechanical methods 
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such as mowing, which is unselective when compared to a herbivore grazing regime 

(Emery, 2000, Kahmen et al., 2002, Moog et al., 2002, Denyer, 2005). 

Within the chalk heath section of the transect, 13 calcifuge and 13 calcicole species 

were recorded; the majority of both groups of species were perennials, two are 

annuals (Hypochaeris glabra - calcifuge, and Medicago lupulina - calcicole) and two 

are biennials (Picris hieracioides and Bromopsis erecta – both calcicoles). Results 

detail the occurrence of annual and biennial calcicole species within the re-survey 

data between 1962 and 2004, thus demonstrating Grubb et al.’s (1969) theory that 

the regeneration of calcicole species by seed is possible, and occurring, within the 

acidic surface layer of the chalk heath soil.  

Temporal changes in mean weighted Ellenberg values were not detected for any 

Ellenberg factor for the chalk heath community. This result contrasts with the 

findings of other intervallic temporal studies that have re-surveyed sites containing 

archived biological records. For example, within European chalk and upland 

grasslands, circa 40 to 70 years, species composition in terms of Ellenberg factors 

have indicated more acidic, shaded, damper and fertile conditions (Bennie et al., 

2006, Duprè et al., 2010, Newton et al., 2012). In addition, analysis of UK 

woodlands, circa 70 year period, indicated more shaded and fertile conditions but 

no significant changes in soil pH or soil moisture content (Keith et al., 2009). The 

use of Ellenberg values within this study did not identify any drivers of temporal 

change or substantiate the temporal restructuring identified within the community by 

the diversity and co-occurrence analyses. Consequently, the use of diversity and 

co-occurrence analysis could be seen as more suitable approaches for illustrating 

dynamic change within the chalk heath community. 

The use of four re-survey periods has revealed decennial patterns and trends in 

species diversity, composition and frequency within the chalk heath community. In 

addition, variation between re-survey periods, for both species diversity and 

community structure, has illustrated the benefit of adopting a multiple ‘snapshot’ re-

survey sampling scheme; and has provided substantial insight into various long-

term community dynamics and patterns that would have been obscured if only data 

from two ‘snapshot’ periods (1962 and 2004) were analysed.   
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5.4.2 Patterns of co-occurrence 

5.4.2.1 Community co-occurrence 

Evidence of non-random co-occurrence was detected in the chalk heath community. 

The C-score revealed a tendency towards an aggregated community structure in all 

‘snapshot’ re-surveys, whether significantly different from random expectations or 

not. These results concur with findings from single ‘snapshot’ surveys, in which a 

tendency towards an aggregated community structure has been documented within 

alpine communities (Dullinger et al., 2007), temperate forests (Zhang et al., 2009), 

as well as in the meta-analysis of a range of taxa by Veech (2012a) and the meta-

analysis of eleven vegetation datasets by Götzenberger et al. (2011). In these 

studies, the majority of sites exhibited a co-occurrence pattern that was randomly 

structured, but in all sites, there was a tendency towards an aggregated pattern, 

whether significant or not. Götzenberger et al. (2011) established for plant 

communities, that significant non-random community structure was identified in 41% 

of all trials, with 71% indicating species facilitation or abiotic assembly and only 29% 

indicating patterns that could be attributed to competitive assembly.  

The Checker index measures in absolute terms whether a species pair forms a 

perfect checkerboard distribution and although the checker index revealed 

significant non-random co-occurrence patterns at each re-survey period, no 

consistent patterns could be identified between survey periods over the 40-year 

duration of this study. Consecutive re-survey periods indicated contrary significant 

co-occurrence patterns and accordingly, the chalk heath community could be seen 

to be segregated in 1962 and 1993 yet aggregated in 1974 and 2004. Zhang et al. 

(2009) determined no significant non-random co-occurrence patterns in terms of the 

Checker index within a temperate forest, whilst Carranza et al. (2010) documented 

segregated co-occurrence patterns in terms of the Checker index for benthic 

gastropods.  

The temporal restructuring of community co-occurrence patterns could be a result 

of the management history of the site since the arrival of myxomatosis in 1954. 

During the 1960’s, scrub encroachment was extensive and as no grazing by 

livestock was permitted on the reserve during this period, mechanical cutting 
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regimes were used to suppress the encroachment in the form of cutting rides 

through the scrub (Emery, 2000). Both the encroachment of Ulex europaeus and 

the mowing regime could be proposed as factors that have restructured the co-

occurrence patterns within the community. The reinstatement of a grazing regime in 

the mid-1970’s could also be suggested as a driver towards a return to significantly 

aggregated community patterns within later decades. Chapter 6 investigates the 

effects of past management of the site on present-day co-occurrence patterns within 

two areas of chalk heath with differing management histories.  

In terms of community-wide co-occurrence patterns, the use of four ‘snapshot’ 

periods in time identified co-occurrence patterns that would have been obscured if 

only data from two ‘snapshot’ surveys were analysed. Comparing just the re-surveys 

of 1962 and 2004, co-occurrence patterns would reveal falsely that in terms of C-

score, the community had remained stable (i.e.remained significantly aggregated) 

through time. In terms of the Checker index, the association would have been seen 

to have changed significantly from segregated to aggregated between these two 

periods but would have obscured the fluctuating changes in co-occurrence patterns 

that occurred within 1974 and 1993. Both temporal stability in co-occurrence 

patterns (Rooney, 2008) and temporal restructuring of community co-occurrence 

patterns (Sanders et al., 2003) have been documented. 

 

5.4.2.2 Species pairs 

Species pairs, revealing both aggregation and segregation, were identified for each 

re-survey period; yet despite a general trend in the increase in the number of specific 

species pairs through time, only 6% of species pairs were upheld between two or 

more re-survey periods. The use of null model analysis to identify particular species 

pairs as segregated and aggregated is a relatively recent area of research within 

community ecology (Sfenthourakis et al., 2005, Gotelli and Ulrich, 2010, Ulrich and 

Gotelli, 2012, Veech, 2012a).  

Within this study, the majority of all possible species pairs were revealed to be 

random, but where non-random species pairs were identified, less than 28% were 

segregated. The prevalence of aggregated species pairs is upheld within all re-
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survey periods however, there is a lack of studies identifying temporal species 

associations within vegetation datasets (Tirado and Pugnaire, 2005, Diaz et al., 

1998). The results concur with pair-wise co-occurrence patterns identified for a 

range of animal taxa (Krasnov et al., 2011a, 2012a). However, segregated species 

pairs have been identified as being more prevalent than aggregated species pairs 

within animal assemblages (Gotelli and Ulrich, 2010, Ulrich et al., 2010, Kaltsas et 

al., 2012).  

 

5.4.2.3 Species pairs involving calcifuges and calcicoles 

The majority of non-random species pairs included at least one species that was 

considered as having neither calcicole nor calcifuge tendencies. This may be a 

reflection of the fact that only 30% of species recorded within all four re-survey 

periods were considered to be calcicole or calcifuge species (15% each), whereas 

70% of species encountered were considered to have neutral tendencies to soil pH. 

Nonetheless, where a non-random species pair was identified between a calcifuge 

and a calcicole species, the species pair always involved a calcifuge grass species 

and a calcicole forb species. In addition, non-random species pairings between a 

calcifuge and calcicole species were only identified in the later re-survey periods 

(1993 & 2004) and the pairing was always aggregated. This is noteworthy since 

community ecology theory would propose that a calcicole and a calcifuge species 

would not co-exist at such a fine-scale due to differing requirements for soil pH 

(Larcher, 2003); it would also suggest that two calcicoles or two calcifuges would 

not co-exist at such fine scales, due to similar ecological requirements, niche theory 

and competitive exclusion (Prinzing et al., 2008, Wilson and Stubbs, 2012). 

Consequently, the identification of even a few aggregated species pairs between a 

calcifuge and a calcicole species exemplifies the complex dynamics involved in 

structuring the chalk heath community.   

The lack of any segregated species pairs identified between a calcifuge and a 

calcicole species within any re-survey period could be seen to contradict the results 

from Chapter 4 wherein segregated species pairs were detected between a 

calcifuge and a calcicole at all spatial scales. However, Chapter 4 also established 

that co-occurrence patterns were scale dependent and that a limited number of co-
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occurrence patterns could be determined between spatial scales. The scale of 

observation within this chapter (250cm2) is at a scale larger than the two smallest 

nested spatial scales (0.04cm2 & 100cm2) but smaller than the largest two nested 

spatial scales (400cm2 & 1600cm2). In addition, some of the calcifuge and calcicole 

species identified within the pair-wise associations in Chapter 4 were not 

encountered along the transect in re-survey periods and in re-surveys where they 

were encountered they were at very low frequencies (i.e. Teucrium scorodonia, 

Rumex acetosella, Viola hirta and Veronica officinalis). As a result, the abundance 

or frequency that a species has within a sampling period, or site, is evidently another 

factor that influences the detection of any temporal significant pair-wise 

associations.  

Previous researchers suggested that the co-occurrence patterns between calcicole 

and calcifuge species may reflect the micro-variability of the soil found within the 

chalk heath community (Grubb and Suter, 1971, Burnham, 1983). It has also been 

suggested that calcicole species may favour the less acidic spots whereas calcifuge 

species favour the more acidic areas within the chalk heath community (Grubb et 

al., 1969). Results have determined that calcicole and calcifuge species exhibit 

species pairs that are randomly structured and only a minimal number of species 

pairs identified any aggregated species pairs between either two calcicole or two 

calcifuge species. In addition, the occurrence of even a few positive associations 

between a calcicole and a calcifuge species may question the suggestions of Grubb 

et al. (1969).  

The majority of non-random species pairs upheld through time (i.e. two or more re-

survey periods), involved a neutral species together with either a calcicole or 

calcifuge species, the majority occurring in both the re-surveys of 1993 and 2004. 

Only one species pair was upheld over more than two survey periods: the negative 

association between Ulex europaeus and Filipendula vulgaris (neutral species and 

calcicole species respectively) which was upheld within the transect re-surveys of 

1962, 1993 and 2004. Grubb et al. (1969) documented that Filipendula vulgaris was 

able to persist within the crown of Ulex europaeus, by bearing very few, small leaves 

which formed a striking sward once the Ulex europaeus was removed. The 

segregated pattern between these two species can be interpreted as occurring as 

a result of two predominant factors: firstly, management practices within the  
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reserve, i.e. the clearance of Ulex europaeus, may have instigated this negative 

pattern; or secondly, the fact that Ulex europaeus acidifies the soil beneath its crown 

may be perceived as a  driver of this pattern, as Filipendula vulgaris is a calcicole 

species it may no longer be capable of persisting or regenerating within these more 

acidic areas of soil (Grubb and Suter, 1971). Potentially a combination of factors, 

management and soil acidification, may have caused the negative association 

identified between Ulex europaeus and Filipendula vulgaris over the re-survey 

periods. 

The lack of any non-random species pairs through time involving calcicole and 

calcifuge species, and the lack of calcicole and calcifuge species pairs within the 

1962 and 1974 re-surveys, may be the result of historical factors as much change 

had already occurred within the chalk heath community by 1962 (i.e. an increase in 

the height and number of grass and woody species, and the encroachment of Ulex 

europaeus (Thomas, 1963)). The composition of the chalk heath community during 

the periods 1962 and 1974 may reflect these changes and as a result, the co-

occurrence patterns that these years identify, may not be representative of the chalk 

heath community that was present within the reserve in the early 1950s. Instead, 

the patterns that have been identified in these early re-surveys may, in fact, illustrate 

transitional phases between what was ‘true’ chalk heath before myxomatosis 

occurred within the reserve, and the chalk heath community observed in recent 

years.  Nonetheless, the changes in species pairs that have been identified over the 

four re-survey periods can be used as a baseline history of the co-occurrence 

patterns within the chalk heath community through time.  

Temporal changes in terms of both community co-occurrence patterns and non-

random species pairs have substantiated the results of the analysis by conventional 

methods (Shannon-Wiener, Simpson’s D, RAD’s and PCA):  that long-term temporal 

changes have occurred within the chalk heath community at Lullington Heath NNR. 

In addition, the identification of community structure in terms of co-occurrence 

patterns can be seen to provide a more detailed description of the temporal changes 

that have occurred over the period. Consequently, the use of null model analysis to 

determine temporal variation in community structure and specific species pairs can 

be regarded as a valuable addition to empirical procedures that seek to determine 

temporal change within plant communities. 
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5.5 Conclusions 

Ascertaining temporal changes within plant communities is a principal theory within 

community ecology (Darwin, 1859, Clements, 1916). Identifying how community 

structure, species composition and frequency have previously altered is seen as an 

important tool that can be used to infer how communities may alter under future 

environmental scenarios such as: changes in management strategy, loss of 

keystone species, and anthropogenic activities that are causing biodiversity loss or 

climate change (Gotelli et al., 2010). This research has demonstrated that decennial 

change in species diversity, frequency and composition has occurred within the 

chalk heath community at Lullington Heath NNR. In addition, co-occurrence patterns 

have also identified decennial variation at both the community level and for non-

random species pairs. Results have demonstrated that null model analysis can 

provide a more species-based, comprehensive representation of temporal changes 

than conventional statistical techniques that infer temporal change in plant 

communities.  

The use of four ‘snapshot’ re-survey periods provides substantial insight into the 

long-term variation in terms of diversity and co-occurrence patterns; predominantly 

in temporal studies, only two snapshot periods have been evaluated (i.e. then and 

now) (Magurran et al., 2010). The use of four re-survey periods has provided 

substantial insight into various long-term community dynamics and patterns that 

would have been obscured if only data from two ‘snapshot’ periods (1962 and 2004) 

were analysed.   

Much change has occurred within the chalk heath community at Lullington Heath 

NNR since the advent of myxomatosis in 1954; as a result, the Thomas transect 

data contributes to a vegetation chronicle of the whole reserve. In addition, results 

from this chapter can be used as a baseline record of the community’s vegetation 

history during this period. Chapter 6 investigates the effects of past management 

practices over the last 60 years to ascertain the impact of scrub invasion and the 

subsequent restoration of the chalk heath community. 
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6 The effects of scrub encroachment and 

management to restore the chalk heath community. 

 

6.1 Introduction 

The encroachment and/or invasion of species into communities is seen to contribute 

to the loss of diversity within habitats on a global scale (Santoro et al., 2011, Perring 

et al., 2015). Consequently, the science of restoration ecology has emerged to 

develop the understanding (and success) of how to restore damaged communities 

(Palmer et al., 1997, Haines-Young et al., 2006, Palmer et al., 2016). In terms of 

scrub encroachment, restoration predominantly focuses on the removal of the scrub 

species and the subsequent management practices which attempt to restore the 

characteristics of the community that was evident on the site prior to the 

encroachment. To date, the focus of restoration ecology has concentrated on 

understanding how species richness and diversity have been affected by such 

actions, however, key ecological processes that contribute to community structure 

and the re-assembly of species within the community, maybe masked by such 

community measures (Collins et al., 2008). Community composition and ecological 

processes may be greatly altered without any detectable changes in community 

variates, such as species richness or diversity (Collins et al., 2008). 

Community assembly theory and species co-occurrence patterns have recently 

been used to examine the effectiveness of management practices that aim to repair 

a damaged community (Palmer et al., 1997, Santoro et al., 2011). Null model 

analysis has been used to identify the effects of invasive species on communities  

(Sanders et al., 2003, Reshi et al., 2008) but has yet to be applied to the effects of 

restoration or scrub encroachment, even though the same procedure can be used. 

Sanders et al. (2003) investigated the distribution of native ant fauna and the 

invasive Argentinean ant (Linepithema humile) in northern California over a ten-year 

period. They established that intact communities (i.e. those prior to invasion) 

exhibited a segregated co-occurrence pattern between native species, but this 

relationship was rapidly replaced with a random co-occurrence pattern between 

native species following the invasion of the community by the Argentinean ant. An 
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equivalent pattern was determined by Reshi et al. (2008) for floral species within a 

grassland community invaded by the Iberian Starthistle (Centaurea iberica) in India. 

The development of scrub communities within grassland and heathland 

communities, is seen as a response to the removal of an ecological constraint, 

typically grazing for grasslands, and burning for heathland communities. Chalk 

grassland communities on the South Downs occasionally contain small, scattered 

individuals of Calluna vulgaris, Crataegus monogyna and Rubus fruticosus, which 

in the absence of grazing can initiate the development into a scrub community 

(Bacon, 2003).  

The vegetation structure and heterogeneity of a community is considered to 

increase as a result of grazing pressure by herbivores (Smit et al., 2010). It is 

assumed that a grazed community would contain a mosaic of short and tall 

grassland swards together with shrubs and trees that can shift both temporally and 

spatially. Communities are seen to be maintained in a stable state through grazing, 

but ungrazed plots can be seen to change through time (Hulme et al., 2002). Grazing 

pressure by herbivores can be identified as creating and maintaining community 

heterogeneity and diversity (Denyer et al., 2010, Smit et al., 2010). Consequently, 

the removal of grazing pressure can be seen to result in structural changes and 

ultimately a more homogeneous and less diverse community.   

Grazing pressure has not only maintained the species-rich vegetation of the chalk 

heath community at Lullington Heath NNR for many centuries, but has also 

controlled the growth of woody species within the reserve (scrub encroachment) 

(Denyer, 2005). After the advent of myxomatosis, the reserve was invaded by Gorse 

(Ulex europaeus), Hawthorn (Crategus monogyna), coarse grasses and heathers 

(Calluna vulgaris and Erica cinerea). These species were already present in the 

reserve but began to dominate over the finer grasses and forbs following the 

cessation of grazing (Grubb et al., 1969, Grubb and Suter, 1971). 

Grubb and Suter (1971) described the consequences of the cessation of grazing on 

the chalk heath community at Lullington Heath NNR, wherein the soil is rapidly 

acidified by  bushes of Ulex europaeus, Calluna vulgaris and Erica cinerea, resulting 

in the loss of the original chalk heath mixture and the establishment of a new mixture 
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of calcifuge and indifferent species. It is evident from the ‘Thomas transect’ data 

(Chapter 5), that Ulex europaeus had expanded its range by 1962, with some areas 

to the east of the reserve, being predominantly covered by Ulex europaeus scrub. 

As a result, the chalk heath community at Lullington Heath NNR is seen by Natural 

England to comprise of two distinct communities (Figure 6.1) (Grubb et al., 1969, 

Denyer, 2005, Emery, 2007, Denyer et al., 2010).   

 

 

Figure 6.1. The two differently managed areas of chalk heath are separated by the 

mid central footpath (black dashed line). 

 

On the thinner soils to the west of the mid-central footpath, the area of chalk heath 

is identified as ‘typical’ chalk heath (sensu Denyer (2005)) consisting of a species-

rich sward of chalk grassland forbs and grasses, with patches of Calluna vulgaris, 

Erica cinerea and other calcifuge species. This area of ‘typical’ chalk heath 

community has had minimal management intervention as it has been more 

consistently grazed by rabbits over the last 60 years. Consequently, it was never 

overgrown, or invaded by Ulex europaeus (Grubb et al., 1969) and so is believed to 

be ‘typical’ of the chalk heath community that was present on the site prior to the 

cessation of grazing by rabbits. 
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The other area, to the east of the reserve (and mid central path), is on slightly deeper 

soil, and is considered to be ‘restored’ chalk heath (sensu Denyer (2005)) and 

indicative of the restorative management practices on this side of the reserve as 

well as the cessation of grazing by rabbits (Grubb et al., 1969). This area of 

‘restored’ chalk heath has had considerable management intervention over the last 

60 years in order to contend with the invasion of Ulex europaeus. Management 

practices during the 1950s and most of the 1960s involved using machine and 

manpower to keep certain areas mown and gorse-free. Consistent clearance of 

large rides through the Ulex europaeus scrub during this time has enabled a type of 

chalk heath community to be established in broad sections between the Ulex 

europaeus. However this restored chalk heath community contains a lower 

proportion of calcicolous plants and is dominated by either the heathers, Calluna 

vulgaris and Erica cinerea, or by thorny shrubs such as Rosa pimpinellifolia, Rubus 

fruticosus and Ulex europaeus (Grubb and Suter, 1971, Denyer et al., 2010).  

Soil factors have been identified that contribute to the species composition of the 

chalk heath community and that differences between the two areas of chalk heath 

found at Lullington Heath NNR can be attributed to soil pH as well as to the 

availability of nitrogen/nitrate, potassium and magnesium (Denyer, 2005, Denyer et 

al., 2010). In the relatively undisturbed soils of the typical chalk heath area, the soil 

pH is 5-6.4; whereas, in the restored area, where Ulex europaeus invaded and has 

been cleared, the soil pH is more acidic (circa pH 4.5-5) (Burnham, 1983). In 

addition, the restored area of chalk heath has been identified as being more fertile 

than the typical area, which has been determined as being more base rich and 

containing higher potassium and magnesium concentrations (Denyer et al., 2010). 

Grubb and Suter (1971) suggest that the loss of cations may be the main cause of 

the increased acidity; that the removal of bases, particularly calcium, from the upper 

soil profile has caused the rapid acidification of the soil within the restored area.  

Lullington Heath NNR contains a diverse number of floral and faunal species and 

the scrub areas on the restored area of chalk heath are considered to support a 

wide range of rare or vulnerable species of birds and insects (see Section 1.4.4.2). 

As a result, the complete restoration of the restored area of chalk heath is not a 

management strategy adopted by Natural England. Instead, the management aim 
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for this area is predominantly to re-establish areas of ‘typical’ chalk heath within the 

patches of scrub that have encroached on this area of the reserve.  

This chapter aims to assess the effectiveness of historical management at Lullington 

Heath NNR on species composition, co-occurrence patterns, diversity and edaphic 

properties, between the two differently managed areas of the chalk heath 

community. In essence, the aim is to determine whether the clearance of scrub and 

the restoration of a chalk heath community within the rides on the eastern 

(‘restored’) area of the reserve created a chalk heath community comparable to that 

on the western half of the reserve (‘typical’)? Key emphasis is placed on the 

calcifuge and calcicole species present within the community and how the co-

occurrence patterns of these groups of species are structured. 

Using null model analysis, any evidence of non-random patterns of co-occurrence, 

including the identification of aggregated (positive) and segregated (negative) 

species pairs, will address the following questions: 

• Is there any evidence of non-random co-occurrence patterns within the 

typical and restored areas of the chalk heath community? 

• Do the co-occurrence patterns differ between these two areas of chalk 

heath? i.e. do the co-occurrence patterns indicate that the typical and 

restored chalk heath communities are two distinct communities as suggested 

by Natural England? 

Diversity, edaphic and multivariate analysis will be employed to evaluate variation 

in both species composition, and edaphic properties of the soils, between the two 

areas of chalk heath; in addition, any relationships between the soil parameters and 

vegetation, within the two areas of chalk heath will also be investigated. 

 

6.2 Methods 

6.2.1  Vegetation data 

Data were collected in July 2008, from both the typical and restored areas of chalk 

heath at Lullington Heath NNR. The sampling sites consisted of a grid of 10x10 

contiguous square 25cm2 (5x5cm) quadrats. Three sites were sampled in each 
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area, totalling 300 quadrats (25cm2) per area. The shoot presence/absence of each 

vascular plant was recorded in all 5cm quadrats.  

 

6.2.2 Soil data 

Soil cores of 30mm diameter were extracted to a depth of approximately 10cm or 

until the chalk bedrock, or flint layer were hit if less than this. Soil samples were 

collected in June and July 2008. A total of 216 soil cores were sampled, 108 from 

each of the typical and restored chalk heath areas.  

A 1mg:10ml soil:distilled water dilution was produced for each sample and placed 

in a 50ml Falcon tube. All samples were then placed on an orbital rotator (Infors AG 

CH-4103 Bottmingen) for 24 hours at a speed of 150rpm. The samples were then 

passed through gauze to remove any solid particles and then the remaining liquid 

was centrifuged at 5000rpms for 20 minutes (ALC International Srl. Multispeed 

Refrigerated Centrifuge 4237R). Samples were then analysed for pH using a Hanna 

Instruments pH209 pH meter.  An ‘Inductively Coupled Plasma Spectroscopy’ 

technique was used to analyse the samples for available potassium, phosphorus, 

aluminium, calcium, copper, iron, magnesium, manganese, molybdenum, nickel, 

sulphur and zinc (mg/L) ((ICP-OES/MS) in a Perkin Elmer Optical Emission 

Spectrometer, Optima 2100DV using Perkin Elmer Winlab 32 for ICP software V.4). 

For the nitrate analysis, samples from the same sampling sites were combined to 

make a total of 48 samples for each of the typical and restored areas of chalk heath. 

Nitrate analysis was carried out at Hill Court Farm Research, using a Timberline 

TL2800 total N ammonium analyser (results were expressed as nitrate (mg/L)). 

 

6.2.3 Data analysis 

In order to evaluate the co-occurrence patterns within each area of the chalk heath 

community, first each area was analysed separately using community-based 

metrics and then a species pair-wise approach was undertaken to identify any non-

random species pairs that may differ between the two areas and contribute to the 

general pattern exhibited within each area by the community null model approach. 
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For null model analysis, the data were arranged into two presence-absence 

matrices one for each of the chalk heath areas, typical and restored, with each 

containing 300 quadrats.  

In addition, a simple partition test was used as a null model to quantify if co-

occurrence patterns differ between the typical and restored areas (Sanders et al., 

2003). For this analysis, the presence-absence matrices for both areas were 

combined into one matrix (600 quadrats) and a unique row label was used to 

designate each quadrat as typical or restored. Unlike the simulations in Section 

2.4.1, this simulation does not alter the structure of the original (observed) matrix, 

instead, it reshuffles the region labels (typical and restored) among the different 

sites. In this manner, a simulated (expected) index is calculated as well as the 

variance of the co-occurrence index among the areas.  A significantly large variance 

indicates that the areas differ from one another in their levels of co-occurrence, 

whereas a significantly low variance indicates that the areas are similar to one 

another in their level of co-occurrence (Sanders et al., 2003, Gotelli and Entsminger, 

2012). 

To determine variation in the floristic composition of the chalk heath community, 

similarity coefficients (Sørensen’s & Jaccard’s), diversity indices (Shannon-Wiener 

& Simpson’s D), rank abundance distributions and PCA ordination were calculated 

for both the typical and restored areas of chalk heath. For the similarity, diversity 

and rank abundance analysis the data was arranged into a frequency matrix with 

species as rows and two columns (one for each area). For the PCA analysis, the 

data was arranged as one large presence/absence data matrix with all 600 quadrats 

as rows and species as columns.  

Soil properties were analysed using the Anderson-Darling Normality test to 

determine whether the data for each soil parameter for each area follow a normal 

distribution.  Only 2 soil parameters followed a normal distribution for one of the two 

areas tested - sulphur (typical) and pH (restored area). All of the other soil 

parameters showed a non-normal distribution. Analysis was carried out using 

Minitab v15 (Minitab, 2007).  
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The Kolmogorov-Smirnov two-sample test (KS) was used to compare the 

distributions of each soil parameter, within each area of chalk heath (Charlesworth 

et al., 2003, Lin et al., 2010, Augustine et al., 2012). The KS test was chosen over 

other appropriate tests, i.e. the Mann-Whitney test, as it is sensitive to both the 

location and shape of the two distributions (i.e.the dispersion and skewness of data)  

and can detect differences in variance, whereas the Mann-Whitney test is sensitive 

to the location of two distributions (i.e. the distance between the medians) but may 

not detect any other differences in the distributions of the samples (Sokal and Rohlf, 

1995, Lin et al., 2010). As a precaution, the Mann-Whitney test was carried out 

separately and gave the same significant results for all soil parameters except for 

potassium; as a result, only the KS results are reported in this thesis. KS analysis 

was carried out using PAST ver.2.15 (Hammer et al., 2008) and Mann-Whitney 

using Minitab ver.15 (Minitab, 2007). In addition, Principal Component Analysis was 

performed to illustrate any variation within the soil parameters between the two 

areas of chalk heath.  

 

6.3 Results 

6.3.1 Vegetation  

The typical and restored areas of chalk heath contained a similar number of species 

(typical n=46, restored n=45) and 38 species occurred in both areas of chalk heath. 

In addition, both areas contained a similar number of calcicole and calcifuge species 

(typical: 6 calcicoles, 6 calcifuges; restored: 6 calcicoles, 7 calcifuges) however, 

certain calcicole and calcifuge species only occurred in one of the areas of chalk 

heath; the typical area contained the calcifuge Potentilla erecta and the calcicole 

species Asperula cynanchica which were not found on the restored area; the 

restored area contained two calcifuges Teucrium scorodonia and Veronica 

officinalis and the calcicole Rosa pimpinellifolia which were not identified on the 

typical area of chalk heath.  
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6.3.1.1 Co-occurrence 

There is evidence of non-random co-occurrence patterns within the chalk heath at 

Lullington Heath NNR, however, the results differed between areas depending on 

which co-occurrence index was used (Table 6.1). For the C-score index, the typical 

area indicated that species pairs on average co-occur less often than expected by 

chance implying the segregation of species, whereas the restored area showed a 

random pattern of species co-occurrence. The Checker index gave the opposite 

result, with the typical area showing a random pattern of co-occurrence and the 

restored area indicating a segregated pattern. Despite these contradictory results, 

each index answers a different hypothesis; the C-score measures the tendency for 

species within the community to not co-occur whereas the Checker index measures 

the absolute number of species that never co-occur. The results of the Z-score 

illustrate for both indices, that the observed index was always greater than the 

expected index indicating a tendency towards a segregated community structure, 

whether significance was identified or not. 

 

  Typical Restored 

 

C-score 

Observed index 

Expected index 

P value 

Z-score 

544.40 

524.27 

≤ 0.001 

4.12 

727.85 

721.06 

n/s 

1.10 

 

Checker 

Observed index 

Expected index 

P value 

Z-score 

480.00 

476.84 

n/s 

0.30 

391.00 

361.64 

≤ 0.001 

3.07 

Table 6.1. Plant community co-occurrence analysis for each area of chalk heath. 

Including observed and simulated (expected) metrics, significance (P value) and Z-

score.  

 

The results of the partition test in the null model indicated that for the C-score, the 

two areas of chalk heath differ significantly in their co-occurrence structure, that 

species co-occur significantly less among the restored areas than within the typical 

areas (C-score restored:typical = 728:544 (P ≤ 0.001)). For the Checker index, the 

partition test indicated that the co-occurrence structure between the typical and 



 

Chapter 6 – Co-occurrence patterns in relation to past management 141 

restored areas is approximately what would be expected if the site labels were 

assigned randomly to the different areas (P = 0.29). 

A total of 117 different non-random species pairs were identified within both areas 

of chalk heath, indicating both aggregated (positive) and segregated (negative) 

associations. Approximately 2/3rds of the total number of non-random species pairs 

were identified as being aggregated (n=77) and the remaining indicated segregation 

(n=48), this pattern is upheld in both the typical and restored areas (Figure 6.2 & 

Figure 6.3). The restored area of chalk heath contains more species pairs (n=67) 

than the typical area (n=58), due mainly to an increased number of segregated 

species pairs. Only 8 species pair-wise associations were upheld in both areas, 

although for 3 of these species pairs the association changed between areas (Table 

6.2). Of the 8 species pairs upheld in both areas, 6 involved the calcifuge species 

Calluna vulgaris, two of which changed associations from being aggregated in the 

typical area to being segregated in the restored area. 

Half of the segregated species pairs identified on the typical chalk heath involved 

Calluna vulgaris, whereas, a third of the segregated species pairs identified on the 

restored chalk heath involved Calluna vulgaris and another third involved Ulex 

europaeus. The typical and restored areas of chalk heath exhibited a similar number 

of aggregated species pairs (n= 38:39), however, the typical area contained a 

greater diversity of species pairs, involving more species (n = 35:26 respectively).  

The restored chalk heath exhibited more non-random species pairs between 

calcifuge and calcicole species than the typical chalk heath, for calcifuge-calcicole 

(n = 6:3) and calcicole-calcicole species pairs (n= 3:0), whereas the number of 

species pairs between calcifuge-calcifuge in both areas were similar (n= 2:3), (Table 

6.2).  
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Figure 6.2. Typical chalk heath significant species pairs indicating aggregation 

(positive associations) (n=38) and segregation (negative associations) (n=20). See 

Appendix B for species abbreviations. 
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Figure 6.3.  Restored chalk heath significant species pairs indicating aggregation 

(positive associations) (n=39) and segregation (negative associations) (n=28). See 

Appendix B for species abbreviations. 
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Species pairs Typical Restored 

 Calcifuge - calcicole   

  Rumex acetosella - Brachypodium pinnatum  A* 

  Veronica officinalis - Bromopsis erecta  A*** 

  Teucrium scorodonia - Filipendula vulgaris  S* 

  Calluna vulgaris - Brachypodium pinnatum A** S* 

  Calluna vulgaris - Filipendula vulgaris S*** S** 

  Calluna vulgaris - Sanguisorba minor S*** S* 

 Calcifuge - calcifuge   

  Calluna vulgaris - Anthoxanthum odoratum S***  

  Calluna vulgaris - Erica cinerea A* S** 

  Calluna vulgaris - Veronica officinalis  A*** 

  Erica cinerea - Potentilla erecta A***  

 Calcicole - calcicole   

  Brachypodium pinnatum - Sanguisorba minor  A** 

  Filipendula vulgaris - Rosa pimpinellifolia  S** 

  Filipendula vulgaris - Sanguisorba minor  A*** 

 Calcifuge - neutral   

  Agrostis capillaris - Carex flacca S*** S*** 

  Calluna vulgaris - Carex flacca S** S* 

  Calluna vulgaris - Thymus polytrichus S* S*** 

  Erica cinerea - Thymus polytrichus S* A*** 

Table 6.2. Significant species pairs between calcifuge and calcicole species, 

including species pairs identified in both areas. Stars denote significance level  * ≤ 

0.05, ** ≤ 0.01, *** ≤ 0.001, aggregated (positive association) (A), segregated 

(negative association) (S), random associations left blank. 

 

Aggregated species pairs between calcifuge and calcicole species (n=3), all 

comprise of a calcifuge forb and a calcicole grass species, whereas the segregated 

species pairs (n=3) comprise of two forb species. The exception to this pattern is 

the species pairing between Calluna vulgaris – Brachypodium pinnatum (calcifuge 

forb - calcicole grass) which exhibits aggregation in the typical area but segregation 

in the restored area.  

Calluna vulgaris and Erica cinerea were the most common calcifuge species and 

Filipendula vulgaris and Sanguisorba minor the most common calcicole species, 

identified in non-random species pairs in either area of chalk heath. The most 

common neutral species identified in species pairs differed between areas, Galium 

mollugo and Ulex europaeus were identified most often in the restored area whereas 
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Plantago lanceolata, Carex flacca and Polygala vulgaris were the most common 

neutral species identified in the typical area species pairings. 

 

6.3.1.2 Species composition, diversity and similarity 

Multivariate analysis using Principal Component Analysis (PCA) was performed to 

give a summary and description of the floristic composition of the two areas of chalk 

heath. Figure 6.4 indicates that a relatively weak distinction can be made between 

the typical and restored areas in terms of floristic composition (due to the cumulative 

percentage variance of both axes being less than 10% of all variation within the 

data).  

Similarity coefficients were calculated for the typical and restored areas of chalk 

heath and showed that the two areas are similar in terms of species composition 

(Sørensen’s (0.822), Jaccard’s (0.698)). Diversity indices calculated for each area 

showed no significant difference in diversity between the two areas: Shannon-

Wiener (P=0.166), and Simpson’s D (P=0.061) (using a two-tailed randomisation 

test). Similarity in species composition between the two areas is further exemplified 

when the number of species that solely occur in one of the areas is determined 

(Table 6.3).  

 

 

Figure 6.4.  Principal Component Analysis (PCA) summarising vegetation 

presence/absence data. Calcicoles ( ), calcifuges ( ), neutral species ( ).  

Centroids represent quadrats within each area, typical and restored, (plotted with 

standard error bars). Axis 1 accounts for 5% of variance, Axis 2 = 4%, cumulative 

variance = 9%. See Appendix B for species abbreviations. 
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Typical Restored 

Arrhenatherum elatius (N)  

Asperula cynanchica (C) 

Bellis perennis (N) 

Campanula rotundifolia (N) 

Centaurea nigra (N) 

Hypericum perforatum (N) 

Poa pratensis (N) 

Potentilla erecta (F) 

Cerastium fontanum (N) 

Rosa pimpinellifolia (N) 

Stachys officinalis (N) 

Teucrium scorodonia (F) 

Trifolium pratense (N) 

Ulex europaeus (N) 

Veronica officinalis (F) 

Table 6.3. Species that were only recorded in one particular area of chalk heath at 

Lullington Heath NNR in this study. Calcicole (C), Calcifuge (F), Neutral species (N). 

 

Although similarity and diversity between the two areas are not significant, rank 

abundance distribution graphs show that the abundance of some of the calcifuge 

and calcicole species within each area change (Figure 6.5). The dominant species 

within both areas were the grass species Festuca rubra and the calcifuge Agrostis 

capillaris. Calcifuge species such as Erica cinerea and Anthoxanthum odoratum 

have a consistent ranking within both areas, whereas Calluna vulgaris has a lower 

ranking on the restored area and Rumex acetosella has a higher ranking on the 

restored area. The calcifuge species Teucrium scorodonia was not found in the 

typical area but is ranked fourth in the restored area, whereas the calcifuge species 

Potentilla erecta was not found on the restored area but was present on the typical 

area. Calcicole species such as Sanguisorba minor, Filipendula vulgaris, Viola hirta 

and Brachypodium pinnatum have similar rankings within both areas. The calcicole 

species Asperula cynanchica is present on the typical chalk heath but not found on 

the restored area, whereas the calcicole species Rosa pimpinellifolia was only found 

in the restored area.  
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a) 

 
 

b) 

  

Figure 6.5.  Rank abundance distributions. a) Typical chalk heath, b) Restored chalk 

heath. The top ten species within each area are indicated as well as calcicole and 

calcifuge species. See Appendix B for species abbreviations. 

 

6.3.2 Soil parameters 

Statistical analysis of soil nutrient status of each area confirmed the distinction of 

the typical and restored area of chalk heath in terms of the soil nutrient availability 

of aluminium, calcium, iron, magnesium, manganese, potassium, zinc and pH 

(Table 6.4). The typical area of chalk heath has, on average, higher pH and higher 

concentrations of available calcium than the restored area which has, on average, 

higher concentrations of available aluminium, iron, magnesium, manganese, 

potassium, sulphur and zinc. 
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D value P value 

Typical area 

Mean mg/L 

Restored area 

Mean mg/L 

Aluminium 0.333 ≤ 0.001 0.31 ± 0.39 0.38 ± 0.30 

Calcium 0.287 ≤ 0.001 171.21 ± 169.92 113.26 ± 152.11 

Copper 0.139 n/s 0.19 ± 0.06 0.19 ± 0.07 

Iron 0.296 ≤ 0.001 0.09 ± 0.07 0.13 ± 0.13 

Magnesium 0.222 ≤ 0.01 1.47 ± 1.07 1.52 ± 1.54 

Manganese 0.240 ≤ 0.01 1.95 ± 3.28 2.20 ± 2.97 

Molybdenum 0.111 n/s 0.52 ± 0.66 0.54 ± 0.65 

Nickel 0.102 n/s 0.22 ± 0.35 0.22 ± 0.35 

Nitrogen 0.146 n/s 6.14 ± 17.25 3.65 ± 7.87 

pH 0.389 ≤ 0.001 6.19 ± 0.71 5.69 ± 0.60 

Phosphorus 0.046 n/s 0.19 ± 0.48 0.17 ± 0.40 

Potassium 0.204 ≤ 0.05 99.06 ± 130.32 128.58 ± 231.42 

Sulphur 0.092 n/s 203.97 ± 109.79 220.23 ± 192.31 

Zinc 0.213 ≤ 0.05 6.45 ± 7.80 10.08 ± 14.20 

Table 6.4. Comparing soil factors of typical and restored areas of chalk heath using 

the Kolmogorov-Smirnov two-sample test, including mean (mg/l) and standard 

deviation for each parameter. 

 

Principal component analysis (PCA) based on the soil nutrient parameters, was 

carried out to differentiate samples from each area of chalk heath and results 

indicate that the typical and restored areas are distinct in terms of soil nutrient 

composition (Figure 6.6). Abiotic factors associated with acidic soils, such as 

manganese, copper, zinc and aluminium, are clustered around the restored 

quadrats, whereas abiotic factors associated with alkaline soils, such as magnesium 

and molybdenum are clustered around the typical quadrats. Notable exceptions are 

iron (usually associated with acidic soils), and calcium, (associated with more 

alkaline soils).  
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Figure 6.6.  Principal Component Analysis (PCA) diagram summarising edaphic 

data. Centroids represent soil samples within each area, typical and restored, 

(plotted with standard error bars), soil parameters ( ). Axis 1 accounts for 24% of 

variance, Axis 2 = 22%, cumulative variance = 46% 

 

6.4 Discussion 

The chalk heath community at Lullington Heath NNR is seen by Natural England to 

comprise of two distinct communities: typical chalk heath which has had minimal 

management (other than grazing) over the past 60 years; and restored chalk heath 

which has experienced considerable restorative management in order to contend 

with the invasion of Ulex europaeus  (Grubb et al., 1969, Denyer, 2005, Emery, 

2007, Denyer et al., 2010).  Analysis in this chapter has shown that in terms of 

community co-occurrence patterns, non-random species pairs, and soil nutrient 

status the two areas of chalk heath within Lullington Heath NNR appear to be distinct 

communities. However, when conventional statistical methods were employed, 

results indicated that the differing restorative management techniques had minimal 

impact on the reserve as both areas of the chalk heath were similar in terms of 

species composition and diversity. 
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6.4.1 Vegetation 

6.4.1.1 Co-occurrence 

There is evidence of differences between the two areas of chalk heath in terms of 

the co-occurrence patterns of vascular plant species. Comparable results have been 

identified for both floral and faunal communities after the invasion of ‘exotic’ species 

(Sanders et al., 2003, Reshi et al., 2008). Although the typical area of chalk heath 

was identified as having a segregated community structure using one index (C-

score) and as random using another (Checker), the restored area indicated the 

reverse pattern: a random community structure (C-score), and segregated 

community structure (Checker)).  

The results, in terms of C-score, demonstrate that the restoration of the chalk heath 

community, following scrub encroachment and its subsequent removal, has resulted 

in a reorganisation of the co-occurrence patterns of chalk heath species and a shift 

from a competitively structured community in areas where scrub has not encroached 

(typical) to a random co-occurrence pattern within areas cleared of scrub (restored). 

Both Reshi et al. (2008) and Sanders et al. (2003) determined equivalent results 

using the C-score metric to identify community co-occurrence patterns. Reshi et al. 

(2008) established that Indian grassland communities invaded by the Iberian 

Starthistle (Centaurea iberica) exhibited a random co-occurrence structure whereas 

those areas where the Starthistle had not encroached exhibited a segregated 

community pattern. In addition, Sanders et al. (2003) established that intact 

communities in northern California exhibited segregated co-occurrence patterns 

between native species, but once the Argentinean ant had invaded the co-

occurrence patterns between native species change to a random pattern. 

Checker results indicate the opposite pattern with a shift from random co-occurrence 

patterns within areas where scrub has not encroached (typical) to a competitively 

structured community within areas cleared of scrub (restored). As a result, both 

indices indicate different co-occurrence patterns between the two areas of chalk 

heath at Lullington Heath NNR. It can be suggested that within the typical area, 

species co-occur on average less frequently than expected by chance, indicating a 

tendency towards a segregated community structure (C-score), however, the 
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pattern is not caused by species pairs that form a perfect checkerboard pattern and 

so never co-occur (Checker) (Gotelli and Graves, 1996, Gotelli and Ulrich, 2012). In 

contrast, the number of species pairs that form a perfect checkerboard in the 

restored area, is significantly greater than expected by chance indicating a 

segregated community structure (Checker) although this pattern is not upheld when 

the average co-occurrence index for the area is calculated (C-score) (Gotelli and 

Graves, 1996, Gotelli, 2000, Gotelli and Ulrich, 2012). 

The restructuring of co-occurrence patterns, between the two areas of chalk heath 

at Lullington Heath NNR, is further exemplified when specific species pairs within 

the two areas are compared. There were more non-random species pairs identified 

in the restored area than in the typical area which is due to an increased number of 

segregated species pairs within the restored area. However, the typical area had a 

greater number of different species identified within the non-random species pairs 

than the restored area, thus indicating a more complex pattern of associations that 

involve a more diverse number of species within the typical area.  

Within the typical area of chalk heath, half of all negative species pairs involved the 

calcifuge species Calluna vulgaris, whereas in the restored area a third of the 

negative species pairs involved Calluna vulgaris and another third involved Ulex 

europaeus. The predominance of these segregated species pairs involving both 

Calluna vulgaris and  Ulex europaeus is possibly due to the fact that both species 

acidify the soil beneath their crowns (Grubb and Suter, 1971), thus restricting the 

number of species that can occur in close proximity to these bushes. The greater 

number of species pairs involving these two species may also be due to the fact that 

both species are palatable and grazed by rabbits, which historically, kept their 

frequency (and size) minimal within the chalk heath community (Thomas, 1963, 

Denyer et al., 2010). The occurrence of myxomatosis enabled both species to 

flourish and consequently, it could be reasoned that the suspension in grazing 

caused by myxomatosis, resulted in the eastern area of the chalk heath community 

being encroached on by Ulex europaeus, but to the west enabled Calluna vulgaris 

to become more common.  

All the species pairs that were upheld within both areas involve at least one calcicole 

or calcifuge species, the majority of which involved the calcifuge species Calluna 
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vulgaris. Non-random species pairs between a calcifuge and a calcicole species, 

predominantly indicated a segregated pattern of co-occurrence, exceptions include 

the species pairing between Rumex acetosella – Brachypodium pinnatum and the 

species pairing between Veronica officinalis – Bromopsis erecta. Three species 

pairs exhibited different patterns of associations between the two areas: Calluna 

vulgaris – Brachypodium pinnatum and Calluna vulgaris – Erica cinerea (both 

associations were positive in the typical area yet negative in the restored area), and 

Erica cinerea – Thymus polytrichus (negatively associated in the typical area, yet 

positively associated in the restored area). 

Denyer (2005) determined that the calcicole grass Brachypodium pinnatum was 

subjected to higher levels of grazing by rabbits when it occurred on more nutrient 

rich soils. As the restored area has been shown to be more nutrient rich than the 

typical area, it could be suggested that rabbits graze more Brachypodium pinnatum 

on the restored area than on the typical area. This could be proposed as an 

explanation for the dichotomy of the species pairing between Brachypodium 

pinnatum and Calluna vulgaris within the two areas (positively associated within the 

typical area and negatively associated within the restored area), although it may 

also be due to the fact that Calluna vulgaris was less frequent, and Brachypodium 

pinnatum was more frequent, within the restored area than in the typical area.  

The identification of non-random species pairs further exemplifies the restructuring 

of co-occurrence patterns between the two areas of chalk heath. Species pairs have 

been revealed that not only contribute to the non-random pattern of co-occurrence 

depicted by the community metrics but have also revealed non-random species 

pairs that were embedded within a randomly structured community (restored area). 

Both metrics have indicated differences in species pair-wise associations and 

community co-occurrence patterns, and as a result, the restored chalk heath area 

can be seen as exhibiting different co-occurrence patterns to the typical chalk heath 

area.  

 

6.4.1.2 Species composition, diversity and similarity 

A total of 53 species were recorded within the contiguous quadrats of which over 

2/3rds occurred within both areas of the chalk heath. In general, the species only 
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occurring on the restored chalk heath tended to be scrub species; often associated 

with woodland and heathland communities. Conversely, the species only occurring 

on the typical chalk heath tend to be associated with chalk and/or neutral 

grasslands. Differences in species solely found in one area of the chalk heath 

community may be the consequence of the species’ seedbank attributes. Davies 

and Waite (1998) determined that chalk grassland species were unable to 

regenerate from the seedbank after scrub clearance. Kalamees and Zobel (2002) 

established that for chalk grassland communities, species with smaller seeds were 

significantly over-represented in seedbanks compared to in the vegetation 

community and that gap regeneration predominantly came from the seedbank. 

Consequently, seed bank and seed size may be factors influencing a species 

presence and abundance within either area of chalk heath. Analysis in Chapter 3 

(Figure 3.4) established significant differences between the calcicole species and 

calcifuge species found within the reserve: that calcifuge species tend to have 

longer-term persistent seedbanks when compared to the majority of calcicole 

species in the reserve, and that calcifuges have smaller seed sizes and weight than 

the majority of calcicole species in the reserve. Both of these attributes, a longer-

term seedbank and small seed size, can be seen to increase the calcifuge species’ 

competitive ability within the chalk heath community and provide the stable species 

rankings exhibited in both areas for calcifuges (Kalamees and Zobel, 2002, Garnier 

and Navas, 2012).  

Grubb and Suter (1971) proposed a series of effects on the species composition of 

the restored area of chalk heath community due to the cessation of grazing and the 

clearance of Ulex europaeus scrub; however, Grubb and Suter (1971) made their 

predictions when mechanical methods and rabbit grazing were the only 

management strategies employed on the restored area of the reserve, i.e. before a 

grazing strategy was developed and before livestock (horses, sheep and goats) 

were reinstated onto the reserve. Nevertheless, their predictions can be used to 

assess the effectiveness of the management strategies, including the grazing 

strategy, that have since been adopted and developed on the site.   

Firstly, Grubb and Suter (1971) proposed that the clearance of scrub, within the 

restored area, would result in a new mixture of calcifuges together with species that 

were indifferent to pH. Results from this analysis has determined that the number of 
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calcicole and calcifuge species recorded within each area is virtually the same 

(typical:restored, calcicole 6:6, calcifuge 6:7). Consequently, the grazing strategy 

that has been adopted over the last 45 years has enabled an equal number of 

calcicole species to persist on either area of chalk heath. 

Secondly, Grubb and Suter (1971) detailed that small calcicole species would be 

lost from the restored area of chalk heath and this study has shown that the calcicole 

Asperula cynanchica has been lost from the restored area but other calcicoles have 

remained; in fact, Asperula cynanchica is the only calcicole not present on the 

restored chalk heath. In addition, species that Grubb and Suter (1971) suggested 

would become more dominant or frequent within the restored area have not been 

shown to have any dominance within this study; such species include Danthonia 

decumbens, Agrostis stolonifera, and Hypochaeris radicata. Grubb and Suter 

(1971) also suggested that Stachys officinalis would become more frequent within 

the restored area and, although the frequency of Stachys officinalis from their study 

is unknown, this study has shown that Stachys officinalis was only recorded within 

the restored area of chalk heath where it was ranked 25th.  

Grubb et al. (1969) detailed that Potentilla erecta and Teucrium scorodonia were 

both absent from the typical area of chalk heath; this study has shown that Teucrium 

scorodonia is a dominant species within the restored area, yet absent from the 

typical area, however, in contrast to Grubb et al.’s (1969) findings, Potentilla erecta 

was only recorded on the typical area.  

Grubb and Suter (1971) also predicted that once the Ulex europaeus scrub had 

been cleared the resulting community would be more similar to an acidic grassland 

community type. Analyses in this chapter have shown that this is not the case and 

that the restored area is similar to the typical chalk heath in terms of species 

composition, richness and diversity. Denyer (2005, 2010) determined that species 

richness was greatest within the typical area, however, this study does not support 

this finding as species richness was similar in both areas. 

Results from this study have determined that most of the effects on the restored 

area that Grubb and Suter proposed in 1971 regarding the species composition of 

the chalk heath community have not eventuated. It is credible to assume that the 

change in management practices since the early 1970’s, has enabled a constant 
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and gradual recovery of patches of the chalk heath sward within the restored area 

of chalk heath. Over the last 45 years the grazing strategy employed within the 

reserve has culminated to include permanent residents of primitive breeds of ponies, 

sheep and goats (Emery 2000, Denyer et al., 2010). These species all have different 

grazing preferences and as a result the combination of these species permits all the 

plant communities within the reserve, including the restored area of chalk heath, to 

be managed in a much more flexible and selective manner (Emery 2000).  When 

Grubb and Suter proposed their effects, management actions to initiate recovery of 

the restored area of chalk heath were entirely by mechanical means and as a result, 

recovery was unselective, disruptive and sporadic (Emery 2000, Barham and 

Stewart, 2005, Denyer et al., 2010). Consequently, the long-term continual grazing 

strategy can be seen to have enabled patches of chalk heath to develop within areas 

on the restored area of the reserve that have been cleared of Ulex europaeus scrub. 

In addition, Natural England view this area to be recovering well due to the grazing 

pressure on the areas of chalk heath and the annual mowing of Ulex europaeus 

scrub areas. The continual grazing strategy has also prevented the area developing 

into heathland and eventually a thicket community type as predicted by Thomas 

(1960b, 1963).  

In terms of conventional statistical methods, the two areas of chalk heath are 

comparable in respect to species composition, diversity and species richness and 

would not be considered distinct communities. However, these standard statistical 

metrics that determine whether there are any spatial differences between species 

diversity and composition do not mean that composition, diversity or richness are 

similar, they merely indicate that the number of species and richness are similar 

(Hillebrand et al., 2018). These metrics give no information about which components 

may have changed in either community and any changes are masked by such 

community measures (Collins et al., 2008); for example, whether there are any 

changes in rare species, or trends in biodiversity. In contrast, more descriptive 

results have been determined by employing null model analysis, and the two areas 

can be seen to exhibit different co-occurrence patterns both at a community and 

species pair-wise level. 
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6.4.2 Soil parameters 

The soils of both areas of chalk heath have been shown to be significantly different 

in terms of most of the edaphic parameters analysed. This finding concurs with 

previous studies on the soils of Lullington Heath NNR that have shown that the soils 

of the restored area are more fertile and more acidic than the typical area of chalk 

heath (Grubb et al., 1969, Grubb and Suter, 1971, Burnham, 1983, Denyer et al., 

2010). However, Denyer (2010) determined that the typical area was more base rich 

and had not only a higher pH but also higher concentrations of potassium and 

magnesium; whereas this study determined that the restored area had higher 

concentrations of both these soil parameters. 

Differences between the areas of typical and restored chalk heath were identified 

for 8 of the soil parameters measured (61%). As shown in Figure 1.1, calcicole 

species growing in a pH range of 5 to 6 will have less available potassium, sulphur, 

molybdenum, phosphorus and calcium than they would when grown in an alkaline 

soil (Marschner, 2011). Results determined that the typical area of chalk heath has 

significantly more available calcium and phosphorus than the restored area, but less 

available molybdenum, potassium and sulphur than the restored area of chalk 

heath, although differences for these nutrients were not significant. Calcifuges 

species growing in a pH range of 5 to 6 will have more available copper, zinc, and 

manganese and less aluminium toxicity than they would when grown in a more 

alkaline soil (Marschner, 2011). Results established that the restored area of chalk 

heath has significantly more available zinc and manganese then the typical area, 

however aluminium availability was also significantly higher in the restored area than 

in the typical area and the availability of copper within both areas was the same.  

These results would suggest that more calcicole species should be found on the 

typical area of chalk heath and that more calcifuges should be found on the restored 

area, however, the number of calcicole and calcifuge species recorded in both areas 

of chalk heath was virtually the same (typical:restored, calcicole 6:6, calcifuge 6:7). 

Nonetheless, some species are evidently restricted to either type of chalk heath: the 

calcicole Asperula cynanchica and the calcifuge Poa pratensis are only found in the 

typical area of chalk heath; whereas, the calcifuges Teucrium scorodonia and 

Veronica officinalis are only found on the restored area of chalk heath.  As a result, 
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abiotic filtering can be seen to be restricting certain species from occurring in some 

areas of the chalk heath community. The increased fertility and acidity of the soil 

within the restored area are suggested as the limiting factors preventing the 

restoration of this area back to the chalk heath community present on the reserve 

pre-myxomatosis (Grubb and Suter, 1971, Green, 1972).  

 

6.5 Conclusions 

Restoration ecology is a relatively recent academic discipline that recognises that 

there is a need to synthesise restoration ‘success’ with measurable goals, ecological 

theory and the  evaluation of long-term effectiveness (Palmer et al., 2016, Waldén 

and Lindborg, 2016). The ecological restoration of communities has been practised  

for centuries (Palmer et al., 1997, Young et al., 2005, Waldén and Lindborg, 2016) 

however, most restoration projects have not been monitored or evaluated for long-

term effectiveness (Palmer et al., 2016). Restoration techniques can only be 

modified and made adaptive once long-term responses have been analysed 

(Palmer et al., 2016). The application of results can then be used to inform 

subsequent restoration management practices (Perring et al., 2015).  

The analyses detailed within this chapter, reveal novel insights into the long-term 

effectiveness of the restorative management practices employed at Lullington Heath 

NNR to restore an area of chalk heath that had previously been encroached by Ulex 

europaeus scrub. The results in terms of composition, diversity, co-occurrence 

patterns and soil parameters between the two areas of chalk heath provide a 

baseline foundation on which future management practices and research can be 

assessed.  

The two areas of chalk heath are similar in terms of both species composition and 

diversity; however, fine-scale species co-occurrence patterns differ between the two 

areas. Both community and species pair-wise metrics have shown differences in 

species pair-wise associations and community co-occurrence patterns, and as a 

result, the restored area can be seen as exhibiting different co-occurrence patterns 

to the typical area. The two areas also differ significantly in terms of available soil 

nutrients, fertility and pH; this together with the detection of even a few non-random 
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species pairs that differ between the two areas indicates a complex community 

structure that connotes a competitively structured, heterogeneous community. 

In community ecology, the ‘Humpty Dumpty effect’ signifies the concept that ‘even 

with all the 'pieces' (species), the community cannot be put 'back together again'  

(Pimm, 1991). This concept appears to depict the restoration of the chalk heath 

community at Lullington Heath NNR. Species composition and diversity measures 

have identified that the two areas are similar, (i.e. have all/most of the 

‘pieces’/species), whereas the examination of co-occurrence patterns and soil 

properties showed that the two areas differ, i.e. the community has not been ‘put 

back together again’. Soil factors such as increased acidity and fertility within the 

restored area are suggested as the main preventative factor affecting the successful 

restoration of this area of the reserve.  

It should be noted that when assessing ecological restoration it is essential to 

recognise the limits of scientific knowledge (Allen et al., 2002). In terms of the chalk 

heath community at Lullington Heath NNR, there was a limited amount of knowledge 

regarding how ecological functions and restraints have influenced the co-

occurrence patterns within the present community. Therefore the results of this 

chapter, wherein differences between current conditions (the restored area) and 

desired future conditions (the typical area) have been quantified, can be seen to 

have accomplished the first step towards restoring the degraded community 

(Laughlin, 2014).  Laughlin (2014) also recognises that it is important to establish 

the range of natural variation that occurs in community structure, function and 

composition (which was achieved in Chapters 3, 4 & 5) (Laughlin, 2014). 
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7 Discussion 

 

7.1 Introduction 

Chalk heath is an internationally rare community characterised by the co-occurrence 

of calcicole and calcifuge plant species, growing in shallow soils over an alkaline 

chalk bedrock.  Vulnerability to scrub encroachment, and land use changes over the 

past century, have caused the rapid decline and deterioration of chalk heath 

communities to levels whereby only a few small scattered locations remain within 

the south of England (Rackham, 2000). The aim of this thesis was to further the 

knowledge of chalk heath communities with the intention of aiding management, 

restoration and conservation of this internationally rare plant community. 

This thesis has investigated the pool-filter-subset concept of community ecology  

(Weiher et al., 2011) in terms of the biotic, abiotic and phylogenetic factors of the 

Lullington Heath NNR and its chalk heath community; it has also provided empirical 

evidence of long-term temporal and present day spatial variation in species co-

occurrence patterns within the chalk heath community. Particular emphasis was 

placed on the calcicole and calcifuge species present within the chalk heath 

community, with the purpose of providing a baseline understanding of not only the 

spatial and temporal co-occurrence patterns of these two ecologically contrasting 

groups of species, in situ, in an intimate, multispecies sward; but also, to provide a 

baseline understanding of any biotic and abiotic factors determining the occurrence 

of these species within the chalk heath community.  Few studies have investigated 

co-occurrence patterns within plant communities and where it has been studied, 

non-random patterns of community structure have infrequently been demonstrated 

(Dullinger et al., 2007, Reitalu et al., 2008, Götzenberger et al., 2011, Petit and 

Fried, 2012). As a result, the spatial, temporal and management co-occurrence 

patterns detailed in this thesis enhance not only the knowledge of chalk heath 

communities and calcicole and calcifuge plant species distributions, but also the 

identification of non-random community structure within plant communities 

generally.   
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Four research questions were outlined in Section 1.6:  

i) How are species filtered from the local species pool (Lullington Heath NNR) 

into the chalk heath community species pool (actual pool)? Is there any evidence 

this filtering is linked to species traits, abiotic factors or taxonomic/evolutionary 

effects? 

ii) How does altering the fine-grained spatial scale of the sampling units 

employed affect the outcome of significant species co-occurrence patterns, and is 

scale dependence a factor determining species co-occurrence patterns? 

iii) Are there any temporal changes in biodiversity and species co-occurrence 

patterns within the chalk heath community over a period of 40 years? What species 

co-occurrence patterns occur within the chalk heath community over this period and 

to what degree are diversity and co-occurrence patterns maintained?  

iv) How do co-occurrence patterns, diversity and edaphic factors compare within 

two differently managed areas of chalk heath and how has scrub invasion and the 

subsequent restoration impacted the chalk heath community? 

Key findings relate to the research questions presented. Chapter 3 provided a 

foundation for the pool-filter-subset concept of community assembly and indicated 

that soil fertility, species longevity, spread and propagation strategy are key filters 

that initially limit species from the local species pool occurring in the chalk heath 

community. Chapter 4 demonstrated how adopting a multi-scaled sampling scheme 

enabled co-occurrence patterns to be identified at a number of spatial scales, 

illustrating scale dependency and the importance of spatial scale when identifying 

specific pair-wise associations and community co-occurrence patterns within plant 

communities. Chapter 5 highlighted how co-occurrence patterns and community 

structure varied through time, as well as, how changes in species composition and 

frequency have influenced the structure of the chalk heath community. Original 

insights into the effects of scrub encroachment and restorative management 

practices within two areas of chalk heath in the reserve were revealed in Chapter 6; 

analysis established that whilst in terms of species co-occurrence patterns and 

edaphic properties the two areas differ, they nevertheless were similar in regard to 

species composition and diversity.  
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Taking into consideration these key findings, the main points that will be discussed 

are: 

• Potential filters acting upon the local species pool 

• Attributes that distinguish between calcicole and calcifuge species in terms 

of traits and co-occurrence patterns  

• The appropriate spatial scale for defining co-occurrence patterns within the 

chalk heath community 

• The community structure of the chalk heath  

 

7.2 Main discussion points 

7.2.1 Potential filters acting upon the local species pool 

Within this thesis, the importance of both abiotic and functional traits in structuring 

the chalk heath community at Lullington Heath NNR has been demonstrated (Figure 

7.1). These filters potentially contribute towards the non-random taxonomic 

clustering evident within the chalk heath community.  

Many studies examine trait, environmental and phylogenetic/taxonomic filtering 

from the regional species pool to the community species pool (Cavender‐Bares et 

al., 2004, Chalmandrier et al., 2013), however, it can be argued that since 

communities are typically small, compared to the regional pool, they may not be 

representative samples of the larger regional species pool (Weiher et al., 2011, 

Gerhold et al., 2015). In addition, a single community may contain a smaller range 

of niche requirements, trait values and lineages than those exhibited at the larger 

regional species pool. The chalk heath community at Lullington Heath NNR can be 

considered as one such ‘single’ community: it is an internationally rare community 

type and so not necessarily a representative sub-sample of all species occurring 

within the regional species pool. Consequently, trait, environmental and taxonomic 

filtering was examined in this thesis from the local species pool (the set of species 

occurring in the landscape around the target community) into the chalk heath 

species community pool with the anticipation that at this scale various abiotic and 

biotic filters would be identified.  
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Figure 7.1. Abiotic and biotic filters identified in Chapter 3 that potentially restrict 

species from the local species pool (Lullington Heath NNR) occurring within the 

chalk heath species pool (the actual species pool). 

 

Results within this thesis have demonstrated that the chalk heath community at 

Lullington Heath NNR is a non-random subset of the available species within the 

local species pool; that the chalk heath community reveals taxonomic clustering with 

a lower number of genera, families and orders when compared with null 

expectations from the Lullington Heath NNR species pool. Classic community theory 

suggests that dispersal limitations and/or environmental filtering would predict this 

pattern (Cavender‐Bares et al., 2004, Chalmandrier et al., 2013, Marteinsdóttir and 

Eriksson, 2014). 

Abiotic filtering of the chalk heath species appears to be occurring at several 

different scales. Results have established that soil fertility is a factor that potentially 

limits some species from occurring within the chalk heath community, whilst 

differences in soil moisture content appear to exist between calcicoles and 

calcifuges within the community. The chalk heath species tend to tolerate more 

infertile soil conditions (Ellenberg value for Nitrogen (N)) than the species available 

in the local species pool (Chapter 3). Interestingly, in terms of temporal variation, no 
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significant differences were identified between sampling periods within the chalk 

heath community in terms of the Ellenberg values for soil pH (R), soil moisture (F) 

and fertility (N) (Chapter 5). There is also only a negligible decrease in these three 

Ellenberg values even when only the first sampling period (1962) and the last (2004) 

are compared (Figure 5.9). Temporal snapshot studies of chalk grassland 

communities have determined increases in the Ellenberg value for fertility (N) and 

decreases in the Ellenberg value for soil pH (R) for a range of sites (Bennie et al., 

2006, Newton et al., 2012); however, a temporal decrease in the Ellenberg value for 

fertility and an increase in the value for soil pH have also been determined following 

the reversion of arable land to chalk grassland (Redhead et al., 2014). Much change 

has occurred within the chalk heath community since the advent of myxomatosis 

and although Ellenberg values didn’t establish any significant differences over time 

within this study, once soil parameters were determined from in situ soil samples 

then spatial differences between the soils of the two areas of chalk heath were 

identified. As a result, abiotic filtering can be seen to be not only restricting species 

within the reserve from occurring within the chalk heath community, but also 

restricting certain species from occurring in some areas of the chalk heath 

community.  

Furthermore, results have established that traits relating to life-form predominately 

influence which species can inhabit the chalk heath community; chalk heath species 

tend to be perennial hemicryptophytes whose height equal their width; in contrast, 

the species restricted to other parts of the reserve tend to be annual therophytes 

whose height is greater than their width. In terms of reproductive success, 

propagation strategy was the only filter identified that limited species from occurring 

within the chalk heath community; species that occurred within the chalk heath 

tended to be able to propagate both by seed and vegetatively, whereas species 

restricted to other parts of the reserve tended to propagate solely by seed (Figure 

3.5). The species within the chalk heath community, appear to have an advantage 

over other species within the reserve in terms of not only establishment, persistence 

and competitive ability, but also in terms of longevity, space acquisition and 

tolerance of disturbance.  
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7.2.2 Attributes that distinguish between calcicole and calcifuge 

species in terms of traits and co-occurrence patterns 

Species traits and environmental characteristics that distinguish between the 

realised niches of calcicole and calcifuge species have been identified for the local 

species pool (Chapter 3). These results determined that the calcifuge species have 

an advantage over calcicole species in terms of establishment, persistence, 

competitive ability and dispersal; whereas calcicole species have an advantage over 

calcifuge species in terms of not only acquiring resources, but also in avoiding 

and/or tolerating stressful conditions such as grazing. Results have also determined 

that calcicole species prefer drier soil conditions than calcifuge species. Soils 

overlying chalk are typically regarded as very dry and it has been suggested that 

some calcicole species may, in fact, be species adapted to very dry soil conditions 

rather than alkaline soils (Steele, 1955). Ewald (2003a) established, using Ellenberg 

indicator values, that calcicole species tend to prefer communities with less 

moisture, but more nitrogen and light than calcifuge species.  

Results from this thesis established that the majority of the calcifuge species within 

the reserve are considered generalist species within the UK and have been 

identified as having a broad geographic niche; whereas calcicole species within the 

reserve are considered to be more specialists in their geographic niche 

requirements within the UK (Figure 3.4). Steele (1955) determined that although 

calcifuges in the UK are more common on acidic soils they also have no limitation 

to their range of tolerance and as such can be found at lower abundances on 

calcareous soils. Within Central Europe it has been established that calcicole 

species are over-represented within the vascular plant species pool compared to 

calcifuge species and as a result calcicole species have a much broader distribution 

than calcifuge species (Ewald 2003a); it has also been observed that many calcicole 

species are common within acidic communities throughout Germany, Austria, 

Hungary and Switzerland (Ewald, 2003a, Wohlgemuth and Gigon, 2003). It is 

conceivable that the dichotomy found between the broader distribution of calcicole 

species in Central Europe compared to the more specialist narrower geographic 

range established for calcicole species in the UK depicted within this thesis, may be 

due to how species were classified as calcicole or calcifuge species using Ellenberg 

indicator values. Ewald (2003a) perceived calcicoles and calcifuges as rigidly 
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exclusive categories and classified species with an Ellenberg value for Reaction (R) 

1 to 6 as calcifuge and species with an indicator value 7 to 9 as calcicole; in contrast, 

within this thesis, calcicoles and calcifuges were perceived as extreme points on a 

continuum of physiological variation and tolerance and as a result, species with an 

indicator value of 1 to 4 were classified as calcifuges, species with an indicator value 

of 5 to 7 were classified as species with neutral tendencies to soil pH, and species 

with an indicator value of 8 or 9 were classified as calcicole species.  

The chalk heath species pool at Lullington Heath NNR contains thirteen calcicole 

and thirteen calcifuge species. However, many calcicole and calcifuge species 

occur at low frequencies/abundances within the chalk heath community and as a 

result, this section will discuss co-occurrence patterns between the calcicole and 

calcifuge species that were upheld over multiple chapters/datasets. Seventeen 

significant non-random species pairs involving calcicole or calcifuge species were 

upheld between two or more of the analysed datasets (see Table 7.1). These 

species pairs involve four calcifuge species, three calcicole species and eight 

species with neutral preferences for soil pH; as a result, thirteen of these species 

pairings involve a species with neutral preferences for soil pH.  

The three calcicole species Sanguisorba minor, Filipendula vulgaris and Viola hirta 

were identified in half the species pairs maintained over multiple datasets; including 

all five aggregated species pairs that were upheld in all three chapters. All three 

species are perennial forbs common in grasslands on chalk substrates (Grubb et 

al., 1969, Stace, 2010). They are all associated with undisturbed sites with low to 

intermediate fertility (Grime et al., 2007) and have high abundances within the chalk 

heath community (mean rank abundance (10 datasets) for each species is 

Sanguisorba minor = 4, Filipendula vulgaris = 5, and Viola hirta = 15). In terms of 

the species traits and the environmental characteristics analysed in Chapter 3, the 

three calcicoles have similar life-form traits and environmental characteristics (same 

clusters), however, they exhibit differences when all traits or traits relating to 

reproductive success are analysed (different clusters). Within the pair-wise analysis 

in all three data chapters, aggregated species pairs are more frequent than 

segregated species pairs for all three of these calcicole species, indicating that the 

co-occurrence patterns for these calcicole species are more likely to be due to 

facilitation or abiotic assembly than competitive interactions.  



 

 

Species pairs Chapter 4 (spatial scale) Chapter 5 (years) Chapter 6 (areas) 

Point 10cm 20cm 40cm 1962 1974 1993 2004 Typical Restored 

Calcifuge – calcicole           
 Calluna vulgaris – Sanguisorba minor 

Teucrium scorodonia – Filipendula vulgaris 
S*   

S** 
 

S*** 
    A*** 

 
S** 
S* 

Calcifuge – calcifuge           
 Calluna vulgaris – Erica cinerea    S*     A* S* 

Calcicole – calcicole           
# Filipendula vulgaris – Sanguisorba minor  A** A** A**    A*  A*** 

Califuge – neutral species           
 Calluna vulgaris – Ulex europaeus 

Potentilla erecta – Galium mollugo 
Teucrium scorodonia – Plantago lanceolata 

   
 

S*** 

 
 

S* 

S**   
 

S*** 

 
A* 
 

 
A*** 

S*** 

Calcicole – neutral species           
 
 
# 
 
# 
 
# 
 
 
# 

Filipendula vulgaris – Galium verum 
Filipendula vulgaris – Holcus lanatus 
Filipendula vulgaris – Thymus polytrichus 
Filipendula vulgaris – Ulex europaeus 
Sanguisorba minor – Carex flacca 
Sanguisorba minor – Pilosella offininalis 
Sanguisorba minor – Plantago lanceolata 
Sanguisorba minor – Thymus polytrichus 
Sanguisorba minor – Ulex europaeus 
Viola hirta – Plantago lanceolata 

 
 
 
 
 
 
 
 
 

A* 

 
 
 
 

A** 
 

A** 
 
 
 

 
 
 
 
 
 

A* 

 
S** 
A* 
 
 
 

A** 
 
 

A** 

 
 
 

S* 

  
S*** 
A* 
S** 
A** 

 
A** 
A* 
 

A* 

A* 
 
 

S*** 
 

A** 
A*** 

 
S* 

A** 
 
 
 

A* 
A* 

A*** 
 
 

A*** 

 
 

A* 
S*** 

 
 
 

A** 
S** 

Table 7.1. Species pairs involving calcicole and calcifuge species upheld over two or more of the three data chapters within this 

thesis (Chapters 4, 5 & 6). Stars denote significance level  * ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001, aggregated (positive associations) (A), 

segregated (negative associations) (S), random associations left blank.   # indicates a species pair that is upheld in all three data 

chapters. 
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The positive species pairing between Sanguisorba minor - Plantago lanceolata was 

the most frequently identified species pair in trials and was detected in 60% of trials. 

When all traits and traits relating to life-form and reproductive success are analysed 

Sanguisorba minor and Plantago lanceolata are similar (same clusters); however, 

the two species differ in term of environmental characteristics (different clusters). 

This illustrates that the aggregated association between these two species is more 

likely to be due to environmental filtering (Azeria et al., 2011) than intra-guild 

competition which would suggest a segregated association (Hutchinson, 1957, 

Prinzing et al., 2008, Wang et al., 2010). The presence of Plantago lanceolata within 

the chalk heath community and its inclusion in a high number of predominantly 

aggregated species pairs (Table 7.3) is most likely due to its ubiquity within the UK 

and it’s morphological plasticity in different environmental conditions (Preston et al., 

2002, Grime et al., 2007). 

The aggregated species pairwise association between the two calcicoles, 

Filipendula vulgaris - Sanguisorba minor was detected in 50% of trials and 

differences in rooting depth could explain the aggregated co-existence of these two 

species within the chalk heath (Grubb et al., 1969) (see Section 4.4). The 

segregated species pair between Filipendula vulgaris – Ulex europaeus was 

identified in 40% of matrices (Chapters 5 & 6) and past management practices 

and/or the soil acidifying effects of Ulex europaeus (Grubb and Suter, 1971) are 

proposed as possible factors determining the segregated co-occurrence pattern 

between these two species (see Section 6.4.1.1). Both Filipendula vulgaris and Ulex 

europaeus were involved in a further five different species pairs each that were 

upheld over multiple chapters (Table 7.3) Ulex europaeus occurs in a wide range of 

communities, is very common within Sussex and is considered ubiquitous within the 

UK, especially within disturbed sites (Preston et al., 2002, Grime et al., 2007, Stace, 

2010). Results from this thesis established that the majority of non-random species 

pairs involving Ulex europaeus are segregated, implying that the distribution of Ulex 

europaeus may be competitively structured within the chalk heath community. 

However, the acidifying effects of Ulex europaeus on soils has been documented 

(Grubb and Suter, 1971) implying that environmental factors may be the key factors 

explaining the segregated associations identified involving Ulex europaeus. 
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The calcifuge species Calluna vulgaris and Erica cinerea are identified as the 

dominant calcifuge species within the chalk heath community at Lullington Heath 

NNR (Thomas, 1960a, Thomas, 1960b, Gay et al., 1968, Grubb et al., 1969, 

Burnham and Green, 1983, Emery, 2000, Denyer et al., 2010), nonetheless, very 

few non-random species pairs involving these species were identified within the 

temporal datasets (Chapter 5). Calluna vulgaris cannot tolerate continued or heavy 

grazing and as a result, Erica cinerea was more abundant within the reserve pre-

myxomatosis (Thomas, 1960b, Stace, 2010) and this pattern is also evident in the 

present sward (mean rank abundance (6 trials), Calluna vulgaris  = 15, Erica cinerea 

= 9). Nonetheless, within the pair-wise analysis in all three data chapters, Calluna 

vulgaris was identified in many more non-random species pairs than Erica cinerea 

(n = 27:11 respectively). Segregated species pairs involving Calluna vulgaris were 

more prevalent within the chalk heath community, possibly indicating a competitively 

structured pattern of distribution.  

The segregated co-occurrence pattern identified with Calluna vulgaris could be due 

to the soil acidifying effects of the species (Grubb and Suter, 1971) or due to the 

fact that post-myxomatosis the abundance and size of Calluna vulgaris within the 

chalk heath community has increased (Thomas, 1963, Grubb et al., 1969, Emery, 

2000). The rapid establishment of Calluna vulgaris has been documented on 

abandoned agricultural fields and following forest felling (Willems, 1988, Bakker, 

2014). Willems (1988) determined that in an area felled of trees (to improve light 

conditions for a chalk grassland) Calluna vulgaris rapidly established within one year 

of the felling. In addition, Calluna vulgaris had not been present in the surrounding 

area for over 20 years although prior to the wooded community, the area had been 

a Calluna vulgaris dominated heathland circa. 50 years previous. Willems (1988) 

determined that following the tree felling, seeds of Calluna vulgaris were 

overrepresented in the seedbank and that their rapid re-establishment was due to 

the species persistence in the soil seedbank for a period of over 50 years. 

Consequently, it can also be suggested that the persistence of Calluna vulgaris 

within the chalk heath soil seedbank may have resulted in the increase of the 

species within the chalk heath sward, in particular within the typical area of chalk 

heath where the abundance and frequency of Calluna vulgaris is greatest (Figure 

6.5). 



 

Chapter 7 – Discussion  169 

Erica cinerea was identified in a similar number of negative and positive species 

pairs (positive = 6, negative = 5) within the chalk heath sward within all data 

chapters. The co-occurrence pattern of Erica cinerea in terms of species pair-wise 

associations is thus difficult to interpret but may be due to past management 

practices, the relaxation of grazing pressure, and/or the encroachment of scrub and 

grass species within the chalk heath community post-myxomatosis (Preston et al., 

2002). This is illustrated by the fact that the two non-random species pairs identified 

within both areas of chalk heath that involved Erica cinerea (with Calluna vulgaris 

and Thymus polytrichus), was either a positive or negative species pair depending 

on the management of the chalk heath (Table 6.2 & Section 6.4.1.1).  

Interestingly, associations involving calcifuges were predominantly segregated 

(segregated = 73%, aggregated = 37%), whereas as associations involving calcicole 

species were predominantly aggregated (segregated = 34%, aggregated = 67%). 

These results imply that competitive interactions may structure the co-occurrence 

patterns evident within the chalk heath community for calcifuge species, whereas 

calcicole species may predominantly be structured by abiotic factors or facilitation.  

Overall, aggregated associations involving calcicoles and/or calcifuges account for 

61% of the pair-wise associations upheld over multiple chapters, segregated 

associations account for 39%. This supports the results of all the species pair-wise 

analysis within Chapter 4, 5, & 6 for all species; wherein, 70% of trials (7 out of 10 

matrices) established that aggregated pair-wise associations are more frequent 

than segregated pair-wise associations when all species pair-wise associations are 

analysed within the chalk heath community (Table 7.3Table 7.2). Although there is 

a lack of studies investigating specific pair-wise associations in plant communities, 

a tendency towards an aggregated community structure has been identified for 

several communities and species using the community metric (Sanders et al., 2003, 

Dullinger et al., 2007, Reshi et al., 2008, Rooney, 2008, Götzenberger et al., 2011).  

Dullinger et al., (2007) established trends that illustrate that species aggregation 

was more prevalent than segregation within alpine communities. Rooney (2008) 

also determined the prevalence of aggregation in community co-occurrence 

structure within the field layer species of a temperate forest when the fixed-

equiprobable algorithm was used to detect temporal co-occurrence patterns. A 
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tendency towards an aggregated community structure have also been established 

in sites following invasion by both flora (Centaurea iberica) and fauna (Linepithema 

humile), in both studies, the pre-invasion sites exhibited a tendency towards a 

segregated structure using community metrics (Sanders et al., 2003, Reshi et al., 

2008).  

Although, there is a lack of studies that have investigated the pair-wise approach in 

plant communities, it has been used in conjunction with the community metric to 

identify community structure within a faunal dataset. Ulrich et al. (2010) used both 

types of metrics to assess the effects of tourism on the spider communities in two 

island lakes in Poland. It was determined that within the island without tourism, 

spider assemblages indicated a segregated co-occurrence pattern between specific 

species pairs and for the community as a whole. In contrast, within the island with 

tourism, the spider assemblage indicated a random co-occurrence for the 

community as a whole and although specific positive and negative species 

associations could be identified, segregated associations were more prevalent.   

It has been suggested that environmental heterogeneity increases the tendency for 

associations to be aggregated within a community, whereas environmental 

heterogeneity may increase or decrease the number of segregated associations 

depending on the strength of local competition (Seabloom et al., 2005). 

Environmental heterogeneity can create patterns, or checkerboards, whereby 

species are associated with different abiotic features within the sites. In addition, 

within a heterogeneous environment each species can be seen to be, either spatially 

or temporally, the better competitor and consequently the two species could co-

exist.  

In terms of the chalk heath community, the soils are considered heterogeneous and 

soil micro-variability is seen as a factor that may contribute to the intimate co-

existence of calcifuge and calcicole species within the sward (Burnham and Green, 

1983). In addition, the vegetation structure and heterogeneity of a community is 

considered to increase due to grazing pressures by herbivores (Smit et al., 2010) 

and it is assumed that a grazed community would contain a mosaic of short and tall 

grassland swards together with shrubs and trees that can shift both temporally and 

spatially. Grazing pressure by herbivores within the chalk heath community has also 
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been identified as creating and maintaining the community’s heterogeneity and 

diversity (Denyer et al., 2010). Consequently, it is conceivable that the habitat 

heterogeneity exhibited within the chalk heath community may fundamentally result 

in the fact that aggregated pair-wise associations involving calcicole and calcifuge 

species are more frequent than segregated pair-wise associations within the chalk 

heath community.  

 

7.2.3 The appropriate scale for defining co-occurrence patterns within 

the chalk heath community 

The scale dependency of the co-occurrence patterns identified within this study is 

an important step forward in community ecology, illustrating how the co-occurrence 

patterns between vascular plant species change with the scale of observation 

(Weiher et al., 2011). Relatively few studies have specifically evaluated the effects 

of spatial scale on species or community co-occurrence patterns (Götzenberger et 

al., 2011, Weiher et al., 2011). Where this has been achieved, it is common for data 

at smaller scales to be combined to provide data at larger scales of observation, 

thus reducing the number of quadrats for analysis with each increasing spatial scale 

(Götzenberger et al., 2011). One of the aims of Chapter 4 was to establish how 

altering the fine-grained spatial scale of the sampling units employed, affects the 

outcome of species co-occurrence patterns within the chalk heath community. The 

nested quadrat design enabled the evaluation of how patterns changed with 

increasing quadrat size in the same place, with an equal number of quadrats at each 

scale. In Chapter 4 it was determined that in terms of the community wide metric, 

significant co-occurrence patterns were only identified at the smaller nested scales 

and although specific non-random species pairs were determined at all scales – 

they were considered as being scale-dependent; in essence, a species pairing 

identified at one scale as either segregated or aggregated may be determined as 

random at another spatial scale. 

Six spatial scales were investigated within this thesis: point (0.04cm2), 5cm (25cm2), 

10cm (100cm2), point-quadrat frame (250cm2), 20cm (400cm2), and 40cm 

(1600cm2). The community co-occurrence patterns for each scale are detailed in 
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Table 7.2 as well as the corresponding number of aggregated and segregated 

species pair-wise associations found at each spatial scale.  

 

  0.04cm2 25cm2 100cm2 250cm2 400cm2 1600cm2 

T R 62 74 93 04 

C-score 

O:E O>E O>E O>E O<E O<E O<E O<E O<E O<E O<E 

Implies  S S  S  A A  A  A A A  A  

Pvalue * * - - * - * * - - 

Zscore - * - - * - - * - - 

Checker 

O:E O>E O>E O>E O>E O>E O<E O>E O<E O>E O>E 

Implies S S  S  S S  A   S   A S S 

Pvalue * - * * * * * * * - 

Zscore * 
- 

* * * * * * * 
- 

Pair-wise 
associations 

Agg 6 38 39 9 10 2 30 47 10 17 

Seg 6 20 28 8 6 0 19 9 13 25 

Total  12 58 67 17 16 2 49 56 23 43 

a:s a=s a>s a>s a>s a>s a>s a>s a>s a<s a<s 

Number of quadrats 80 300 300 80 61 23 58 73 80 80 

Total number of 
species in the matrix 

38 46 44 45 49 33 54 65 50 55 

Average number of 
species per quadrat 

4 5 6 8 8 9 9 9 10 13 

Table 7.2. Co-occurrence analysis for each spatial scale analysed within this thesis. 

C-score and Checker results relate to the community metrics: where O = Observed 

index, E = Expected index, A = implies an aggregated community structure, S 

implies a segregated community structure, * = significant and - = non-significant. 

The number of pair-wise associations at each spatial scale are also depicted: Agg 

= aggregated pair-wise associations, Seg = segregated pair-wise associations, a:s 

= the number of aggregated pair-wise associations in relation to the number of 

segregated pair-wise associations. The number of quadrats analysed at each spatial 

scale, the total number of species within the matrix and the average number of 

species per quadrat are also detailed. 

 

 

At a community scale, non-random co-occurrence patterns have been identified in 

55% (11 out of 20) of the trials within this thesis (Z-score results for both C-score 

and Checker indices within Chapters 4, 5, & 6).  When the tendency for species to 

never co-occur was examined (C-score) only three (30%) of the trials determined 

significant non-random community structure (the 1962 matrix and the 2004 matrix 

within the temporal analysis, and the typical matrix within the management 

analysis).  In contrast, the Checker index measures in absolute terms the number 

of species that never co-occur and determined that eight (80%) of the trials revealed 
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significant non-random community structure (only the largest nested matrix and the 

typical matrix were identified as being randomly structured) (Table 7.2).  

Götzenberger et al. (2011) conducted a meta-analysis of 11 papers reporting the 

results of null model analysis of co-occurrence patterns in plant communities (3681 

trials involving both C-score and Checker indices). They determined that significant 

deviations from randomness were only identified in 41% of all trials, of which 29% 

indicated a segregated community structure and 71% indicated an aggregated 

community structure; and that in most trials, the Z-scores were either not 

significantly different from random or suggested an aggregated community structure 

(Götzenberger et al., 2011). Interestingly results from this thesis have identified that 

in most trials the Z-scores were significantly different from random patterns in over 

half of all trials, with approximately 2/3rds of all trials indicating a segregated 

community structure, and just over a 1/3rd of all trials indicating an aggregated 

community structure. This discrepancy could be due to the fact that the patterns 

identified by Götzenberger et al. (2011) were dependent upon results from a high 

number of alpine vegetation plots (1808 trials) from a single study (Dullinger et al., 

2007). Plant species interactions are considered to be less obvious within alpine 

communities than within grassland or forest communities at lower elevations, with 

higher temperatures and less extreme abiotic conditions (Billings and Mooney, 

1968).   

In terms of community indices, the chalk heath exhibited significant non-random co-

occurrence patterns at only the smaller spatial scales. Similar results have been 

reported for community co-occurrence patterns in natural grasslands at scales of 

0.01m2, 0.25m2 and a landscape scale of 10000m2  (Reitalu et al., 2008); within 

lawns at scales of 0.0157m2 and 0.1444m2 (Watkins and Wilson, 1992) and within 

temperate forests at spatial scales ranging from 25m2 to 10000m2 (Zhang et al., 

2009); Within these studies the data were recorded within quadrats at the smaller 

scales of observation and quadrats were combined to provide data for the larger 

scale analysis. Consequently, in these studies the number of quadrats decreased 

with increasing spatial scale and so any loss of significant non-random co-

occurrence patterns at larger spatial scales could partly be a result of there being 

fewer quadrats at these larger spatial scales (Watkins and Wilson, 1992). 
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Although the scale dependency of the majority of species pair-wise associations 

was established in Chapter 4, there are nonetheless non-random species pairs that 

have been identified within this thesis that span all three co-occurrence data 

chapters regardless of the spatial scale. Thirty-eight significantly non-random 

species pairs were upheld between two or more spatial scales, twenty-seven of 

which were upheld over multiple chapters and sampling periods (see Table 7.3 – 

referring to Chapter 4, 5 & 6).  

 

Species pairs 

Chp 4 
Point 

(0.04cm2) 

Chp 6 
5cm 

 (25cm2) 

Chp 4 
10cm 

(100cm2) 

Chp 5 
Point 
frame 

(250cm2) 

Chp 4 
20cm 

(400cm2) 

Chp 4 
40cm 

(1600cm2) 

Calcifuge – calcicole       
 Calluna vulgaris – Sanguisorba minor 

Erica cinerea – Sanguisorba minor 
Rumex acetosella – Filipendula vulgaris 
Teucrium scorodonia – Filipendula vulgaris 
Teucrium scorodnia – Sanguisorba minor 

S 
S 
 
 

S 

A/S 
 
 

S 

 
S 
 
 

S 

  
 

S 
S  
S 

  
 

S 
S 
S 

Calcifuge – calcifuge       
 Calluna vulgaris – Erica cinerea  A/S    S  

Calcicole – calcicole       
# Filipendula vulgaris – Sanguisorba minor  A A A A A 

Califuge – neutral species       
 Calluna vulgaris – Ulex europaeus 

Erica cinerea – Plantago lanceolata 
Potentilla erecta – Carex caryophyllea 
Potentilla erecta – Galium mollugo 
Potentilla erecta – Ranunculus bulbosus 
Teucrium scorodonia – Carex flacca 
Teucrium scorodonia – Plantago lanceolata 

 
 

S 
 
 

A  

 
S 
 

S 
 
 

A 
 
 

S 

 
S 
S 
 

S 
S 
S 

 
 

S 
 

S 
S 
S 

Calcicole – neutral species       
 
 

# 
 

# 
 

# 
 
 

# 

Filipendula vulgaris – Galium verum 
Filipendula vulgaris – Holcus lanatus 
Filipendula vulgaris – Thymus polytrichus 
Filipendula vulgaris – Ulex europaeus 
Sanguisorba minor – Carex flacca 
Sanguisorba minor – Pilosella offininalis 
Sanguisorba minor – Plantago lanceolata 
Sanguisorba minor – Thymus polytrichus 
Sanguisorba minor – Ulex europaeus 
Viola hirta – Plantago lanceolata 

 
 
 
 
 
 
 
 
 

A 

A 
 

A 
S 
A 
A 
A 
A 
S 
A 

 
 
 
 

A 
 

A 
 

A 
S 
A 
S 
A 
A 
A 
A 
S 
A 

 
 
 
 
 
 

A 

 
S 
A 
 
 
 

A 
 
 

A 

Neutral – neutral species       
 Agrostis stolonifera – Arrhenatherum elatius 

Agrostis stolonifera – Succissa pratensis 
Carex flacca – Carex caryophyllea 
Carex flacca – Holcus lanatus 
Carex flacca – Plantago lanceolata 
Carex flacca – Thymus polytrichus 
Centaurea nigra – Succisa pratensis 
Galium verum – Leontodon hispidus 
Polygala vulgaris – Thymus polytrichus 
Plantago lanceolata – Achillea millefolium 
Ulex europaeus – Festuca rubra 
Ulex europaeus – Lotus corniculatus 
Ulex europaeus – Thymus polytrichus 
Veronica chamaedrys – Holcus lanatus 
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Table 7.3. The spatial scale of the quadrat size for species pairs upheld over two or 

more spatial scales within this thesis (Chapters 4, 5 & 6). Aggregated (positive 

associations) (A), segregated (negative associations) (S), random associations left 

blank.   # indicates a species pair that is upheld in all three data chapters. 
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The fact that a number of non-random species pair-wise associations are upheld 

over multiple spatial scales, involving a variety of sampling techniques, confirms the 

validity of the pair-wise approach as a useful method for revealing trends and 

patterns in the structure of communities (Gotelli and Ulrich, 2010, Krasnov et al., 

2011a, Gotelli and Entsminger, 2012, Veech, 2014, Castelin et al., 2016). The pair-

wise species associations upheld over multiple chapters and scales, involve 25 

species: five calcifuges, three calcicoles and seventeen species with neutral 

preferences for soil pH. Where non-random co-occurrence patterns were identified 

at various spatial scales, nineteen species pairs were aggregated, seventeen 

species pairs were segregated, and two species pairs changed association (due to 

area rather than spatial size). In addition, segregated associations typically involved 

a calcifuge species and aggregated associations typically involved a calcicole 

species and/or a species with neutral preferences for soil pH (Table 4.2 & Table 

7.3). 

The importance of scale when interpreting pattern analysis and co-occurrence 

patterns has long been recognised by ecologists (Kershaw, 1962, Austin, 1968, 

Götzenberger et al., 2011, McNickle et al., 2018). Spatial patterns and processes 

are particularly important for plant communities since plants are non-motile and 

primarily interact with close neighbours, at a fine-scale (Crawley, 1997, Weiher et 

al., 2011). Community metrics identified the chalk heath community as being 

structured by segregation at the majority of spatial scales, exceptions include the 

1600cm2 quadrat size and certain sampling periods within the temporal analysis (at 

a scale of 250cm2). Therefore, implying that the smaller scales of observation are 

more suitable for detecting non-random co-occurrence patterns in community 

structure of the chalk heath.  

Many studies have determined that inter- and intraspecific biotic interactions that 

potentially generate species co-occurrence patterns occur over small/fine spatial 

scales (Watkins and Wilson, 1992, Virágh and Bartha, 1998, Bartha et al., 2011, 

Götzenberger et al., 2011, Weiher et al., 2011). Watkins and Wilson (1992) 

demonstrated non-randomness in grasslands (lawns) at a community scale of 

160mm2 and 360mm2. Thórhallsdóttir (1990) established significant and consistent 

non-randomness in the spatial arrangement of species within grasslands at the 
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1cm2 scale. Bartha et al., (2011) determined that the greatest spatial variability is 

evident at fine spatial scales and reasoned that patterns will be hidden in studies 

that adopt traditional sampling sized quadrats (i.e. at 1m2 or larger). Weiher et al. 

(2011) propounded that ‘when spatial extent is reduced as much as possible, 

communities may appear increasingly neutral, because of a combination of low 

heterogeneity, low species pool size and possibly an increased ubiquity of some 

taxa.’ This has not been illustrated within this thesis since non-random community 

structure was exhibited at the smaller scales of observation; in addition, 

heterogeneity/biodiversity remained relatively high at the smaller scales, and the 

size of the species pool (total number of species) at the smaller scales was not 

substantially different than the size of the species pool at the larger scales. 

Results from this thesis have demonstrated that spatial scale plays a fundamental 

role in determining the species co-occurrence patterns that can be identified within 

the chalk heath community, both in terms of the community as a whole and when 

non-random species pairs are identified. However, determining the optimal spatial 

scale for detecting and describing the co-occurrence patterns within the chalk heath 

community requires a balance between what is ideal (in terms of spatial scale) and 

what is practical (in terms of sampling methodology) (Podani et al., 1993). The 

majority of the non-random species pairs identified at the spatial scale of 25cm2 

(sampled in Chapter 6) were also identified within the temporal analysis at a spatial 

scale of 250cm2 (Chapter 5). This is interesting since the temporal spatial scale is 

ten times larger in area than the 25cm2 spatial scale; however, the spacing between 

the pins within the point-quadrat frame were at a distance of 5cm and the ten pins 

were combined to give the estimated 250cm2 spatial size. Of the fifteen non-random 

species pairs identified at the 400cm2 spatial scale, six were identified at the 100cm2 

spatial scale, seven were identified at the 1600cm2 spatial scale and one species 

pair was identified at all three spatial scales; implying that the 400cm2 spatial scale 

is suitable for identifying non-random species pairs spanning an area 100cm2 to 

1600cm2.  

It could, therefore, be suggested that a sampling spatial scale in the range of 250cm2 

to 400cm2 would be optimal for identifying non-random species pairs within the chalk 

heath community. Although this may not be a practical scale for management 
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purposes, in terms of surveying the community it could potentially represent the 

community structure and pair-wise associations spanning a spatial scale 100cm2 to 

1600cm2 in size. In addition, within this spatial scale interactions between immediate 

neighbours can also be observed (Watkins and Wilson, 1992, Purves and Law, 

2002, Reitalu et al., 2008).  

 

7.2.4 The structure of the chalk heath community 

Identifying and describing spatial patterns and their deviance from randomness can 

be seen as the first step in defining community assembly processes (Laughlin, 

2014). A community can be seen to have structure if the species it contains are a 

non-random subset of the regional/local species pool (Law and Morton, 1996). The 

chalk heath community at Lullington Heath NNR has been determined as being a 

non-random subset of the available species within the local species pool; in addition, 

non-random community co-occurrence patterns including specific species pairs 

have been identified at both temporal and spatial scales.  

At a local scale, randomisation tests established that non-random processes are 

operating within the species pool and restricting taxonomic diversity within the chalk 

heath community. Taxonomic clustering at the genus, family and order level indicate 

that species within the chalk heath community are more closely related than 

expected by chance and as a result, the taxonomic diversity of the community is 

also lower than expected by chance. This result is consistent with other studies that 

have most commonly established phylogenetic similarity (taxonomic clustering) 

within a range of faunal and floral communities (Vamosi et al., 2009), including 

grassland (Tofts and Silvertown, 2000) and tropical rainforest plant communities 

(Webb, 2000). Taxonomic clustering has conventionally been interpreted as 

implying possible environmental filtering and/or dispersal limitations from the local 

species pool into the actual plant community.  

At a community scale, significant non-random co-occurrence patterns within the 

chalk heath community have been identified for the majority of trials and results have 

determined that a segregated community structure is more prevalent than an 

aggregated community structure. This result is accordant with other studies that also 

determined that a segregated community structure was more prevalent than an 
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aggregated community structure within a variety of communities, including semi-

natural grasslands (Reitalu et al., 2008), old-growth temperate forests (Zhang et al., 

2009), within  winter-wheat fields (Petit and Fried, 2012) and within pre-invasion 

grassland sites wherein a tendency towards a segregated community structure was 

detected prior to the invasion of the species Centaurea iberica (Reshi et al., 2008). 

However, a tendency towards an aggregated community structure has been 

established within alpine communities (Dullinger et al., 2007), temperate forests 

(Zhang et al., 2009), as well as the meta-analysis of a range of taxa by Veech 

(2012a). 

Furthermore, within this thesis, significant non-random community structure has 

been determined at both temporal and spatial scales. Results have determined that 

decennial changes have occurred within the chalk heath community since the 

advent of myxomatosis and have also established that scrub encroachment and the 

subsequent restorative management practices employed within the reserve may 

have resulted in the restructuring of community co-occurrence patterns between the 

two areas of chalk heath at Lullington Heath NNR. The restructuring of community 

co-occurrence patterns has also been established within grasslands following the 

invasion of Centaurea iberica (Reshi et al., 2008) and within native ant communities 

after the invasion of Linepithema humile (Sanders et al., 2003). However, within the 

field layer of temperate forests community co-occurrence patterns showed relative 

temporal stability despite a loss of species at sites (Rooney, 2008). Consequently, 

it has been suggested that minor losses in species may not necessarily affect the 

co-occurrence structure of the community as a whole (Rooney, 2008).  

Within this thesis, although the sward has lost and gained species between re-

survey periods, the proportional persistence of species within the chalk heath 

community remained fairly constant through time and on average there was no 

difference in species rankings between re-survey dates (Collins et al., 2008). 

However, when community metrics were analysed, each determined contrasting 

community structure patterns between re-survey periods: when the tendency for 

species to never co-occur (C-score) was measured, the chalk heath community 

exhibited an aggregated community structure whether significantly different from 

random expectations or not; however, the Checker index, which measures in 

absolute terms the number of species pairs that form a perfect checkerboard 
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distribution, identified significant contrary non-random community structure between 

each consecutive re-survey period; essentially, the chalk heath community could be 

seen to be structured by segregation in 1962 and 1993, yet an aggregated 

community structure was identified in 1974 and 2004. Consequently, minor 

decennial changes in either abiotic or biotic factors can be seen to have impacted 

the community structure of the chalk heath community. It has been suggested that 

historical abiotic and biotic factors may possibly have instigated the decennial 

changes in community structure exhibited within the chalk heath community; in 

particular, the cessation of grazing due to the advent of myxomatosis (Emery, 2000), 

the subsequent scrub encroachment within the chalk heath community (Grubb et al, 

1969, Grubb and Suter, 1971) and the consequential restorative management 

practices (Emery, 2000), including mixed grazing regimes (Emery, 2000, Barnham 

and Stewart, 2005, Denyer et al., 2010), to enable a type of chalk heath community 

to re-establish within areas cleared of Ulex europaeus scrub (Grubb et al., 1969, 

Emery, 2000, Denyer et al., 2010). In addition, the patterns that have been identified 

in the early re-surveys may, in fact, illustrate transitional phases between what was 

‘true’ chalk heath before myxomatosis occurred within the reserve, and the chalk 

heath community observed in recent years. 

At a species scale, the pair-wise associations determined that the majority of 

species pairs were randomly structured; however, both aggregated and segregated 

species pairings were identified within all trials and matrices. In addition, it was 

established that aggregated species associations are more frequent than 

segregated species associations within the chalk heath community (7 out of 10 

matrices) (Table 7.2). Moreover, this substantiates the theory that a matrix that is 

identified as being structured randomly, or by segregation or aggregation at the 

community scale, may also contain a number of significantly aggregated or 

segregated species pairings that are concealed by the community indices due to the 

majority of species associations being random (Ulrich and Gotelli, 2012). In addition, 

the identification of significantly non-random species associations provides a more 

detailed description of the structure of the chalk heath community and the spatial 

patterns occurring within it (Veech, 2014, Neeson and Mandelik, 2014, Castelin et 

al., 2016).  
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The chalk heath at Lullington Heath NNR has been identified as being non-randomly 

structured at a local, community and species scale; the next step in defining 

community assembly processes is to account for the observed patterns of species 

co-occurrence by attempting to distinguish the constraints which define the patterns 

(Ribichich, 2005). Furthermore, Swenson (2011) advocates that identifying the 

ecological and evolutionary similarities of co-occurring species is fundamental for 

determining mechanisms and processes that structure plant communities.  

 

7.3 Methodological considerations 

The species pool-filter-subset analysis demonstrated key variables that limit the 

ability of species within the local species pool from establishing within the chalk 

heath community. However, analysis was limited to 15 variables and the choice of 

biotic traits was limited to traits detailed within autecological databases that had 

comprehensive data for the majority of species within the two species pools. 

Incomplete data and missing values for many variables reduced the number of 

species traits and species that could be analysed within this thesis. In particular, 

below ground species characteristics (i.e. root depth, seedbank density and seed 

viability), reproductive characteristics (i.e. dispersal distance and seed production), 

and a species response to grazing are characteristics that would be hypothesised 

to be important within the chalk heath community.  In addition, the creation of 

species pools was based on presence and absence data, therefore species 

abundances and weighted trait values could not be calculated.  

The use of archived biological data can potentially fill the gap associated with the 

lack of long-term ecological knowledge of a community (Magurran et al., 2010); 

however, this approach is not without limitations (Kapfer, 2011). With reference to 

the Thomas transect data (Chapter 5), different observers have re-surveyed the 

community, so factors influencing change may partly be a product of different 

sampling efforts between re-surveys and/or species identification capabilities 

(Kapfer, 2011). The effects of observer bias may provide further inconsistencies in 

interpretation due to increased species turnover estimates (Kercher et al., 2003); in 

addition, the use of a single transect per re-survey could also be seen to reduce the 

significance of any results (Kahmen et al., 2002). These issues illustrate the 
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difficulties with using archived datasets to assess vegetation change. Nonetheless, 

results from Chapter 5 exemplify the benefit of having archival data for more than 

just two ‘snapshot’ periods in time (i.e. now and then) as the use of four ‘snapshot’ 

periods in time has identified community dynamics and patterns that would have 

been obscured if only data from 1962 and 2004 had been analysed. Archival 

datasets may have their flaws (Newton et al., 2012) however, the chalk heath data 

clearly indicates a shift in species co-occurrence patterns, composition, frequency 

and diversity through time; this concurs with the findings of other studies on 

grassland communities that identify a net increase in species diversity between 

periods (Duprè et al., 2010, Newton et al., 2012). 

Within each data chapter, the effects of spatial dependency and autocorrelation may 

be a factor affecting the results obtained; Chapter 4 utilised nested quadrats, 

Chapter 5 used point quadrat frames situated along a transect and Chapter 6 used 

contiguous quadrats. As a result, the data within each chapter can be seen to be 

not independent and consequently, the dependence and closeness of particular 

quadrats could be seen to influence the results obtained (Sandel and Smith, 2009, 

Götzenberger et al., 2011). Nonetheless the use of contiguous grids and nested 

designs are a common sampling methods in community co-occurrence analysis 

(Watkins and Wilson, 1992, Dullinger et al., 2007, Reitalu et al., 2008, Maestre et 

al., 2009, Zhang et al., 2009, Morgan and Farmilo, 2012, Petit and Fried, 2012) and 

the description and revelation of co-occurrence patterns has added empirical 

information concerning the co-occurrence structure of the largest surviving chalk 

heath community in the UK.   

All field sampling was located at Lullington Heath NNR and so the results could be 

deemed to have very little replication in terms of study sites. However, chalk heath 

is an internationally rare community type and only occurs in a few small scattered 

locations in the south of England; namely Lullington Heath NNR, Kingley Vale NNR, 

Porton Down SSSI and a few small scattered locations on the Isle of Wight. Thomas 

(1960a) detailed that the chalk heath at Kingley Vale NNR occurred on a steep 

slope, in thin bands, on low banks that have been created by soil creep resulting in 

the bands of chalk heath frequently being in line with irregular lines of yew trees 

(Taxus baccata). Furthermore, in recent years the chalk heath community is now 

considered to be in an unfavourable condition; it has decreased in extent and in 
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some areas the community is lacking Calluna vulgaris (one of the two calcifuge 

species that Tansley & Rankin (1911) originally defined the community as 

containing, the other species being Erica cinerea) (Natural-England, 2011). The 

chalk heath at Porton Down is in a similar unfavourable condition (Natural-England, 

2010); in addition, Wells et al. (1976) advocate defining the Porton Down chalk 

heath community under the broader term ‘acidophilous scrub communities’  as in 

many stands, the community contains neither Calluna vulgaris nor Erica cinerea. As 

a result, opportunities to sample other comparable chalk heath communities are 

limited. Indeed, the vast majority of published studies of chalk heath communities 

have conducted field investigations solely at Lullington Heath NNR (Thomas, 1960a, 

Thomas, 1960b, Thomas, 1963, Gay et al., 1968, Grubb et al., 1969, Grubb and 

Suter, 1971, Burnham and Green, 1983, Denyer, 2005, Denyer et al., 2010) (a 

notable exception is Chatters (1990) study on the Isle of Wight) and the chalk heath 

at Lullington Heath NNR is considered to be the largest and best example of this 

community in the UK – the locus classicus of the widely scattered surviving samples  

(Rackham, 2000, Barham and Stewart, 2005, Denyer et al., 2010). 

 

7.3.1 Null model analysis 

Null model analysis was chosen as the method for co-occurrence analysis as it is a 

well-established pattern generating technique that has been extensively used in 

community ecology for over 25 years (Manly and Sanderson, 2002, Ladau and 

Ryan, 2010, Götzenberger et al., 2011). Null model analysis is considered as a 

simple statistical descriptor wherein the null model functions as a standard statistical 

null hypothesis for detecting pattern, in contrast to a scientific hypothesis, which is 

a mechanism to explain the pattern (Gotelli and Ulrich, 2012). Consequently, null 

model analysis is able to identify a spatial pattern, however, it is unable to provide 

information on how factors influence the pattern (Ulrich et al., 2017).  

As illustrated in this thesis, the use of different metrics (C-score, Checker) can 

generate different results, however, each metric answers a slightly different 

hypothesis (see Table 2.4). The decision of what metric to choose should be 

determined by the hypothesis being considered. Within this thesis, Diamond’s 

(1975) hypothesis was adopted: that species interactions led to certain species pairs 
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that would never co-occur i.e. checkerboard distributions. Accordingly, either 

counting the number of species pairs that form checkerboard patterns (Checker) or 

calculating the average of these checkerboard distributions (C-score) are logical 

metrics for this hypothesis.  

The choice of different algorithms can also generate different results/patterns, as 

Rooney (2008) established in the temporal analysis of the field layer vegetation of 

temperate forests. Within this thesis, the fixed-equiprobable algorithm was chosen 

wherein the simulated matrices were randomly created by re-shuffling species 

occurrences among all samples, but always preserving the total presence of each 

species the same in all the simulated null models. This simulation corresponds to 

the simple model of community assembly in which species colonise sites 

independently of one another and allows the examination of co-occurrence patterns 

within a spatial context (Sanders et al., 2003), it is also suitable for sample lists 

generated by standardized ecological sampling procedures (such as quadrats and 

point counts), it performs well for both Type I and  Type II statistical errors and is 

quite powerful in detecting co-occurrence patterns in noisy datasets (Götzenberger 

et al., 2011).  

One remonstration of null model analyses is the ‘dilution effect’: that patterns among 

particular sets of species will be obscured by any metric that averages over all 

possible pairs (Gotelli and Ulrich 2010). Gotelli and Ulrich (2010) suggest that the 

‘dilution effect’ can be minimised by analysing the distribution of metrics for all the 

unique species pairs within the matrix (i.e. identifying pair-wise species 

associations) as well as identifying the community metric; this approach was 

employed for all null model analysis within this thesis.  

The fact that different metrics, algorithms and constraints within null model analysis 

can have fundamental effects on the resulting patterns has been central to the null 

model debate (Strona et al., 2018); however, all ecological models (as well as some 

statistical measures) are simplified representations of real systems and so have 

assumptions and/or weaknesses and as a result, can be subject to misuse 

(Augusiak et al., 2014). With regard to null model analysis, if there is careful 

consideration of the hypotheses to be tested together with the ecological sampling 

procedures, then effective metrics and algorithms can be determined and as a 
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result, null model analysis can be seen to have considerable potential as a simple, 

useful tool for investigating co-occurrence patterns within ecological datasets as well 

as revealing trends and patterns in the structure of communities (Castelin et al., 

2016). 

 

7.4 Implications for conservation, management and restoration 

Much change has occurred within the chalk heath community at Lullington Heath 

NNR since the advent of myxomatosis in 1954, and the chalk heath community that 

is now evident within the reserve has not only reduce in size but it also comprises 

of a taller more densely packed sward (Thomas, 1960b, Thomas, 1963, Grubb et 

al., 1969, Grubb and Suter, 1971, Denyer, 2005, Denyer et al., 2010). Grazing 

pressure by herbivores has commonly been identified as creating and maintaining 

community diversity and heterogeneity by controlling dominant species (Denyer et 

al., 2010, Smit et al., 2010) whilst also inhibiting secondary succession and the 

establishment of woody species (Grime, 2006, Denyer et al., 2010).  The cessation 

of grazing within the reserve enabled woody scrub species to encroach within the 

community and has resulted in two distinct areas of chalk heath (Grubb et al., 1969, 

Burnham and Green, 1983, Denyer, 2005). The grazing strategy that has been 

developed over the past 40 years has enabled the chalk heath community to be 

managed in a flexible and selective manner, that is also gradual and constant  

(Emery, 2000). However, changes in the vegetation structure of the chalk heath 

community have resulted in changes in the faunal species within the reserve and 

the scrub areas within the reserve are considered by Natural England to support a 

wide range of rare and vulnerable species of birds and insects. As a result, present 

management of the reserve is not aimed at reverting the whole reserve back to the 

chalk heath and chalk grassland communities that were evident in the early 20th 

century; but to maintain areas where scrub encroachment did not occur (the typical 

area) and to re-establish areas of typical chalk heath within the patches of Ulex 

europaeus scrub that have encroached the restored area of the chalk heath 

community.   

The results from this thesis provide novel insights into the assembly and structure 

of the chalk heath community. The identification of biotic, abiotic and taxonomic 
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filters that potentially limit species from the local pool occurring within the chalk 

heath community have not previously been investigated and illustrate that non-

random assembly processes are occurring within the reserve. In addition, the 

identification of non-random co-occurrence patterns at both community and species 

pair-wise scales have provided an evaluation of not only archival data, but also 

present-day co-occurrence patterns in terms of both quadrat size and restorative 

management practices. As a result, this thesis provides a comprehensive baseline 

understanding of both temporal and spatial co-occurrence patterns within the chalk 

heath community. 

Temporal changes in species composition, diversity and co-occurrence patterns 

have provided empirical evidence of the changes inferred from earlier studies 

(Thomas, 1960b, Thomas, 1963) and extended the initial investigation, on a 

decennial basis, for a period of approximately 50 years. During this period, the 

extent of the scrub encroachment within the reserve, its removal and the subsequent 

regeneration/ restoration of a type of chalk heath community had been documented 

along the transect.  Previous studies had predicted that without any management, 

in particular grazing, the restored area would develop towards an acidic grassland 

with species that are indifferent towards soil pH (Grubb and Suter, 1971) or towards 

a heathland and eventually a thicket (Thomas, 1960b, Thomas, 1963). Fortunately 

for the conservation of the chalk heath community, livestock were re-introduced into 

the reserve in the 1970s and a grazing strategy was implemented to manage, 

restore and conserve the chalk heath community. One of the aims of this thesis was 

to quantify the differences between the area of restored chalk heath and the area of 

chalk heath that has never overgrown or been invaded by Ulex europaeus (the 

typical area).  

Quantifying the differences between a degraded area (the restored chalk heath) and 

the desired future state (the typical chalk heath) can be seen as the first step towards 

restoring a degraded community (Laughlin, 2014). Within this thesis, the effects of 

the scrub encroachment and the restorative management practices on the restored 

area of the chalk heath community have been quantified. Differences between 

current conditions (the restored area) and desired future conditions (the typical area) 

have revealed the ‘Humpty Dumpty Effect’ (Pimm, 1991); that although the species 

composition and diversity  measures identified the two areas of chalk heath as being 
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similar (i.e. have all/most of the ‘pieces’/species), the two areas differ in terms of co-

occurrence patterns and edaphic parameters, i.e. the community has not been ‘put 

back together again’. The results of the co-occurrence and soil analysis indicate that 

the restored area of chalk heath is potentially different from the typical area of chalk 

heath and does not amount to the whole community depicted in the co-occurrence 

patterns of the typical area of chalk heath. Considering the fact that the majority of 

soil parameters analysed in this thesis differ between the two areas, it could be 

suggested that edaphic parameters are hindering the restoration of the restored 

area of chalk heath; however, other external factors, both biotic and abiotic, not 

investigated in this thesis could play an intricate role in the restoration of patches of 

typical chalk heath within the scrub areas of the restored area of chalk heath.  

This thesis has also established, at both temporal and spatial scales, any variation 

that has occurred in the community structure, function and composition of the chalk 

heath community. These results combined provide a comprehensive account of the 

assembly and structure of the chalk heath community at Lullington Heath NNR; that 

can potentially assist in the conservation, restoration and management of the 

community (Neeson and Mandelik, 2014).  

In terms of conservation, the decennial re-sampling of the Thomas transect has 

enabled a temporal assessment of the structure and composition of the chalk heath 

community to be evaluated spanning nearly 50 years. Consequently, the results 

provide a historical foundation for the successional changes that have occurred 

within the chalk heath community (Thomas, 1963). Present day co-occurrence 

patterns provide additional empirical evidence of spatial variations in the structure 

and composition of the chalk heath community and provide a foundation from which 

future management and/or restoration practices can potentially be assessed.  

In terms of restoration and management, results from this thesis indicate that 

edaphic variation, previous management (including grazing) and scrub 

encroachment are all factors that have structured the chalk heath community 

evident within the reserve at the present time. The edaphic variation evident 

between the typical and restored areas of chalk heath has important implications for 

the restoration of the chalk heath community and suggests that management should 

focus on reducing the fertility and pH of the topsoil within the restored area (Burnham 
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and Green, 1983). The expectation being that it will enable species that are 

restricted to the typical area of the chalk heath to establish within the restored area 

and as a result create a community that is more comparable than at present (Grubb 

et al., 1969).     

The theoretical value of this thesis is that it has shown the value of null model 

analysis as a technique that can successfully interpret species data and identify 

patterns and trends within ecological datasets. The additional information gained 

from the null model analysis in Chapters 5 and 6, exemplify the benefit of using a 

number of methods to describe changes within a community (Collins et al., 2008). 

Results within this thesis have revealed how the use of null model analysis can be 

seen to provide supplementary empirical insights into the structure of the community 

and has also demonstrated the usefulness of null model analysis in determining not 

only temporal changes within a community, but also present-day spatial variation as 

a result of restorative management and the sampling scale adopted. In addition, as 

null model analysis only requires presence-absence data it has considerable 

potential as a simple, useful method for investigating species associations as well 

as revealing trends and patterns in the structure of communities (Gotelli and Ulrich, 

2010, Krasnov et al., 2011a, Gotelli and Entsminger, 2012, Veech, 2014, Castelin 

et al., 2016).  

This thesis substantiates the pool-filter-subset concept of community assembly as 

both functional traits and abiotic filters were ascertained that potentially limit the 

ability of species from the local species pool to establish within the chalk heath 

community.  Furthermore, non-random species associations, as well as biotic and 

abiotic differences, were identified between calcicole and calcifuge species that 

could possibly permit the co-existence of these two species within the chalk heath 

sward.  These results will be of practical value for researchers investigating the co-

existence of these groups of species, (or other species with contrasting ecologies), 

within multispecies heterogeneous communities. 

 

7.5 Future Work 

Chalk heath is an internationally rare community and opportunities to study the 

dynamics or structure of the community at a large range of sites is limited (Denyer, 



 

Chapter 7 – Discussion  188 

2005). The detection and description of non-random patterns of co-occurrence, for 

both the community as a whole and for specific species pair-wise associations, has 

undertaken the first step in defining the assembly processes that structure the chalk 

heath community at Lullington Heath NNR. The next step would be to account for 

the observed species co-occurrence patterns by determining the mechanisms 

and/or constraints that define such patterns (Weiher and Keddy, 2001, Ribichich, 

2005).  

The species pool-filter-subset analysis provided a preliminary assessment of 

mechanisms and/or constraints that limit the ability of species within the local 

species pool from establishing within the chalk heath community. Further analysis 

of biotic and abiotic factors derived from the chalk heath community (as opposed to 

from autecological databases) will provide a more comprehensive assessment of 

the mechanisms and/or constraints that define the co-occurrence patterns evident 

within the chalk heath community.  

Results have shown that edaphic properties of the chalk heath soils, previous 

management and scrub encroachment are all plausible factors that require further 

investigation into how they affect the spatial patterns and species co-occurrence 

patterns evident within the chalk heath community. In addition, Denyer (2010) 

determined that grazing strategies increased species richness within the chalk heath 

vegetation and that plant species responses to grazing were soil dependent at 

Lullington Heath NNR. Future work could investigate all these potential mechanisms 

further by utilising the exclosures that were constructed in 1997 to assess the 

impacts of grazing on the chalk heath sward at Lullington Heath NNR. See Denyer 

(2005) for full methodology, but to summarise, these exclosures allow for three 

treatments, ungrazed, grazed only by rabbits, and mixed grazing (livestock and 

rabbits), and are placed in both the typical and restored areas of the chalk heath 

community (Denyer, 2005). How grazing strategies affect the co-occurrence 

patterns exhibited within the chalk heath could be determined and be combined with 

analysis of the edaphic parameters within each exclosure.  

The null model analysis and species pair-wise associations established in this thesis 

could be extended to other chalk heath sites such as the Isle of Wight (Chatters, 

1990), or to other communities where calcicole and calcifuge species co-exist, for 
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instance, limestone heath communities in the south-west of England (Etherington, 

1981) and Burren communities in Ireland (Jeffrey, 2003). It would be interesting to 

extend the scale dependency investigated in Chapter 4 to assess co-occurrence 

associations and patterns at larger spatial scales; for example, sampling with 

quadrat sizes conventionally used for surveying grassland and dwarf shrub 

communities within the UK (1m2 or 4m2) (Rodwell, 2006), and combining the data 

to assess co-occurrence patterns at the regional or landscape scale (Zhang et al., 

2009, Petit and Fried, 2012).  

Further investigations that relate the edaphic properties of the chalk heath soils to 

species co-occurrence patterns could be researched using a point sampling scheme 

with soil extraction at each sampling point. Multivariate analysis could be performed 

to detect patterns between edaphic parameters and specific species pair-wise 

associations.  

 

7.6 Conclusions 

In conclusion, this thesis has provided a comprehensive baseline understanding of 

various factors that may influence the structure and biodiversity of the chalk heath 

community at Lullington Heath NNR. It has provided a clear understanding and a 

comprehensive description of structure of the chalk heath community: firstly, factors 

that may influence the establishment and composition of species within the chalk 

heath community have been identified; secondly, the biodiversity and fine-scale co-

occurrence patterns of chalk heath species has been determined at temporal and 

spatial scales and also related to the effects of restorative management practices.  

This thesis has determined that the chalk heath community is a non-random subset 

of the species available within the local species pool (Lullington Heath NNR). 

Functional traits and abiotic filters have been identified that may potentially restrict 

species from establishing within the chalk heath community. 

Furthermore, this thesis explored co-occurrence patterns in conjunction with 

diversity indices, resemblance functions and multivariate analysis, within the chalk 

heath community and has contributed to the understanding of how the chalk heath 

community has altered since the advent of myxomatosis. The detection of non-



 

Chapter 7 – Discussion  190 

random co-occurrence patterns, both in terms of community structure and when 

specific species pair-wise associations have been identified, has provided empirical 

evidence of the temporal and spatial changes that have occurred within the chalk 

heath community at Lullington Heath NNR.  In terms of co-occurrence patterns, 

temporal changes have been documented, the effects of management and 

restoration practises have been quantified and how co-occurrence patterns change 

with spatial scale has been evaluated. As a result, this thesis provides a baseline 

evaluation of the chalk heath community at Lullington Heath NNR from which future 

conservation, restoration or management practices can be quantified and/or 

assessed. 

Unique insight has been provided into non-random pair-wise associations between 

calcicole and calcifuge species within a species rich and internationally rare 

community. Not many studies have investigated co-occurrence patterns within plant 

communities and where it has been studied, only a few non-random patterns of 

community structure have been demonstrated (Götzenberger et al., 2011).  As a 

result, the temporal, spatial and management co-occurrence patterns detailed in this 

thesis enhances not only the knowledge of chalk heath communities and calcicole 

and calcifuge plant species distributions, but also the detection of non-random 

community structure within plant communities generally.   
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Appendix A - UK Bap fauna species found on Lullington 

Heath NNR  
 

Birds Insects 

  Alauda arvensis 

Caprimulgus europaeus 

Carduelis cannabina 

Carduelis carduelis 

Cuculus canorus 

Emberiza calandra 

Emberiza citronella 

Emberiza schoeniclus 

Larus argentatus 

Locustella naevia 

Muscicapa striata 

Passer domesticus 

Phylloscopus sibilatrix 

Poecile palustris 

Pyrrhula pyrrhula 

Streptopelia turtur 

Strurnus vulgaris 

Turdus torquatus 

 Butterflies 

  Coenonympha pamphilus 

Erynnis tages 

Hipparchia semele 

Lasiommata megera 

Limenitis Camilla 

Pyrgus malvae 

 Moths 

  Adscita statices 

Agrochola lychnidis 

Amphibipyra tragopoginis 

Arctia caja 

Atethmia centrago 

Caradrina Morpheus 

Diarsia rubi 

Ecliptopera silaceata 

Ennomos quercinaria 

Epirrhoe galiata 

Euxoa nigricans 

Hemistola chryosprasaria 

Hepialus humuli 

Hoplodrina blanda 

Malacosoma Neustria 

Melanchra persicariae 

Melanchra pisi 

Melanthia procaellata 

Perizoma albulata 

Scotopteryx chenopodiata 

Spilosoma lubricipeda 

Spilosoma luteum 

Tholera cespitis 

Tholera decimalis 

Timandra comae 

Tyria jacobaeae 

Xanthia ictertia 

 

Reptiles 

  Anguis fragilis 

Natrix natrix 

Vipera berus 

Zootoca vivipara 

  True flies 

    Asilus crabroniformis 

Doros profuges 

 
Table A. 1 Sussex Biological Records 2012 
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Appendix B - Vascular plant species abbreviations  

 

Nomenclature  

All botanical names follow the nomenclature of Stace (2010). For all figures/analysis 

each species has a shortened name (first two letters of the genus name, first two 

letters of the species name) exceptions to this rule are written in bold. Ellenberg R 

values are included to illustrate which species are classified as calcicole (shaded 

green), calcifuge (shaded red) or a species with neutral affinities to pH (no shading). 

Whether a species occurs on the chalk heath community at Lullington Heath NNR 

(CH) or within other communities within the reserve (notCH) is also detailed. (Table 

– Original in colour) 

Taxon name Abrev CH CH/notCH R 

Achillea millefolium Ac mi CH CH 6 
Aesculus hippocastanum Ae hi  notCH 7 
Aethusa cynapium Ae cy  notCH 7 
Agrimonia eupatoria Ag eu  notCH 7 
Agrostemma githago Ag gi  notCH 6 
Agrostis canina  Ag cn CH CH 3 
Agrostis capillaris Ag cp CH CH 4 
Agrostis stolonifera Ag st CH CH 7 
Allium ursinum Al ur  notCH 7 
Anacamptis pyramidalis An py  notCH 8 
Anisanthis sterilis An st  notCH 8 
Anthoxanthum odoratum An od CH CH 4 
Anthyllis vulneraria An vu CH CH 7 
Apium nodiflorum Ap no  notCH 7 
Arenaria serpyllifolia Ar se  notCH 7 
Arrhenatherum elatius Ar el CH CH 7 
Asperula cynanchica As cy CH CH 8 
Atriplex prostrata At pr  notCH 7 

Avena fatua Av fa  notCH 7 
Ballota nigra Ba ni  notCH 8 
Bellis perennis Be pe CH CH 6 
Blackstonia perfoliata Bl pe  notCH 8 
Brachypodium pinnatum Br pi CH CH 8 
Brachypodium sylvaticum Br sy CH CH 6 
Briza media Br me CH CH 7 

Bromopsis erecta Br er CH CH 8 
Bromus hordeaceus Br ho  notCH 7 
Bryonia dioica Br di  notCH 7 
Buddleja davidii Bu da  notCH 7 
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Taxon name Abrev CH CH/notCH R 

Calluna vulgaris Cal v CH CH 2 
Calystegia sepium Ca se  notCH 7 

Campanula glomerata Ca gl CH CH 7 

Carex caryophyllea Ca ca CH CH 7 
Carex flacca Ca fl CH CH 6 

Carex pendula Ca pe  notCH 7 
Carlina vulgaris Car v CH CH 7 
Centaurea nigra Ce ni CH CH 6 
Centaurea scabiosa Ce sc CH CH 8 
Centaurium erythraea Ce er CH CH 6 

Centaurium pulchellum Ce pu  notCH 8 
Cerastium fontanum Ce fo CH CH 5 
Cerastium glomeratum Ce gl  notCH 6 
Ceratophyllum demersum Ce de  notCH 7 
Chaerophyllum temulum Ch te  notCH 7 
Chamerion angustifolium Ch an CH CH 6 
Chenopodium album Ch al  notCH 7 

Chenopodium vulvaria Ch vu CH CH 7 
Cirsium acaule Ci ac CH CH 8 
Cirsium arvense Ci ar CH CH 7 

Cirsium palustre Ci pa CH CH 5 
Cirsium vulgare Ci vu CH CH 6 

Clinopodium ascendens Cl as CH CH 7 

Clinopodium vulgare Cl vu CH CH 7 
Coeloglossum viride Co vi  notCH 6 
Convolvulus arvensis Co ar  notCH 8 
Cornus sanguinea Co sa  notCH 7 
Coronopus didymus Co di  notCH 6 
Crassula helmsii Cr he  notCH 6 
Crataegus monogyna Cr mo CH CH 7 
Crepis capillaris Cr ca CH CH 7 
Cynoglossum officinale Cy of  notCH 8 
Cynosurus cristatus Cy cr CH CH 6 
Dactylis glomerata Da gl CH CH 7 
Dactylorhiza fuchsii Da fu  notCH 7 
Danthonia decumbens Da de CH CH 4 
Daucus carota Da ca CH CH 7 
Echium vulgare Ec vu CH CH 7 
Epilobium obscurum Ep ob  notCH 5 
Erica cinerea Er ci CH CH 2 
Euonymus europaeus Eu eu  notCH 8 
Euphorbia exigua Eu ex  notCH 7 
Euphorbia helioscopia Eu he  notCH 6 
Euphrasia nemorosa Eu ne CH CH 6 
Fallopia convolvulus Fa co  notCH 7 
Festuca arundinacea Fe ar  notCH 7 
Festuca ovina agg. Fe ov CH CH 4 

Festuca pratensis Fe pr CH CH 6 
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Taxon name Abrev CH CH/notCH R 

Festuca rubra agg. Fe ru CH CH 6 
Filipendula vulgaris Fi vu CH CH 8 
Fragaria vesca Fr ve CH CH 6 

Galium aparine Ga ap CH CH 7 
Galium mollugo Ga mo CH CH 7 
Galium saxatile Ga sa CH CH 3 
Galium verum Ga ve CH CH 6 
Genista tinctoria Ge ti  notCH 7 
Gentianella amarella Ge am CH CH 8 
Geranium columbinum Ge co  notCH 7 

Geranium molle Ge mo CH CH 6 
Glechoma hederacea Gl he CH CH 7 
Gymnadenia conopsea Gy co  notCH 7 
Helictotrichon pratense He pr CH CH 7 
Helictotrichon pubescens He pu CH CH 7 
Hippocrepis comosa Hi co CH CH 8 

Holcus lanatus Ho la CH CH 6 

Hypericum perforatum Hy pe CH CH 7 
Hypericum pulchrum Hy pu CH CH 4 

Hypochaeris glabra Hy gl CH CH 4 
Hypochaeris radicata Hy ra CH CH 5 
Inula conyzae In co  notCH 8 
Knautia arvensis Kn ar 

 
notCH 8 

Koeleria macrantha Ko ma CH CH 7 
Lamium amplexicaule La am  notCH 7 
Lamium purpureum La pu  notCH 7 

Lathyrus nissolia La ni CH CH 7 

Lathyrus pratensis La pr CH CH 6 

Leontodon autumnalis Le au CH CH 6 
Leontodon hispidus Le hi CH CH 7 
Leontodon saxatilis Le sa CH CH 6 
Lepidium campestre Le ca  notCH 7 

Lepidium heterophyllum Le he  notCH 5 
Leucanthemum vulgare Le vu CH CH 7 
Ligustrum vulgare Lig vu 

 
notCH 7 

Linaria purpurea Li pu  notCH 7 
Linaria vulgaris Li vu  notCH 8 
Linum catharticum Li ca CH CH 7 
Lolium perenne Lo pe CH CH 6 
Lonicera periclymenum Lon pe CH CH 5 
Lotus corniculatus Lo co CH CH 6 
Luzula campestris Lu ca CH CH 5 
Matricaria discoidea Ma di  notCH 7 
Matricaria recutita Ma re  notCH 7 
Medicago lupulina Me lu CH CH 8 
Melilotus altissimus Me al  notCH 7 

Mentha arvensis Me ar CH CH 7 
Myosotis arvensis My ar  notCH 6 
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Taxon name Abrev CH CH/notCH R 

Odontites vernus Od ve  notCH 6 

Ononis repens On re CH CH 6 
Ophrys apifera Op ap 

 
notCH 8 

Orchis mascula Or ma  notCH 7 
Orchis ustulata Or us  notCH 8 
Orobanche minor Or mi 

 
notCH 8 

Papaver rhoeas Pa rh 
 

notCH 7 
Pastinaca sativa Pa sa 

 
notCH 7 

Phleum bertolonii Ph be CH CH 7 

Picris hieracioides Pi hi CH CH 8 
Pilosella officinarum Pi of CH CH 7 
Pimpinella saxifraga Pi sa CH CH 7 
Pinus sylvestris Pi sy  notCH 2 
Plantago lanceolata Pl la CH CH 6 
Plantago media Pl me  notCH 7 
Poa pratensis sens.str. Po pr CH CH 6 
Polygala vulgaris Po vu CH CH 6 
Potentilla erecta Po er CH CH 3 
Potentilla reptans Po re CH CH 7 
Primula veris Pr ve 

 
notCH 7 

Primula vulgaris Prm vu  notCH 6 
Prunella vulgaris Pr vu CH CH 6 
Pulicaria dysenterica Pu dy  notCH 7 
Quercus cerris Qu ce  notCH 6 
Quercus robur Qu ro CH CH 5 
Ranunculus bulbosus Ra bu CH CH 7 
Reseda lutea Re lu CH CH 7 
Rhamnus cathartica Rh ca  notCH 7 
Rhinanthus minor Rh mi  notCH 6 
Ribes uva-crispa Ri uv  notCH 7 
Rosa micrantha Ro mi 

 
notCH 7 

Rosa pimpinellifolia Ro pi CH CH 6 
Rosa rubiginosa Ro ru CH CH 8 

Rubus fruticosus agg. Ru fr CH CH 6 
Rubus idaeus Ru id CH CH 5 
Rumex acetosa Ru ac CH CH 5 
Rumex acetosella Ru acl CH CH 4 

Sambucus nigra Sa ni CH CH 7 
Sanguisorba minor Sa mi CH CH 8 
Scabiosa columbaria Sc co CH CH 8 
Scrophularia nodosa Sc no 

 
notCH 7 

Senecio erucifolius Se er CH CH 7 
Senecio jacobaea Se ja CH CH 6 
Senecio vulgaris Se vu  notCH 7 
Sherardia arvensis Sh ar  notCH 6 
Sinapis arvensis Si ar 

 
notCH 7 

Sonchus asper So as  notCH 7 
Sonchus oleraceus So ol CH CH 7 
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Taxon name Abrev CH CH/notCH R 

Stachys officinalis St of CH CH 5 
Stellaria graminea St gr CH CH 5 
Stellaria media St me 

 
notCH 6 

Stellaria pallida St pa  notCH 4 
Succisa pratensis Su pr CH CH 5 
Symphytum officinale Sy of  notCH 7 

Taraxacum Ta ru CH CH 7 
Teucrium scorodonia Te sc CH CH 4 

Thlaspi arvense Th ar CH CH 7 
Thymus polytrichus Th po CH CH 6 
Thymus pulegioides Th pu CH CH 8 

Thymus serpyllum Th se CH CH 5 
Torilis japonica To ja 

 
notCH 7 

Tragopogon pratensis Trg pr CH CH 7 

Trifolium campestre Tr ca CH CH 6 
Trifolium dubium Tr du CH CH 6 

Trifolium pratense Tr pr CH CH 7 
Trifolium repens Tr re CH CH 6 
Trisetum flavescens Tr fl CH CH 7 
Typha latifolia Ty la  notCH 7 
Ulex europaeus Ul eu CH CH 5 

Ulex minor Ul mi CH CH 1 
Urtica dioica Ur di CH CH 7 
Veronica arvensis Ve ar  notCH 6 
Veronica chamaedrys Ve ch CH CH 6 

Veronica montana Ve mo CH CH 6 
Veronica officinalis Ve of CH CH 4 
Veronica polita Ve po 

 
notCH 7 

Veronica serpyllifolia Ve se CH CH 6 
Viburnum lantana Vi la  notCH 7 

Vicia cracca Vi cr CH CH 7 
Vicia hirsuta Vic hi  notCH 6 
Vicia sativa Vi sa  notCH 7 
Vicia sepium Vi se  notCH 6 

Vicia sylvatica Vi sy CH CH 7 
Viola hirta Vi hi CH CH 8 
Viola riviniana Vi ri CH CH 5 
Viola species Vi spp CH CH  

 

Table B. 1. Species list and abbreviations used in this thesis. Including Ellenberg R 

value to classify species as calcicole (shaded green), calcifuge (shaded red) or a 

species with neutral affinities to pH (no shading). Species occurring on the chalk 

heath community at Lullington Heath NNR (CH) or within other communities within 

the reserve (notCH). (Table – Original in colour) 
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Appendix C – Rarefaction Curves   
 

Rarefaction curves were created to justify the number of samples taken in each part 

of the field investigations. Rarefaction produces smooth curves that facilitate 

comparison and  represents the statistical expectation for a species accumulation 

curve (Gotelli and Colwell, 2001, Magurran, 2004). The number of rare species in a 

dataset normally rises quickly with increasing sampling effort, then as true species 

richness is approached the number of new species will stabilize (Gotelli and Colwell, 

2001, Willie et al., 2012). Sampling was considered sufficient when the curves 

approach a horizontal asymptote because it is less likely that the next individual 

sampled will represent a new species; in contrast, a curve that is still rising, indicates 

inadequate sampling (Gotelli and Colwell, 2001, Willie et al., 2012). 

 

Chapter 4 – Spatial scale 

 

Chapter 5 - Temporal 

 

Chapter 5 – Management 

 

Figure C. 1.   Rarefaction curves for sampling data in Chapters 4, 5 & 6.  

0

20

40

60

80

0 20 40 60 80C
u

m
m

u
la

ti
ve

 n
u

m
b

er
 o

f 
sp

ec
ie

s

Number of samples
point 10cm 20cm 40cm

0

20

40

60

80

0 20 40 60 80

C
u

m
m

u
la

ti
ve

 n
u

m
b

er
 o

f 
sp

ec
ie

s

Number of samples
1962y 1974y 1993y 2004y

0

20

40

60

80

0 50 100 150 200 250 300C
u

m
m

u
la

ti
ve

 n
u

m
b

er
 o

f 
sp

ec
ie

s

Number of samples
Typical Restored



 

Appendix D – Supplementary results for Chapter 3 217 

Appendix D – Supplementary results for Chapter 3  

 

Dendrograms produced in analysis for Chapter 3 and additional Mann-Whitney 

results for habitat descriptors that had data for all 206 species in the local species 

pool. 

Figure D.1. All species traits (n=15) cluster dendrogram. 

Figure D.2. Life form traits (n=6) cluster dendrogram. 

Figure D.3. Reproductive success traits (n=6) cluster dendrogram. 

Figure D. 4. Environmental characteristics (Ellenberg values) (n=3) cluster 
dendrogram. 

Figure D.5. Biogeographic characteristics (n=3) cluster dendrogram. 

 

Table D.1. Calcicole vs. Calcifuge species - Mann Whitney U test results for 206 
species with trait data.   

Table D.2. CH species vs. Not on CH species. Mann Whitney U test results for 206 
species with trait data. 
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Figure D. 1.  All species traits (n=15) cluster dendrogram. Red shaded = calcifuge, 

green shaded = calcicole, purple dot = not CH, G = grass or sedge, S = shrub or 

tree. (Original in colour) 
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Figure D. 2. Life form traits (n=6) cluster dendrogram. Red shaded = calcifuge, 

green shaded = calcicole, purple dot=not CH, G = grass or sedge, S = shrub or tree. 

(Original in colour) 
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Figure D. 3.  Reproductive success traits (n=6) cluster dendrogram. Red shaded = 

calcifuge, green shaded = calcicole, purple dot=not CH, G = grass or sedge, S = 

shrub or tree. (Original in colour) 
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Figure D. 4. Environmental characteristics (Ellenberg values) (n=3) cluster 

dendrogram. Red shaded = calcifuge, green shaded = calcicole, purple dot=not CH, 

G = grass or sedge, S = shrub or tree. (Original in colour) 
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Figure D. 5.  Biogeographic characteristics (n=3) cluster dendrogram. Red shaded 

= calcifuge, green shaded = calcicole, purple dot=not CH, G = grass or sedge, S = 

shrub or tree. (Original in colour) 
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Mann-Whitney results Calcicoles vs. calcifuges 

In addition, habitat descriptors had data for 206 of the species within the reserve 

(including all 17 calcifuge and 29 calcicole species); significant differences were 

identified for light, moisture and whether the species occurred on the chalk heath or 

not. 

 

 133spp data 
P values 

206spp data 
P values 

Light (L) n/a  (calcifuges all the same) ≤ 0.05 

Moisture (F) 0.001 ≤ 0.001 

pH (R) n/a n/a 

Fertility (N) n/s n/s 

Life-form (primary) n/s n/s 

Woodiness n/s / 

Life span (most common) n/a  (calcicoles all the same) n/s 

Height (cm) n/s / 

Spread n/s / 

Leaf area (sq cm) ≤ 0.05 / 

Flowering time (earliest month) n/s / 

Pollen vector n/s / 

Dispersal agent n/s / 

Seedbank ≤ 0.05 / 

Propagation (normal method) n/s / 

Seed weight (mean mg) ≤ 0.01 / 

CH/notCH n/s ≤ 0.05 

UK (number of 10km squares) ≤ 0.001 / 

EU (Number of European countries) n/s / 

NVC (% of the 12 main community 
types) 

n/s / 

 

Table D. 1. Calcicole vs. Calcifuge species - Mann Whitney U test results for 206 
species with trait data.   
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Chalk heath species vs. Not on CH species 

Patterns that were upheld when all 206 species with trait data are analysed  

 133spp data 
P values 

206spp data 
P values 

Light (L) n/s ≤ 0.05 

Moisture (F) n/s n/s 

pH (R) n/s ≤ 0.05 

Fertility (N) ≤ 0.001 ≤ 0.001 

Life-form (primary) ≤ 0.001 ≤ 0.001 

Woodiness n/s / 

Life span (most common) ≤ 0.001 ≤ 0.001 

Height (cm) n/s / 

Spread ≤ 0.05 / 

Leaf area (sq cm) n/s / 

flowering time (earliest month) n/s / 

Pollen vector n/s / 

Dispersal agent n/s / 

Seedbank n/s / 

Propagation (normal method) ≤ 0.001 / 

Seed weight (mean mg) n/s / 

CH/notCH n/a n/a 

UK (number of 10km squares) n/s / 

EU (Number of European countries) ≤ 0.05 / 

NVC (% of the 12 main community types) n/s / 
 

Table D. 2. CH species vs. Not on CH species. Mann Whitney U test results for 206 
species with trait data.  
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Appendix E – Matrix information 
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