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Abstract 

Biodiversity describes diversity at different levels of biological organisation, 

including: habitat diversity; species diversity; and genetic diversity. 

Understanding the processes that contribute to maintaining biodiversity is a 

primary concern for both ecology and evolutionary biology. To this end, 

research into the factors influencing the different levels of biodiversity 

independently are widespread. However, little is understood about the 

relationship between the different levels. This study investigates the patterns of 

habitat, species, and genetic diversity in fragmented internationally important 

calcareous grasslands, and analyses the spatial and temporal factors 

influencing them. Finally, the relationship between these levels of biodiversity is 

examined. Within the South Downs National Park study area, substantial 

change to habitat diversity and landscape structure was measured between the 

1930s and 2012. The transition of semi-natural habitat to agricultural land was 

the predominate change. Loss of habitat between the 1930s and 2012 was 

found to influence both species richness and species evenness of vegetation in 

twelve calcareous grassland study sites. By contrast, none of the variables 

examined explained the variation in species composition between sites. Further 

analysis, at the genetic level, for two target species showed that the amount of 

habitat loss was important in explaining the genetic variation in Cirsium acaule, 

and soil nutrients were important in explaining the variation of Ranunculus 

bulbosus. In contrast to the predictions of the species genetic diversity 

correlation theory, no relationship was established between species and genetic 

diversity. Similarly, no relationships were found between habitat diversity and 

diversity at the species or genetic level. Although there were similarities in the 

factors influencing different levels of biodiversity, habitat diversity, species 

diversity, and genetic diversity appear to be responding independently to the 

processes acting on them. As such efforts to conserve biodiversity should 

consider the influence of conservation strategies on biodiversity holistically, and 

not focus on a single measure.  
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1. Introduction 

1.1 Overview 

Biodiversity describes diversity at different levels of biological organisation, 

including: habitat diversity; species diversity; and genetic diversity (Norse et al., 

1986, Solbrig, 1991, Harper and Hawksworth, 1994, Heywood and Baste, 1995, 

Krebs, 1999). Maintaining biodiversity at each of these levels is one of the major 

challenges of international biodiversity conservation (Krebs et al., 1999). 

 

Recent research has analysed the effects of historical landscape factors on 

biodiversity, although inconsistent findings have led to the failure to establish 

relationships. Furthermore, analysis of the relationship between spatial 

characteristics of the landscape and biodiversity is complicated by the extinction 

debt phenomenon, whereby after landscape change biodiversity may take time 

to come into equilibrium with the new landscape structure. As such, the 

underlying drivers of biodiversity are not clearly understood. Furthermore, 

increased understanding of how changing one component of biodiversity affects 

other components of biodiversity is necessary for viable long-term conservation. 

 

Research is beginning to adopt a more holistic approach to the study of the 

processes maintaining biodiversity. Until recently the different components of 

biodiversity have typically been considered as exclusive entities. In particular 

species diversity and genetic diversity were associated with the domains of 

community ecology and population genetics respectively, with Clarke and 

Young (2000) commenting that the fields of ecology and genetics have 

traditionally worked as rivals with little cooperation. They argue that this is 

surprising considering the interaction between demographic and genetic 

processes in the course of extinction. Whilst several early papers (Lande, 1988, 

Caughley, 1994, Oostermeijer et al., 2003) outline the differences between 

demography and genetics, they also highlight that both factors and their 

interactions are important in the extinction process. Many researchers suggest 

that the integration of ecology and genetics is essential in achieving effective 

conservation management (Nunney and Campbell, 1993, Mills and Smouse, 

1994, Schemske et al., 1994, Soule and Mills, 1998, Clarke and Young, 2000). 

Moreover, Picó and Van Groenendael (2007) comment that: 
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ñTo study the implications of fragmentation for species persistence, a 

multidisciplinary approach is required including the geography, 

ecology, and genetics of species analysed at large spatiotemporal 

scales and the development of measures at that scale necessary to 

recover biodiversity.ò 

 

Vellend (2003) put forward the species-genetic diversity correlation (SGDC) 

hypothesis, which predicts that species and genetic diversity (within a single 

species) should be positively correlated across habitat patches or islands. The 

hypothesis is grounded in the principles of MacArthur and Wilsonôs (1967) 

theory of island biogeography and Wrightôs (1940) island model of population 

genetics. Vellend (2003) notes that whilst the mathematics of these two theories 

are different, they share near identical underlying logic: whilst the theory of 

island biogeography posits that species diversity is regulated by extinction and 

colonisation, the island model of population genetics posits that genetic diversity 

is regulated by rates of colonisation and local extinction. Compared to large 

populations, small populations experience higher rates of local extinction and 

genetic drift. In more isolated populations migration, and thus colonisation and 

gene flow, are lower than in less isolated populations. 

 

A central consideration of this research was to combine the analysis of 

biodiversity at three levels, and to explore the nature of the relationship between 

them. More specifically, the research sought to evaluate the impact of 

landscape change on different levels of biodiversity within fragmented 

calcareous grasslands, in order to direct conservation and restoration efforts 

towards maintaining biodiversity. 

 

The research focuses on calcareous grasslands on the South Downs National 

Park in South East England. At a European level semi-natural grasslands are 

recognised as key habitats for maintaining biodiversity (Poschlod and Bonn, 

1998, Pykala, 2000). Agricultural intensification has led to the decline of such 

semi-natural grasslands and the flora and fauna they support (Hillier et al., 

1990, Thomas, 1995). 
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1.2 Definition of landscape ecological terms 

Various landscape ecological terms are used throughout this work. The 

following paragraph will define how they are used here and how they relate to 

one another. 

 

An individual is used to describe one organism, and species to describe the 

type of organism. A group of individuals belonging to the same species in a 

particular geographical area is referred to as a population. Species are made up 

of populations, with a metapopulation defining a collection of local populations 

that interact with each other. A community is the aggregate of all the 

populations within a geographical area. The populations within a community are 

made up of individuals of particular species that interact with each other. Within 

a community each individual organism may represent a different species or a 

different genetic variant of a species. The dynamics of the population, and thus 

the species diversity and genetic diversity within, are determined by the birth, 

death, and movement of individuals. The ecological or environmental area 

occupied by a population or community is referred to as a habitat. A habitat is 

also used to refer to a collection of multiple habitat patches throughout a 

landscape. Habitat patch refers to non-linear land areas of homogenous habitat 

that are distinct from their surroundings. In Figure 1.1 each of the individual 

habitat polygons are habitat patches. To highlight this habitat patch a and 

habitat patch b have been singled out as distinct habitat patches. Groups of 

habitat patches of the same type collectively make-up a habitat, such as the five 

patches that make up habitat a, or the two patches that make-up habitat b 

(Figure 1.1). Landscape is used to describe an area that is spatially 

heterogeneous in at least one area of interest (Turner et al., 2002). The 

landscape in Figure 1.1 is comprised of a mosaic of four interacting habitat 

types. 
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Figure 1.1 The distinctions between habitat patch, habitat, and landscape. 

 

1.3 Research aim 

Aims: 

To investigate the patterns of habitat, species, and genetic diversity in 

fragmented calcareous grasslands, and to determine the spatial and temporal 

drivers of these three levels of biodiversity. This information can be used to 

direct conservation and restoration efforts towards maintaining biodiversity at all 

levels. 

 

Objectives: 

1. To develop data integration methods to model historical landscape 

structure, and analyse landscape change in the South Downs National 

Park. 

2. To analyse the influence of historical, spatial, management, and abiotic 

variability on species diversity between the 1930s and 2012 in the South 

Downs National Park. 

3. To analyse the influence of historical, spatial, management, and abiotic 

variability on genetic diversity between the 1930s and 2012 in the South 

Downs National Park. 
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4. To analyse the relationship between contemporary habitat diversity, 

species diversity, and genetic diversity in the South Downs National 

Park. 

 

1.4 Research questions 

The research worked to the following research questions: 

i. What is the extent of change in habitat diversity and landscape structure 

within the SDNP between the 1930s and 2012? 

ii. What patterns of fragmentation can be identified in twelve calcareous 

grassland study sites between the 1930s and 2012? 

iii. To what extent do contemporary and historical landscape and 

environmental characteristics influence species diversity and 

composition? 

iv. Is there evidence of an extinction debt in species diversity or 

composition? 

v. What relationships exist between species diversity and species 

composition? 

vi. What is the structure of gene flow across twelve calcareous grassland 

study sites for two plant species synonymous with calcareous grassland 

sites in South East England? 

vii. To what extent do contemporary and historical landscape and 

environmental characteristics influence the genetic diversity of the two 

study species? 

viii. What relationships exist between habitat, species, and genetic diversity, 

and is there evidence of a species genetic diversity correlation? 

 

1.5 Thesis structure 

1.5.1  Chapter 2. Literature review 

This chapter serves to provide a context to the thesis by reviewing the literature 

relevant to the key research themes: biodiversity; landscape change; and the 

integration of habitat, species, and genetic diversity. This will include discussion 

and appraisal of existing and developing frameworks in relation to the study 

objectives 
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1.5.2  Chapter 3. Methodology: Study sites, species selection, and 

analysis methods 

This chapter introduces the South Downs National Park (SDNP) study area, the 

calcareous grassland study habitat, the study sites, and the study species. The 

methods used to measure the components of biodiversity (habitat diversity, 

species diversity, genetic diversity) and the site variability (abiotic conditions, 

spatial structure, historical landscape structure, and management) are then 

presented. Finally, the methods used to analyse the relationship between the 

three components of biodiversity are presented. 

 

1.5.3  Chapter 4. Habitat diversity and structure: contemporary and 

historical landscape patterns 

The first research chapter, focusing on habitat diversity and historical landscape 

modelling. Initially, to provide a temporal element to the research, a model of 

the 1930s landscape was produced and validated. Secondly, this historical 

model was then used to analyse habitat diversity and structure in the study area 

between the 1930s and 2012. Both historical and contemporary habitat diversity 

and a range of spatial characteristics of the landscape are measured and 

discussed. 

 

1.5.4  Chapter 5. The impact of abiotic, spatial, historical, and 

management variability on the composition and diversity of plant 

species 

The second research chapter, focusing on species diversity. Initially the results 

of botanical surveys at twelve study sites are presented. The species records 

are then interrogated using multivariate methods (Redundancy Analysis) to 

investigate the effect and relative importance of a range of abiotic, spatial, 

historical, and management variables. The results are then discussed in relation 

to ecological theory and current research themes. 

 

1.5.5  Chapter 6. The impact of historical and contemporary landscape 

structure on the genetic diversity of plant species 

The third research chapter, focusing on genetic diversity. The results of 

laboratory analysis of genetic variation of two study species are presented. The 

data is then interrogated using multivariate methods (Redundancy Analysis) to 
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investigate the effect and relative importance of a range of abiotic, spatial, 

historical, and management variables on genetic variability. The results they are 

then discussed in the context of population genetic theory and current research 

themes. 

 

1.5.6  Chapter 7: Synthesis study: The relationship between habitat, 

species, and genetic diversity 

In this chapter the results of the three research chapters are brought together 

for a synthesis study analysing relationships between the different levels of 

biodiversity. The broader implications of these relationships are then discussed. 

 

1.5.7  Chapter 8: Discussion 

This chapter begins with a discussion of the key findings of the research, with 

comment on their implications and applications. Each of the three research 

chapters will be discussed in turn, followed by a discussion of the broader 

implications of the results as a whole. The findings will be discussed in relation 

to the research questions. 

 

1.5.8  Conclusion 

The completion of the thesis aims stated in Chapter 1 are assessed. The 

limitations of the research are outlined, followed by recommendations for further 

research. 

 

1.6 Nomenclature 

Plants: Latin names follow Stace (2010). 

Units: The International System of Units is used, with GIS distances in 

kilometres.  
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2. Literature review 

2.1 Biodiversity 

Biodiversity is the variety of life at all levels of biological organisation (Gaston 

and Spicer, 2004), defined by Wilson (2001) as: 

 

ñThe variety of organisms considered at all levels, from genetic 

variants belonging to the same species through arrays of species to 

arrays of genera, families, and still higher taxonomic levels; includes 

the variety of ecosystems, which comprise both the communities of 

organisms within particular habitats and the physical conditions 

under which they live.ò 

 

As the above quote illustrates, biodiversity refers to diversity at three broad 

levels: communities, species, and genes (Norse et al., 1986, Solbrig, 1991, 

Harper and Hawksworth, 1994, Heywood and Baste, 1995, Krebs, 1999). The 

diversity of communities encompasses the diversity of biogeographic realms, 

biomes, provinces, ecoregions, ecosystems, habitats, and populations 

(Heywood and Baste, 1995). Diversity at the species level encompasses the 

number and evenness of species within a community of interest. Genetic 

diversity encompasses the variation in genetic structure between individuals 

within a population and between populations. The different levels are thought to 

be related and to act in synergy (Allendorf et al., 2012). 

 

As a multidimensional concept, it is not appropriate to define biodiversity using 

a single measure (Magurran, 2004). However, Gaston (1996) comments that 

many studies imply that their findings concern biodiversity, typically by using the 

terms species diversity and biodiversity interchangeably (Hubbell, 2001, 

Magurran, 2004). Moreover, discussions of biodiversity loss typically focus on 

species extinctions, and not on local population declines (Ehrlich and Daily, 

1993, Ehrlich, 1994), or declines of genetic and habitat diversity (Gaston, 1996). 

Similarly, measures of biodiversity are commonly used in conservation 

strategies. In such instances, one component of biodiversity is typically used as 

a surrogate for other, or all, levels of biodiversity. Most typically this is species 

diversity, occasionally genetic diversity, but rarely habitat diversity or a 
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combination of the different components. Indeed it is at the species level where 

most research on biodiversity is focused, and this is often treated as the most 

fundamental level of biodiversity (Gaston and Spicer, 2004). Although species 

richness and diversity are often strongly positively correlated with other 

measures of biodiversity (Williams and Humphries, 1996), they should not be 

used as a surrogate for biodiversity (Purvis and Hector, 2000, Wilsey et al., 

2005). In this vein Purvis and Hector (2000) comment that preserving species 

richness does not equate to preserving biodiversity. 

 

2.1.1 Habitat diversity 

Diversity at the habitat level (sensu Heywood and Baste, 1995) is perhaps the 

least studied component of biodiversity. This may in part be a factor of the 

difficulties in defining terms and classifying the different structures that 

communities encompass. For example, many different habitat classification 

systems exist, often with different sub-categories for further division. Moreover, 

there are often difficulties in deciding exactly where one community ends and 

another begins. Although habitat diversity is one of the better understood 

components of community diversity, a single term for the concept has yet to be 

established (Tews et al., 2004) (Figure 2.1). Henceforth habitat diversity will be 

used to describe the variety of habitats within a landscape. 

 

The importance of habitat diversity is highlighted in the premise that ecological 

processes are influenced by spatial patterns in the landscape (Turner, 1989, 

Gustafson, 1998, Kupfer, 2012). As such, ecological processes are influenced 

by the diversity of habitats in a landscape. Contemporary habitat diversity is 

essentially a product of anthropogenic activity, specifically resulting from large 

scale landscape change. The transition of many different natural habitats to 

agricultural land commonly results in a lower habitat diversity. Landscapes are 

now typically dominated by agricultural land, with natural and semi-natural 

habitat persisting as small remnant patches. Few habitats exist that are not 

shaped by anthropogenic activity. 
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Figure 2.1. The frequency of different terminology used in publications to 

describe habitat diversity. From Tews et al. (2004). 

 

2.1.2 Species diversity 

Universally, across all taxonomic groups and environments, species are not 

equally common (Magurran, 2004). Some will be abundant, others moderately 

common, and some will be rare. Species diversity concerns both the number of 

species (species richness) and the amount of variability in the abundance of 

these species (species evenness) within a community of interest. It is the most 

commonly studied aspect of biodiversity, and is often used as a surrogate for 

biodiversity (Gaston and Spicer, 2004, Magurran, 2004). The study of species 

diversity is essentially the comparison of the diversity of one community with 

that of another.  

 

Several authors comment that exactly what species diversity means is 

ambiguous (Hurlbert, 1971, Peet, 1974, Lande, 1996, Magurran, 2004, 

Tuomisto, 2010, Tuomisto, 2011). Central to these difficulties is that species 

diversity is composed of two distinct concepts: species richness, and species 

evenness. Species richness measures the number of species, while species 

evenness measures how similar species are in their abundance. As a result, the 

definition of species diversity is dependent upon the method of measurement. 

To this end, many species diversity indices exist, all placing subtly different 

emphasis on species richness and species evenness. As such the 

quantification of species diversity is largely a product of the weighting that is 

applied to these two different components. Thus, the judgement of whether one 
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site is more diverse than another is largely dependent upon the choice of 

diversity measure used, an inevitable consequence of attempting to classify a 

multidimensional concept using a single value (Patil and Taillie, 1979).  Multiple 

authors report differences in the ordering of sites by species diversity when 

comparing the values of two of the most popular measures (Hurlbert, 1971, 

Tothmeresz, 1995, Nagendra, 2002): the Shannon index (Shannon and 

Weaver, 1949) and the Simpson index (Simpson, 1949). 

 

Whittaker (1960) introduced the concepts of alpha (Ŭ), beta (ɓ) and gamma (ɔ) 

diversity. Alpha diversity describes the local species diversity, such as the 

diversity of a single sample or site. Beta diversity describes the differences in 

species composition between different samples or sites. Finally, gamma 

diversity concerns the species diversity of a regional species pool, such as the 

entire landscape of interest. Alpha and gamma diversity can be referred to as 

inventory diversity (Jurasinski et al., 2009), in that they differ only in scale. Beta 

diversity differs by concerning with the differences in species composition 

between different populations. As such, within conservation ecology, beta 

diversity can be used to analyse patterns of heterogeneity across an 

environment. For example, with reference to habitat fragmentation, beta 

diversity has been applied to research into the single large or several small 

(SLOSS) debate Wiersman and Urban (2005). 

 

According to the theory of island biogeography (MacArthur and Wilson, 1967), 

species diversity is regulated by extinction and colonisation. Species diversity 

declines as species are lost from a community by extinction. By contrast the 

colonisation of a community by a new species increases species diversity. 

Species extinctions can be limited by the introduction of new individuals of an 

existing species to a population. 

 

2.1.3 Genetic diversity 

Genetic diversity describes the amount of variability in a population at the level 

of genetic markers. Markers are defined as sequence variants (e.g. single 

nucleotide polymorphisms) or repetitive sequences (e.g. microsatellites). 

Different variants are referred to as alleles, and combinations of alleles are 

genotypes. Genetic diversity is generated by two processes; mutation and 
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migration (Frankham et al., 2009). Mutation causes changes to the nucleotides 

in a DNA sequence, and is how all genetic variation originates. Immigrants can 

augment the genetic diversity of one population by introducing the mutations of 

a different population. Once generated, genetic diversity is influenced by 

mutation, drift, migration, and selection (Hartl and Clark, 2007). Genetic drift 

describes the process where change in genetic composition is determined 

mainly by random processes instead of by natural selection. 

 

At its basic level, evolution by natural selection is the change in genetic 

composition of populations in response to changes in their environment. 

Regions of the genome that do not influence the phenotype are neutral to the 

influence of natural selection and hence change is stochastic and largely 

influenced by genetic drift. This is only possible where there is genetic diversity 

(McNeely et al., 1990). Heterozygosity, the proportions of homozygous and 

heterozygous loci, is the most commonly used measure of genetic diversity 

(Frankham et al., 2009). A locus is homozygous where the genotype is 

comprised of two copies of the same allele, and heterozygous where it is 

comprised of two different alleles. Observed heterozygosity (Ho) is the 

proportion of heterozygotes in the total sample and expected heterozygosity 

(He) is the heterozygosity that would be expected under the Hardy-Weinberg 

equilibrium. 

 

Loss of genetic diversity reduces a populationôs ability to adapt to change, 

increasing the chances of extinction. In randomly mating populations that are 

experiencing no gene flow, mutation, genetic drift or natural selection, the 

genotype frequency is expected to follow Hardy-Weinberg expectations. For 

example, a locus with two alleles, A and a, at frequencies p and q, respectively, 

are expected to have AA, Aa and aa genotypes in the proportions p2, 2pq and 

q2, respectively. Departures from these genotype frequencies are referred to as 

departures from Hardy-Weinberg equilibrium. The most likely reasons for 

departures from these genotype frequencies result from inbreeding and 

subpopulations experiencing barriers to gene flow. Inbreeding is the production 

of offspring from related individuals, and leads to reduced reproduction and 

survival, known as inbreeding depression. Departures from the Hardy-Weinberg 

equilibrium can be measured using F-statistics (Wright, 1931, Wright, 1951), a 
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suite of inbreeding coefficients used to measure genetic differences between 

populations based on the amount of heterozygosity in populations. In 

populations experiencing inbreeding (i.e., a departure from random mating), the 

population experiences an excess of homozygous genotypes (e.g., AA and aa 

genotypes) at the expense of heterozygous genotypes (e.g., Aa). The 

magnitude of this departure is measured by the statistic FIS. Similarly, when 

subpopulations are not freely exchanging genes, the allele frequencies (e.g., p 

and q) can vary between subpopulations and again, there can be an excess of 

homozygosity within subpopulations relative to the total populationôs average 

allele frequencies. This departure is quantified by FST. 

 

2.2 Biodiversity loss and landscape change: habitat fragmentation 

Biodiversity loss is caused by a range of environmental and anthropogenic 

factors, of which landscape change is paramount (Lande, 1998, Fahrig, 2003, 

Pimm, 2008). Landscape change can occur as a result of fluctuations in abiotic 

conditions, biotic interactions, or natural disturbance and succession. However, 

in recent times, worldwide landscape change is thought to have been 

accelerated by anthropogenic factors (Vitousek et al., 1997). Under 

anthropogenic pressures the pattern of landscape change is often non-random, 

with the most productive land commonly being the most extensively modified, 

and with large remnant habitat patches likely to be located in less productive 

areas (Virkkala et al., 1994, Lindenmayer and Fischer, 2006). As a 

consequence, remnant vegetation is often restricted to land that is unsuitable 

for other uses, a phenomenon termed the worthless land hypothesis (Runte, 

1977, Hall, 1988). Scott et al. (2001) report that nature reserves in the United 

States of America are predominantly situated at high elevations and on less 

productive soils, with the lower elevations and most productive soils extensively 

comprised of urban and agricultural land. Similarly, Burnside et al. (2002) show 

that remnant patches of calcareous grasslands on the West Sussex Downs in 

southern England are largely restricted to steep slopes. These slopes have 

acted as barriers to mechanised access and remained uncultivated, whilst the 

surrounding land has been converted. Such remnant vegetation may not be a 

representative sample of the habitat within its true ecological niche (Huggett 

and Cheesman, 2002), with the species best suited to the localised environment 

of the remnant land most likely to thrive. As such, localised environmental 
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differences between habitat patches are expected to result in differences in the 

vegetation they support. 

 

2.2.1 Habitat fragmentation 

Contemporary land-use/land-cover (LULC) change typically occurs with the 

conversion of natural and semi-natural habitats into arable and urban land, 

leading to landscapes that are more homogenous in character with reduced 

habitat diversity (Farina, 2006). Such transformations lead to changes in the 

spatial characteristics of remnant habitat patches and can impact the ecological 

processes within these systems (Forman, 1995). Indeed, many natural and 

semi-natural habitats are now only found as small remnant patches. A loss of 

habitat extent is typically accompanied by increased fragmentation and 

isolation. Habitat fragmentation has three main consequences: remnant 

populations are reduced in size; the distance between populations increase; 

and the configuration of the habitat patch and the landscape is altered. These 

structural modifications affect ecological processes at multiple scales (Zschokke 

et al., 2000). Indeed, habitat fragmentation has been cited as being amongst 

the most important causes of global species extinction and biodiversity loss 

(Wilcox and Murphy, 1985, Pimm and Raven, 2000, Sala et al., 2000, Davies et 

al., 2001, Henle et al., 2004, Millennium Ecosystem Assessment, 2005, Dauber 

et al., 2006, Farina, 2006) as the following quotes emphasise: 

 

ñfragmentation is one of the most severe world-wide processes 

depressing biodiversityò Farina (2006, p.128). 

 

(habitat fragmentation is) ñthe most serious threat to biological 

diversityò Wilcox and Murphy (1985) (p.884). 

 

Such is the effect of habitat fragmentation on biodiversity, that a wealth of 

research into landscape change and habitat fragmentation has taken place 

since the 1970s (Diamond, 1975, Haila, 2002, Fahrig, 2003). This led to the 

establishment of habitat fragmentation as a central issue in landscape ecology 

at the turn of the century (Collinge, 1996, Collinge, 1998), with Wiens (1996) (p. 

53) commenting that: 
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ñhabitat fragmentation is widely regarded as a ï if not the ï central 

issue in conservation biologyò. 

 

It remains unclear whether isolated habitat fragments can sustain viable 

grassland plant populations (Ouborg, 1993, Honnay et al., 1999, Bruun, 2000, 

Krauss et al., 2004, Lindborg and Eriksson, 2004b). The theory of island 

biogeography (MacArthur and Wilson, 1967) proposes that small isolated 

patches have higher rates of extinction than populations in larger connected 

patches. Habitat fragmentation threatens plant health by lowering population 

size, and also by acting as a barrier to migration between patches. However, 

although habitat fragmentation can lead to species extinction (Young et al., 

1996, Young and Clarke, 2000), many plants are well adapted to small and 

isolated habitats and can thus survive in habitat fragments (Lienert, 2004). The 

relationship between habitat fragmentation and individual plant species is 

complex, and is related to individual plant functional properties. Early 

successional species can typically fare well in habitat fragments. Adapting to 

the needs of intensive agriculture, results in grassland specialists being 

replaced by grassland generalists that are able to thrive in this altered 

environment (McKinney and Lockwood, 1999). Whilst short-lived species may 

quickly become extinct (Fischer and Stocklin, 1997, Matthies et al., 2004), 

others may recover if the seed-bank remains (Stocklin and Fischer, 1999). 

 

Similarly, habitat fragmentation presents a threat to the genetic diversity of 

populations (Fahrig, 2003, Keller and Largiader, 2003, Jump and Penuelas, 

2006). Small and fragmented populations are more susceptible to genetic drift 

and have a reduced probability of gene flow (Allendorf et al., 2012), which over 

time leads to a reduced genetic diversity and increased genetic differentiation 

between populations (Templeton et al., 1990, Frankham, 1996, Young et al., 

1996, Aguilar et al., 2008). As such large and genetically diverse populations 

are expected to have more chance of long-term survival compared to small and 

genetically similar populations, as the ability of species and populations to adapt 

to landscape change is thought to be influenced by the levels of genetic 

diversity that are available for natural selection (Huenneke, 1991, Moritz, 2002, 

Frankham et al., 2009). 
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Two components of habitat fragmentation, isolation and connectivity, are 

commonly used synonymously (Tischendorf and Fahrig, 2001, Moilanen and 

Nieminen, 2002). However, they describe two different processes. Isolation 

measures the contrast between a habitat patch and its neighbours. Isolation is 

complete where all the surrounding patches have no similarity, decreasing as 

the quantity and similarity of surrounding patches increases. Patch connectivity, 

on the other hand, is concerned with the interactions between distinct 

populations (Moilanen and Nieminen, 2002). Patch connectivity describes the 

potential for immigration and colonisation of individuals and species from 

distinct populations. Moreover, scale is an important attribute of connectivity, 

with landscape connectivity and patch connectivity being different concepts 

(Tischendorf and Fahrig, 2001). Landscape connectivity refers to connectivity 

as a property of the entire landscape and is the realm of landscape ecology. 

Patch connectivity defines connectivity as an attribute of a patch and is the 

realm of metapopulation ecology. 

 

A variety of methods are available for measuring patch connectivity. These 

range from simple nearest neighbour calculations to more complex formulae 

incorporating patch area, distances, and dispersal. Moilanen and Nieminen 

(2002) categorise three types of connectivity measures: nearest neighbour; 

buffer measures; and incidence function models (IFMs). The simplicity of 

calculating nearest neighbour distances has led to their extensive use in 

ecology (Prugh, 2009). However, the over simplistic nature of these measures 

led Moilanen and Nieminen (2002) to challenge whether it is a satisfactory 

measurement of connectivity. Buffer measures apply a buffer around a habitat 

patch, and analyse the amount of habitat within the buffer. Tischendorf and 

Fahrig (2000) suggest that connectivity measures should include measures of 

actual immigration rates. Moilanen and Nieminen (2002) however comment that 

in practise such data is typically not readily available. They propose that 

landscape metrics can be used as a surrogate for immigration. This is the 

principle behind IFMs, originally proposed by Hanski (1994). IFMs take into 

account the distance to all possible source populations, using a negative 

exponential dispersal kernel. Thus the closer a source population is to the focal 

patch, the larger itôs weighting. 
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Nearest neighbour and buffer measures can be termed structural connectivity 

measures, in that they measure the connectivity of landscape structures. By 

contrast IFM measures can be termed measures of functional connectivity, in 

that they attempt to measure the response of organisms to the structure of the 

landscape elements. Prugh (2009) found no difference between IFM and 

nearest neighbour measures in the prediction of patch occupancy and 

colonisation probabilities amongst twenty-four invertebrate, reptile, and 

amphibian metapopulations. Conversely, by testing the effectiveness of several 

connectivity measures in their ability to predict colonisation in two butterfly 

species, Moilanen and Nieminen (2002) found that nearest neighbour measures 

were inferior to buffer and IFM measures, leading them to propose a modified 

version of Hanskiôs (1994) orignal formula. However, Kindlmann and Burel 

(2008) argue that caution should be used with connectivity metrics, commenting 

that the view that components of a landscape are associated with a certain 

connectivity value should be abandoned. They argue that the same landscape 

may have different levels of connectivity for different species, or even for the 

same species temporally. 

 

2.2.2 Habitat loss and fragmentation in Great Britain 

Semi-natural habitats in Great Britain experienced dramatic declines in extent 

between the 1930s and the present day (Hooftman and Bullock, 2012). In 

particular, in recent decades the extent and ecological quality of semi-natural 

grasslands has been in decline throughout Britain, with long-term studies 

reporting losses greater than 80% (Fuller, 1987, Hooftman and Bullock, 2012) 

(Table 2.1). This has been driven by three principal causes: changes to the 

intensity (or the cessation) of land management; intensification of agricultural 

techniques; the development of land for urban or industrial use (JNCC, 2005, 

Haines-Young et al., 2006). Such change has resulted in habitats becoming 

increasingly fragmented, with remnant populations reduced in extent and the 

connectivity between them reduced (Green, 1990, Burnside et al., 2003, 

Hooftman and Bullock, 2012). 

 

On the West Sussex Downs in south-east England, remaining patches of 

unimproved grassland are restricted to a narrow range of environments, namely 

on soils low in nutrients and with a high pH, steep slopes (10°-31°), northerly 
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aspects, and land managed within environmental farming initiatives and 

schemes (Burnside et al., 2002, Critchley et al., 2002, Burnside et al., 2003, 

Haines-Young et al., 2003). Unimproved grassland patches remaining within the 

South Downs National Park are generally larger and more connected on the 

north facing escarpment. South facing patches are predominantly found on 

shallow sloping agricultural land and are generally more scattered, fragmented, 

and smaller. It has been repeatedly suggested that the resistance to change of 

these areas is likely due to the steepness of the land providing difficulties for 

mechanised access to these areas leaving them uncultivated (Darby, 1976, 

Buse, 1992, Burnside et al., 2003). 

 

As a result of the intermittent nature of LULC surveys, limited data availability, 

and difficulties in integrating classifications from different surveys, the majority 

of previous studies of loss in extent of semi-natural grassland have focused on 

change over periods of less than thirty years (Table 2.1). More recently, 

methods of integrating data from the Land Utilisation Survey of Britain have 

been developed (Swetnam, 2007b, Hooftman and Bullock, 2012) allowing for 

LULC change analysis back to the 1930s. 
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Table 2.1 Reported losses of semi-natural grassland in Britain. 

Habitat definition Study region Period of 

loss 

Survey/data used in estimation Source of 

information 

Percentage 

change 

Rough grassland England and Wales 1933 - 1963 First and Second Land Utilisation 

Surveys 

Coleman (1977) -18.00 

Unimproved lowland 

grassland 

Lowland England and 

Wales 

1930 - 1984 Various grassland surveys Fuller (1987) -91.67 

Chalk grassland England and Wales 1930 - 1998 First Land Utilisation Survey; 

Countryside Survey 2000 

Swetnam (2007b) -42.74 

Calcareous grassland Dorset 1930s - 2000 First Land Utilisation Survey; Land 

Cover Map 2000 

Hooftman and Bullock 

(2012) 

-82.98 

Permanent grassland England 1939 - 1959 Ministry of Agriculture Fisheries and 

Food statistics 

Idle (1975) -32.11 

Calcareous grassland England 1966 - 1988 Blackwood and Tubbs (1970) data, 

and county surveys 

Keymer and Leach 

(1990) 

-15.83 

Unimproved grassland West Sussex Downs 1971 - 1991 Aerial photographs Burnside et al. (2003) -58.22 

Unimproved grassland South Downs National 

Park (West Sussex) 

1971 - 2001 Aerial photographs and Phase 1 

habitat survey data 

Mukupa 

(Unpublished) 

-63.44 

Calcareous grassland Lowlands of England and 

Wales 

1984 - 1998 Countryside Surveys 1984-2000 Haines-Young et al. 

(2003) 

-3.00 

Calcareous grassland Great Britain 1990 - 1998 Countryside Surveys 1990 & 2000 Howard et al. (2003) -19.75 
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2.2.3 Limitations of previous research into biodiversity loss and 

landscape change 

The focus of much of the published landscape change research has been 

theoretical work to model the patterns of landscape change, with relatively little 

advancement in understanding of the consequential effects on ecological 

processes (Turner et al., 2001). Research into habitat fragmentation has also 

suffered from inconsistent use of terminology (Fahrig, 2003). Habitat 

fragmentation has been used interchangeably to describe habitat loss, the 

subdivision of habitats, increased habitat isolation, and reduced habitat 

connectivity (Lindenmayer and Fischer, 2006). With the quantification of both 

species diversity and habitat fragmentation being largely dependent upon the 

methods used to measure them, it should come as little surprise that the 

relationship has proved hard to define. Furthermore, much research into the 

effects of fragmentation on species has focused on vertebrates (Haila, 2002), 

with vegetation often being viewed simply as habitat for animals (Manning et al., 

2004). 

 

Fahrig (2003) comments that a strong negative correlation exists between 

habitat loss and biodiversity, whilst the correlation between habitat 

fragmentation and biodiversity is much weaker. Fahrig (2003) goes on to 

suggest that correlations of metrics such as patch isolation and patch size with 

biodiversity, are essentially indirect products of habitat loss as opposed to 

products of habitat fragmentation per se.  

 

Although landscape change and fragmentation are major threats to biodiversity, 

other factors are also influential, and multivariate studies are beginning to 

highlight the importance and interactive effects of multiple factors (Barbaro et 

al., 2004). In particular, the biodiversity of plant species is a product of a 

complex interplay of variability in abiotic, spatial, historical, and management 

conditions. 

 

2.3 The extinction debt 

Although habitat loss and fragmentation are the leading causes of species loss 

(Wilcox and Murphy, 1985, Pimm and Raven, 2000, Sala et al., 2000, Davies et 

al., 2001, Henle et al., 2004, Millennium Ecosystem Assessment, 2005, Dauber 
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et al., 2006, Farina, 2006), species response to changes in the landscape may 

not be immediate and often requires a substantial time delay following the initial 

impact. This extinction debt (Tilman et al., 1994) has been observed in a range 

of ecosystems and taxa (Kuussaari et al., 2009, Hylander and Ehrlen, 2013). 

Following landscape change, the conditions for a species to persist may no 

longer be met, for some remnant species. Whilst the changes may allow some 

species to thrive, and some to persist under sub-optimal conditions, others may 

not be able to survive in the long-term. Of the species that will not be able to 

survive in the long-term (i.e. have an extinction debt), many may still be able to 

persist for a number of generations before extinction. 

 

As such, when only the contemporary landscape is used to assess biodiversity, 

failure to find a relationship between the contemporary landscape and 

biodiversity may be misinterpreted. Any conclusion that increasing habitat 

extent and improving connectivity between habitat patches are not important for 

conservation, are not valid when only the contemporary landscape has been 

considered. If biodiversity is a legacy of historical conditions, then the 

development of conservation programs must also consider the historical 

landscape. With increased knowledge of the extinction debt, conservation can 

work towards conserving species that are in extinction debt, by changing the 

conditions. As such it is essential for conservation to focus not only on the 

effects of landscape change on biodiversity, but to also consider temporal 

scales of biodiversity response to historical and ongoing landscape change 

(Eriksson and Ehrlen, 2001, Hanski and Ovaskainen, 2002, Lindborg and 

Eriksson, 2004b). 

 

The nature of the relationship between the historical landscape and biodiversity 

in grassland habitats is not yet well understood. Some authors offer support for 

the extinction debt theory by reporting relationships between the historical 

landscape and contemporary species patterns (Partel and Zobel, 1999, Cousins 

and Eriksson, 2002, Lindborg and Eriksson, 2004b, Helm et al., 2006, 

Gustavsson et al., 2007, Krauss et al., 2010, Reitalu et al., 2012), whilst others 

have failed to find relationships (Bruun, 2000, Adriaens et al., 2006, Cousins et 

al., 2007, Oster et al., 2007). Lindborg and Eriksson (2004b) comment that 

contemporary species diversity within their semi-natural grassland study sites in 
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Sweden was largely a legacy of the landscape 50-100 years previous. They 

argue that contemporary species diversity had been formed under conditions no 

longer present. The time to extinction is affected by the strength of the 

environmental perturbation, the turnover rate of the species, and the availability 

of stable large patches (Ovaskainen and Hanski, 2002, Ovaskainen and Hanski, 

2004). As such, long-lived plant species and species living just below the 

extinction threshold (i.e. where conditions are only slightly outside their 

requirements) in particular may persist for decades after landscape change 

before becoming extinct (Brook et al., 2003, Vellend et al., 2006, Kuussaari et 

al., 2009). As long as a species that is predicted to become extinct continues to 

persist, it is possible to conserve it through appropriate habitat restoration and 

landscape management (Hanski, 2000, Kuussaari et al., 2009). 

 

2.4 Biodiversity frameworks 

2.4.1 The Theory of Island Biogeography 

MacArthur and Wilsonôs (1967) Theory of Island Biogeography has been one of 

the most influential paradigms within landscape ecology and in particular within 

research of the interaction between habitat fragmentation and species diversity. 

The Theory of Island Biogeography was developed to explain the relationship 

between species richness and area that was observed by the authors within 

bird and ant populations on tropical islands. The fundamental principle of the 

Theory of Island Biogeography is that a positive relationship exists between the 

area of an island and species richness. As such it complements the basic 

principles of the species-area model, which states that species richness is a 

function of area (Boecklen & Gotelli, 1984; Rosenzweig, 1995; Rosenzweig 

2004; Whittaker & Fernández-Palacios, 2007). Moreover, the Theory of Island 

Biogeography proposes that species diversity is regulated by extinction and 

colonisation. As such any factor that can affect extinction and colonisation can 

affect species diversity. 

 

Although the theory was developed to describe patterns on islands, MacArthur 

and Wilson (1967) propose that the concepts are applicable in the wider context 

to ñformerly continuous natural habitats now being broken up by the 

encroachment of civilisationò (p. 4). However, whilst the Theory of Island 

Biogeography provides a useful framework for studying the effects of 
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fragmentation on species richness (Powledge, 2003), the theories grounding in 

true islands means that it has limitations when applied to habitat fragments 

(Laurance, 2008; Smith, 2010). Studies that apply the principles to habitat 

islands commonly make the assumption that habitat patches are isolated and 

surrounded by non-habitat (Lomolino, 2000). This is contrary to the growing 

consensus that remnant habitat patches can be influenced by the landscape 

matrix (Cook et al., 2002) and that studies at the landscape scale should 

consider connectivity, corridors, and metapopulation structure (Farina, 2006). 

Building on this, Forman (1995) put forward a revised explanation incorporating 

the additional characteristics of the landscape, which included habitat diversity, 

disturbance, area of patch interior, age, matrix heterogeneity, and isolation. 

Further revisions and analysis have been proposed by Lomolino (2000), 

Whittaker et al. (2008) and Santos et al. (2016). 

 

2.4.2 Metapopulation Ecology 

The 1980s saw a paradigm shift away from the Theory of Island Biogeography 

towards the metapopulation concept (Hanski 1989; Merriam 1991); Hanski and 

Simberloff, 1997; Hanski, 1999). The term metapopulation was first coined by 

Levins (1969), to describe a set of multiple local populations that interact with 

one another (Gilpin and Hanski, 1991; Hanski and Gilpin, 1991). Far from being 

isolated, metapopulations are connected by process such as gene flow and 

migration (Thrall et al., 2000). 

 

Consistent with the Theory of Island Biogeography, the Levins Metapopulation 

Model (Levins, 1969) considers immigration and extinction as central processes 

in the stability of populations within patchy habitats. The concept of the Levins 

Metapopulation Model is that populations are spatially structured into groups of 

interacting local populations. A key notion of the Levins Metapopulation Model 

is its incorporation of a spatial aspect considering the position of individuals and 

populations in space. This contrasts with classical models of population biology 

that all individuals are equally likely to interact with one another. Under the 

principles of the Levins Metapopulation Model, increased fragmentation 

commonly results in local populations being in non-equilibrium of immigration 

and extinction (Olivieri et al., 1990). With populations ultimately being 
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temporary, it is essential for conservation to preserve interactions and 

colonisation between populations (Thrall et al., 2000). 

 

Source-sink metapopulations were described by Pulliam (1988; 1996) to outline 

that different habitat patches will be of varying quality and thus will differ in their 

capacities to support populations. Populations can either be defined as those 

where dispersal exceeds immigration (source populations) or those where 

immigration exceeds dispersal (sink populations). One of the most significant 

ecological implications of the theory is that through dispersal from a source 

population, a sink population can persist in regions that are characteristically 

outside their ecological niche (Pulliam, 1996). 

 

2.4.3 Competitive exclusion 

The Intermediate Disturbance Hypothesis (Grime, 1973, Connell, 1978) outlines 

that different habitats have different levels of disturbance from factors such as 

herbivores, pathogens, trampling, and environmental diseases, and availability 

of resources such as water, minerals, and light. Low levels of disturbance lead 

to decreased diversity through increased competitive exclusion leading to 

domination by species with a competitive strategy (K-selected). High levels of 

disturbance can disrupt stable ecosystems and reduce species diversity by 

making a habitat unsuitable, in turn leading to greater species movements. This 

condition is favourable for r-selected species, which are able to colonise open 

areas quickly when competition is low. By contrast an intermediate level of 

disturbance allows for more competitive K-selected species and less 

competitive r-selected species to occupy the same habitat, with a resultant 

optimal level of species diversity. 

 

The Intermediate Disturbance Hypothesis is particularly relevant to semi-natural 

grasslands, such as calcareous grasslands, where high species diversity is 

thought to be a product of grazing acting as a regular disturbance (Price, 2003). 

Without disturbance, competitive exclusion would favour perennial grasses at 

the expense of many forb species therefore leading to a reduction in plant 

species diversity (Tilman, 1984, Collins and Gibson, 1995). 
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2.5 Factors affecting species diversity and composition 

The following subsections review factors that have been cited as affecting 

species diversity. 

 

2.5.1 Spatial structure and landscape change: Habitat loss and 

fragmentation 

The dispersal of species across a landscape is influenced not only by species 

autecology, but is also a function of landscape dynamics (Tischendorf and 

Fahring, 2000). The importance of the spatial structure of habitats on species 

richness and diversity has been a major area of ecological research since the 

proposal of the theory of island biogeography (MacArthur and Wilson, 1967). 

The positive species-area relationship (also referred to as the species-area 

curve) has been demonstrated across a range of habitats worldwide 

(Rosenzweig, 1995, Lomolino, 2000). Despite ubiquitous reports supporting the 

principle of the species-area curve, research testing the principle continues, 

primarily because the relationship has not been fully explained. 

 

Calcareous grasslands are an example of a habitat where the nature of the 

relationship between habitat area and species richness is unclear. Whilst some 

studies have found a positive species-area relationship (Bruun, 2000, Krauss et 

al., 2004, Adriaens et al., 2006, Cousins et al., 2007, Oster et al., 2007, 

Raatikainen et al., 2009, Reitalu et al., 2012), other studies have found no 

relationship (Eriksson et al., 1995, Partel and Zobel, 1999, Kiviniemi and 

Eriksson, 2002, Lindborg and Eriksson, 2004a). The Krauss et al. (2004) study 

tested the species-area relationship in both habitat specialists and habitat 

generalists. No differences were found between specialists and generalists, with 

both increasing as habitat area increased. The findings contrasted the 

predictions of Krauss et al. (2004) and also those of the theory of island 

biogeography (MacArthur and Wilson, 1967), which predicted that habitat 

specialists will be more greatly affected by habitat area than habitat generalists. 

It was concluded that this may have been due to the delayed extinction of some 

long-lived habitat specialist species under the process of the extinction debt. 

 

One explanation for the inconsistent findings may be that an extinction debt 

may be dependent upon the extent of landscape change. In a review of 61 
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grassland fragmentation publications, Cousins (2009) notes that there is a 

theoretical threshold in relation to the amount of grassland remaining in a 

landscape. Specifically Cousins (2009) noted that in studies where less than 

10% of the historical grassland remains in a landscape then the species 

richness is determined by present landscape patterns, whilst where greater than 

10% remains species richness reflects historical landscape patterns. Few 

studies have directly tested the relationship between species diversity and 

habitat loss, although exceptions to this have noted a positive relationship 

(Cousins et al., 2003, Helm et al., 2006). 

 

One area of debate surrounds the question of whether a single large or several 

small (SLOSS) patches are ecologically preferable. Hanski (1999) suggests that 

there is no universal answer to the SLOSS debate, and that the species 

composition within patches is key. If multiple small patches contain the same 

set of species, then it is likely that their combined number of species will be 

fewer than in a single large patch. However if each of the small patches has 

considerably different species compositions, then they may support higher 

species numbers than a single large patch. 

 

As with habitat area, the exact nature of the relationship between connectivity 

and species diversity has proved difficult to determine. Some studies have 

found positive relationships (Bruun, 2000, Adriaens et al., 2006, Raatikainen et 

al., 2009), whilst others have found none (Krauss et al., 2004, Lindborg and 

Eriksson, 2004b, Helm et al., 2006). These differences may stem from the 

differences between the studies in the methods used for measuring connectivity 

and in quantifying species diversity. Connectivity influences species 

composition as different plant species respond differently to connectivity 

according to their functional properties (e.g. habitat generalist or specialist) 

(Dupré and Ehrlén, 2002) and life history (Bruun, 2000). Bruun (2000), found 

that long lived species of dry grasslands were not affected by connectivity, 

whilst for short lived species a positive correlation was found. Reitalu et al. 

(2010) comment that there are weaknesses in the measurement of connectivity, 

suggesting that livestock movements through the landscape should be 

incorporated. In order to overcome this they designed a study to include 

distance to the nearest village, grazing intensity, and past and present 
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connectivity as exploratory variables. They found that grazing intensity, distance 

to an historical village, and present-day connectivity all influenced species 

diversity. However, these variables do not necessarily measure the livestock 

movement patterns that the authors indicated as important. Inclusion of 

information on livestock movement may allow for investigation of a further 

mechanism by which habitat fragmentation can influence species diversity, 

through its effect on species dispersal. 

 

2.5.2 Historical landscape structure 

Given the principles of the extinction debt, it is important to include a temporal 

scale to species diversity research (Eriksson and Ehrlen, 2001, Hanski and 

Ovaskainen, 2002, Lindborg and Eriksson, 2004b). As such the investigation of 

the relationship between temporal variables and species diversity has become a 

popular research theme. Simply stating or investigating relationships between 

species and contemporary landscapes does not necessarily unpack the whole 

story and limits investigation to a series of restricted variables. Several studies 

have found support for the extinction debt theory, by discovering relationships 

between contemporary species diversity in grasslands and aspects of the 

historical landscape. Relationships have been found between species 

diversity/richness and historical area (Helm et al., 2006), historical connectivity 

(Lindborg and Eriksson, 2004b, Helm et al., 2006, Cousins and Eriksson, 2008), 

site age and historical management (Partel and Zobel, 1999, Cousins and 

Eriksson, 2002, Gustavsson et al., 2007), and the historical amount of 

grassland in the area surrounding the patch (Reitalu et al., 2012). However, 

other studies contradict the theory, as they have found no relationship between 

species diversity in grasslands and the historical land-use of site (Bruun et al., 

2001), historical area (Adriaens et al., 2006), and historical connectivity 

(Adriaens et al., 2006, Cousins et al., 2007, Oster et al., 2007). 

 

A study by Gibson and Brown (1991) found no difference in the number of 

species between ancient and disturbed calcareous grasslands. They conclude 

that small-scale species richness does not take a long time to develop and is 

therefore not dependent on the history of the site. Gibson and Brown (1991) 

postulated that small scale species richness was dependent on site specific 

variables and management. Differences between ancient and ex-arable 
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calcareous grasslands were however apparent in the stages of succession 

evident by the species composition, which can take from decades to centuries 

to stabilise (Gibson and Brown, 1991). 

 

2.5.3 Abiotic variability 

2.5.3.1 Topography 

Local and regional variation in topographic conditions can result in distinct 

differences in community structure (Rodwell, 1990, Rodwell, 1992). Topography 

influences the ecological conditions and as a result species structure, primarily 

through its influence on the amount of sunlight a site receives (Perring, 1959, 

Geiger, 1965, Oke, 1987). In the northern hemisphere, north facing land 

receives less direct sunlight and can be cooler and damper than adjacent south 

facing land, with Rorison et al. (1986) reporting an annual mean temperature 

difference of 2.5-3°C between adjacent calcareous grassland slopes . As a 

result they support a different range of flora (Tansley and Adamson, 1925, 

Tansley and Adamson, 1926, Perring, 1959, Burnside et al., 2002, Bennie et al., 

2006). Rose (1995) comments that the flora of the south facing slopes of the 

South Downs is richer, particularly in orchids, with the north facing slopes 

having more lichens and bryophytes. Burnside et al. (2002) found that 

grasslands sites on shallow slopes were predominantly comprised of 

mesotrophic species, with a transition to calcareous communities as gradient 

increased. In addition to differences in species composition, south facing slopes 

have a higher species richness compared to north facing slopes (Perring, 1959, 

Hutchings, 1983) (Figure 2.2). The soils on steep slopes tend to form shallow 

and unstable rendzina soils compared to soils of flatter land (Balme, 1953, 

Trudgill, 1976, Bennie et al., 2006). Bennie et al. (2006) conclude that 

compared to shallow slopes, steeper slopes are more resistant to change due 

to phosphorous limitation in shallower rendzina soils. Keddy (2005) proposes 

that the more variation in conditions within a habitat the greater the number of 

species that will be found within. This a pattern summarised by the centrifugal 

model (Keddy, 1990, Wisheu and Keddy, 1992), which describes distributional 

patterns of species and vegetation along gradients that are caused by 

differences in environmental constraints. 
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Figure 2.2 The relationship between aspect and species 

richness/diversity. The plots show the species richness and diversity of 

grasses and forbs plotted against compass points, and highlight higher 

values in the south and east compared to the north and west. Adapted 

from Hutchings (1983). 

 

2.5.3.2 Soils 

At the abiotic level the species composition of calcareous grasslands is a 

product of the environmental niche they occupy. Calcareous grasslands have 

characteristically thin, well drained and nutrient poor soils, and only species that 

can tolerate these conditions are able to thrive. Moreover, variability in soil 

nutrient availability can influence both species composition and diversity. The 

amount of available nitrogen (N) can have a major influence (Mountford et al., 

1993, Willems et al., 1993, Smith, 1994). Tilman (1984) found that during early 

succession, of the nutrients they manipulated, nitrogen was the most limiting. 

Tilman (1984) found that the species composition of an early successional area 

can be influenced by the availability of soil nutrients, and thus the availability of 

limiting nutrients such as nitrogen may explain an element of spatial 

heterogeneity of vegetation. Nitrogen levels had a significant influence on the 

abundance of dominant plant species in the years immediately after a 
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disturbance. Phosphorus (P) is a limiting factor (Willems et al., 1993, Janssens 

et al., 1998), and potassium (K) has the potential to affect the production of 

biomass (Van der Woude et al., 1994). However, Reitalu et al. (2012) found no 

relationship between soil properties and species richness of semi-natural 

grasslands in the Baltic Island of Öland (Sweden). 

 

2.5.4 Management variability 

Within managed semi-natural habitats, species diversity is influenced by the 

type and schedule of local management. On semi-natural grasslands, 

management, typically through grazing, mowing, or trampling, acts as a regular 

disturbance preventing succession and the build-up of nutrients (Critchley et al., 

2004). In turn, this stops competitive species dominating and prevents the 

exclusion of grassland specialists (Price, 2003). New growth is regularly 

removed, and thus plants that are tolerant to grazing thrive. The outcome of 

these processes is that semi-natural grasslands have one of the highest 

species diversities of all habitats in Western Europe (Fischer and Stocklin, 

1997), commonly supporting 25-30 species per 25 x 25cm quadrat (Hutchings, 

1983, Mitchley and Grubb, 1986). 

 

Some species benefit more from grazing and others from mowing (Jantunen, 

2003). In the calcareous grassland of their study sites in Switzerland, Schlapfer 

et al. (1998) found species richness to be higher in grazed sites compared to 

mown ones. However, they comment that change from grazing to mowing only 

has a small influence on community structure, with 90% of species occurring in 

both grazed and mown sites. Similarly, grazing intensity can influence species 

composition, with some species benefitting from low intensity grazing and 

others from high intensity grazing (Hulme et al., 1999, Marriott et al., 2009). Low 

grazing intensity can help to conserve species diversity (Klimek et al., 2007), 

whilst high grazing intensity (Marriott et al., 2009) and abandonment of grazing 

(Luoto et al., 2003, Cousins and Eriksson, 2008) can both also result in reduced 

species diversity. Thus, consistent with the intermediate disturbance hypothesis 

(Grime, 1973, Connell, 1978), intermediate levels of grazing intensity result in 

the highest levels of species diversity (De Bello et al., 2006, Cousins and 

Eriksson, 2008). 

 



31 

   

Moreover, grazing intensity is a major factor influencing species composition 

(Barbaro et al., 2004, Sebastia et al., 2008). Sebastia et al. (2008) found that 

the type of grazer was important for species composition, with cattle increasing 

vegetation heterogeneity, whilst grazing by sheep favoured specific species of 

high conservation value. Similarly Pakeman (2004) reports that increased 

grazing intensity can be accompanied by an increase in species with: ruderal 

and competitive strategies; annual life strategies; seasonal regeneration by 

seed; flowering and seed dispersal early in the season; a higher requirement for 

light, and a low minimum height. 

 

2.6 Factors affecting genetic diversity 

Wrightôs (1940) island model of population genetics states that genetic diversity 

is regulated by rates of colonisation and local extinction. As such any factor that 

affects colonisation and local extinctions has the potential to affect genetic 

diversity. The following subsections examine the factors that have been related 

to variation in genetic diversity. 

 

2.6.1 Isolation by distance 

The theory of isolation by distance (Wright, 1943) predicts that, due to 

decreased likelihood for dispersal to more distant populations, a positive 

correlation exists between genetic distance and geographical distance. 

Therefore increased isolation of patches is commonly accompanied with a 

consequential increase in the genetic distance between individuals in 

discontinuous patches. Conversely, where distances between populations are 

small enough to allow sufficient gene flow, genetic differentiation is expected to 

be prevented. The results of recent studies in semi-natural grasslands have 

been mixed, with some finding evidence of isolation by distance (Jacquemyn et 

al., 2004, Honnay et al., 2007), whilst others have found none (Odat et al., 

2004, Honnay et al., 2006, Rosengren et al., 2013, Dostalek et al., 2014). 

 

2.6.2 Spatial structure and landscape change: Habitat loss and 

fragmentation 

The term landscape genetics was coined in a seminal paper by Manel et al. 

(2003) to describe the study of the interaction between the landscape and 

genetic processes such as gene flow, genetic drift and selection. Manel et al. 
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(2003) proposed landscape genetics as the merging of landscape ecology and 

population genetics, commenting that the discipline combines ñthe tools of 

molecular genetics with the principles of ecological biogeography and 

landscape ecologyò. The principle concept of landscape genetics is to identify 

genetic discontinuities and to correlate them to landscape features (Manel et al., 

2003). The discipline emerged from the increasing use of landscape variables 

to explain spatial patterns in genetics (Manel et al., 2003), and provides a 

framework for explaining dispersal, migration, and gene flow based on spatial 

patterns of a landscape. 

 

The magnitude of genetic drift, one of the processes that drives populations 

away from the Hardy-Weinberg equilibrium, is inversely related to effective 

population size. As such the stochastic effects of genetic drift will be greatest in 

smaller populations (Lynch et al., 1995, Young et al., 1996). In addition, 

increased selfing and mating amongst closely related individuals in small 

populations may lead to inbreeding and reduced numbers of heterozygotes 

(Schaal and Leverich, 1996, Young et al., 1996, Allendorf et al., 2012). This can 

lead to reduced fitness (Keller and Waller, 2002, Reed and Frankham, 2003). 

Although a positive relationship between population size and genetic variation is 

most common (Oostermeijer et al., 1994, Fischer and Matthies, 1998, Kery et 

al., 2000, Luijten et al., 2000, Vergeer et al., 2003, Brys et al., 2004, Hooftman 

et al., 2004, Hensen and Wesche, 2006, Leimu et al., 2006, Prentice et al., 

2006, Baessler et al., 2010), the absence of this relationship is not uncommon 

(Jacquemyn et al., 2004, Leimu and Mutikainen, 2005, Honnay et al., 2007, 

Munzbergova et al., 2013). Meta-analysis by (Honnay and Jacquemyn, 2007) 

found that across 57 studies Mean gene diversity (He), percent polymorphic 

loci, and allelic richness were positively correlated with population size, but no 

relationship was found between population size and inbreeding coefficient (FIS). 

Similarly, meta-analysis by Leimu et al. (2006) investigated the relationship 

between plant population size, fitness, and genetic variation. They found 

significantly positive relationships between population size and fitness (from 45 

studies), and between population size and genetic variation (from 48 studies). 

One of the main determinants of population size is habitat size, and therefore it 

is not surprising that positive relationships between habitat patch area and plant 

genetic variability are often reported (Lienert et al., 2002a, Hooftman et al., 
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2004, Van Rossum and Triest, 2006, Jacquemyn et al., 2010, Dostalek et al., 

2014). 

  

Research into the effects of fragmentation and isolation of habitats upon genetic 

structure has developed from classic biogeography and metapopulation 

theories (MacArthur and Wilson, 1967, Levins, 1969). Fragmentation typically 

reduces population size and the connectivity between populations, thereby 

reducing or obstructing gene flow between populations, and leading to 

increased inbreeding and genetic drift (Soule and Wilcox, 1980, Schonewald-

Cox et al., 1983, Gilpin and Soule, 1986, Lande and Barrowclough, 1987, 

Young et al., 1996). As a result of these processes, habitat fragmentation has 

decreased population genetic diversity within populations and increased genetic 

differentiation between populations (Leimu et al., 2006). Aguilar et al. (2008) 

carried out a meta-analysis of 101 publications, concluding that habitat 

fragmentation decreases the genetic diversity of plant populations. Expected 

heterozygosity, allelic richness, % polymorphic loci, and outcrossing rates were 

all negatively related to fragmentation, but no relationship was found with FIS. 

 

Although habitat fragmentation is often accompanied by reduced population 

size, the way it affects genetic drift and gene flow is not clearly understood. This 

is largely because its impact comes from the interaction of multiple factors. 

Studies that have focused on the relationship between habitat fragmentation 

and genetics have found that commonness does not prevent loss of genetic 

diversity in a species (Lienert et al., 2002a, Hooftman et al., 2004, Honnay and 

Jacquemyn, 2007), highlighting that common species are also susceptible to 

the negative effects of fragmentation. The effects of habitat fragmentation are 

expected to be more severe in recently fragmented populations (Huenneke, 

1991, Gitzendanner and Soltis, 2000). Studies of the effect of fragmentation on 

plants has largely focused on population demographics (Aguilar et al., 2008), 

with an increased interest in the genetic consequences occurring in recent 

years (Lowe et al., 2005, Ouborg et al., 2006, Honnay and Jacquemyn, 2007). 

There is a general consensus that the effect of habitat fragmentation on 

population genetics are more complex than can be explained by simple 

theoretical models (Ewers and Didham, 2006, Feeley and Terborgh, 2008, 

Bacles and Jump, 2011). The response of a species to habitat fragmentation is 
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dependent on multiple factors, not least its autecology and evolutionary history 

(Nazareno and Jump, 2012). 

 

Several studies have found relationships between genetic diversity and 

contemporary connectivity (Lienert et al., 2002b, Lopez-Pujol et al., 2003, 

Hooftman et al., 2004, Van Rossum and Triest, 2006, Honnay et al., 2007, Fer 

and Hroudova, 2009). In particular Honnay et al. (2007) compared the influence 

of population size and connectivity on genetic diversity, and found a positive 

relationship between genetic diversity and connectivity, suggesting that gene 

flow was more important than populations size in determining genetic diversity. 

In contrast in a study by Jacquemyn et al. (2010)  connectivity did not affect 

genetic diversity. Jacquemyn et al. (2010) did find a positive relationship 

between loss of extent of calcareous grassland patches and recent population 

bottlenecks in Cirsium acaule, suggesting that low genetic diversity in small 

populations may be due to loss of habitat extent. 

 

However, to date most studies concerning the relationship between 

fragmentation and genetic diversity use population size, or a combination of 

population size and isolation as a surrogate for fragmentation. However, 

fragmentation is multi-faceted, and its influence on genetic diversity may stem 

from the interaction of population size, isolation, and matrix characteristics 

(Ezard and Travis, 2006). Ouborg et al. (2006) argue that population size and 

isolation should be viewed as separate parameters. Although habitat 

fragmentation at the landscape scale is expected to lead to reduced population 

size and increased isolation, this is not the only possible outcome (Fahrig, 

2003). Different parameters of fragmentation act independently of one another, 

and as a result should not be used interchangeably (Ouborg et al., 2006). 

Moreover, small sample sizes and the effects of uncontrolled variables often 

confound fragmentation research. Nazareno and Jump (2012) comment that, 

particularly where hyper-variable microsatellite markers are used, small sample 

sizes can bias the conclusions drawn from studies. 

 

2.6.3 Historical landscape structure 

The discipline of phylogeography (Avise et al., 1987) explores the relationship 

between past habitat connectivity and contemporary genetic patterns at large 
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spatial scales. These relationships exist as a considerable time period is 

required to reach genetic equilibrium (Koch and Kiefer, 2006, Soltis et al., 

2006), with studies indicating historical landscape structure can be seen in 

genetic characteristics longer than it can in species characteristics (e.g. species 

diversity). However, much less is known about the relationship between 

historical landscape connectivity and genetic structure at smaller spatial and 

temporal scales (Munzbergova et al., 2013). 

 

Few studies have explored the influence of historical landscape characteristics 

on contemporary genetic diversity. Exceptions include Jacquemyn et al. (2004) 

(studying Primula elatior in Belgium)  and Prentice et al. (2006) (studying Briza 

media in semi-natural grasslands in Sweden) who both found positive 

relationships between site age and genetic diversity, and Munzbergova et al. 

(2013) who found a positive relationship between historical site connectivity and 

the genetic diversity of Succisa pratensis in semi-natural grasslands in Sweden. 

Munzbergova et al. (2013) comment that the past landscape structure 

(measured back to 1850) could be evidenced from contemporary genetic 

diversity patterns, despite extensive changes in the landscape. 

 

2.6.4 Abiotic variability 

Although they have repeatedly been shown to influence species diversity, few 

studies have examined the relationship between abiotic variables and genetic 

variation. However there is some evidence to suggest that topography is not 

related to genetic diversity (Ohsawa et al., 2008), that positive relationships 

exist between genetic diversity and phosphorous levels (de Vere et al., 2009), 

and that soil fertility can influence genetic variation (Huff et al., 1998). 

 

2.6.5 Management variability 

Several aspects of habitat management have been shown to affect genetic 

diversity. Last et al. (2014) found that intensive management was related to 

decreased genetic diversity for Dactylis glomerata in grasslands in Switzerland. 

Grazing patterns and movement of animals can affect genetic diversity through 

their influence on dispersal. Rico et al. (2014) found evidence of isolation by 

distance in Dianthus carthusianorum in ungrazed calcareous grasslands, but 

genetic distance in grazed patches within the same herding system was related 
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to distance along the shepherding route. Rico et al. (2014) conclude that the 

population genetic diversity can be explained by patch connectivity by 

shepherding. Similarly, Honnay et al. (2006) argue that through increasing 

levels of seed exchange between grassland fragments, grazing may act to 

mitigate the genetic consequences of habitat fragmentation. 

 

2.7 Integrating habitat, species and genetic diversity 

The different levels of biodiversity often act synergistically (Allendorf et al., 

2012), with ecological communities structured by processes operating at 

multiple scales (Ricklefs, 2004, Harrison and Cornell, 2008) and changes in 

ecosystem structure impacting upon processes controlling community species 

and genetic diversity. However they have typically been considered as 

individual entities and research into the relationships between the different 

levels has been scarce. Even one of the relationships considered as more 

established, that of a positive relationship between habitat diversity and species 

diversity, is in fact supported by little empirical evidence (Lundholm, 2009). 

Similarly research into the relationship between species diversity and genetic 

diversity is still in its infancy, with the nature of the relationship not yet well 

understood. Furthermore assessment of the relationship between habitat and 

genetic diversity, and between all three levels of biodiversity has largely been 

absent. This is particularly surprising considering that several authors have 

stressed the view that the integration of ecology and genetics is essential in 

achieving effective conservation management (Real, 1994, Soule and Mills, 

1998, Clarke and Young, 2000, Vellend, 2003). 

 

To knowledge, only one publication examines the relationships of biodiversity at 

the three levels. The paper by Gugerli et al. (2008) however, only presents a 

synopsis of the IntraBioDiv project, with no results of the analysis of the 

relationship between different levels of biodiversity. Furthermore, in their 

measurement of habitat diversity Gugerli et al. (2008) classify habitats based on 

climatic variables, as opposed to the use of a standardised habitat classification 

system. 

 

Research into the relationship between landscape scale habitat diversity and 

species diversity has been more prevalent. The habitat heterogeneity 
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hypothesis proposes that by providing niche opportunities for a variety of 

species, habitat diversity is important in maintaining species diversity 

(Whittaker, 1975, Shmida and Wilson, 1985, Ricklefs, 1987, Rosenzweig, 

1995). The concept is based on niche theory, which states that each species is 

adapted for a specific set of abiotic and biotic environments (Hutchinson, 1957). 

The species within a habitat patch can be influenced by the effects of the 

surrounding habitat on the species pool and dispersal (Partel et al., 1996, 

Zobel, 1997, Norderhaug et al., 2000, Soderstrom et al., 2001, Akatov et al., 

2005). Moreover, plant species may be able to survive in suboptimal conditions 

in a variety of neighbouring habitat types, and therefore a higher diversity of 

habitats provides more potential sources of new species. All habitats, natural or 

otherwise, are potential sources of new species and can contribute to patch 

level diversity, a phenomenon termed spatial mass effects (Shmida and 

Whittaker, 1981, Shmida and Ellner, 1984, Shmida and Wilson, 1985). In 

particular, spatial mass effects may result in habitat patches having increased 

diversity of habitat generalists, which are more able to become established 

under suboptimal conditions. 

 

Some authors have argued that habitat diversity is a fundamental factor in the 

species diversity of plant communities (Tilman and Pacala, 1993, Chase and 

Leibold, 2003), and several authors have found evidence of a positive 

relationship between the habitat diversity and the diversity of plant species 

(Skov, 1997, Sotherton and Self, 2000, Pausas et al., 2003, Dufour et al., 2006, 

Poggio et al., 2010). Support for the relationship between habitat diversity and 

species diversity in semi-natural grasslands have been found by Bruun (2000), 

Reitalu et al. (2012), and Sutcliffe et al. (2015). The study by Bruun (2000) 

defined habitat diversity by classifying habitats based on soil pH values and 

potential solar radiation, rather than using habitat classifications. Reitalu et al. 

(2012) report that the richness of habitat specialist species was positively 

related to habitat diversity within 300m buffer areas. Finally, the Sutcliffe et al. 

(2015) study used habitat classifications as a measure of habitat diversity and 

reported a positive relationship between species diversity of plants and habitat 

diversity within a 2km buffer area. Other studies have looked at the relationship 

between species diversity and aspects of habitat diversity. For example 

Janisova et al. (2014) report that alpha diversity, the diversity of the local 
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species pool, of plants in semi-natural grassland patches in Slovakia increased 

with increasing diversity and cover of natural and semi-natural habitats in the 

surrounding area. Conversely alpha diversity decreased with increased diversity 

or cover of non-natural habitats. In discussing their results, Janisova et al. 

(2014) comment that the species pool effect from connectivity to other 

grassland patches is stronger than the spatial mass effects. However, empirical 

evidence of the relationship between habitat diversity and species diversity is 

scarce, with a review of literature by Lundholm (2009) finding only 41 

observational and 11 experimental studies testing the relationship across a 

range of taxa, with both negative and positive results reported. Whilst increased 

habitat diversity may lead to an increase in the number of habitat patches and 

niche opportunities, it can also lead to decreased patch size and increased 

isolation (Fahrig, 2003, Dufour et al., 2006), which can negatively influence 

species diversity. As such, more recently it has been proposed that intermediate 

levels of habitat diversity produce the highest species diversity (Fahrig et al., 

2011, Redon et al., 2014). 

 

The relationship between habitat diversity and genetic diversity has not 

previously been studied directly. However studies finding relationship between 

landscape composition and genetic variation offer some indication of the 

relationship between habitat and genetic diversity. A paper by the IntraBioDiv 

project (Manel et al., 2012) presents analysis of the relationship between 

genetic diversity and habitat diversity (measured by climatic variables). Across 

13 alpine plant species they found that allele frequencies were most affected by 

precipitation and temperature, with topographical characteristics (solar 

radiation, slope, topographic exposure, soil humidity, aspect, and altitude) 

having little effect. Prentice et al. (2006) report a relationship between genetic 

variation and the structure of the surrounding habitat. Specifically genetic 

diversity within populations of Briza media was positively related to the amount 

of grassland in the landscape surrounding calcareous grassland fragments on 

the Baltic Island of Öland. However, no relationships were found between the 

genetic variation of B. media and the amount of arable land or forest in the 

surrounding area, with genetic diversity highest where the surrounding 

landscape is composed of grasslands. Prentice et al. (2006) conclude that the 

relationship is a product of increased connectivity, and therefore gene flow, with 
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other grassland patches. Therefore there is a research need to simultaneously 

test the variables of habitat diversity and grassland connectivity to determine 

the relative influence of both these factors on genetic diversity. 

 

2.7.1 The species-genetic diversity correlation 

Several authors have commented on the parallel processes underlying theories 

of diversity at the species and genetic levels (Harper, 1977, Antonovics, 1978, 

Huston, 1994, Amarasekare, 2000, Hubbell, 2001). However it is only more 

recently that relationships between species and genetic diversity have gained 

renewed interest, largely driven by the special feature on community genetics in 

the journal Ecology in 2003 (Agrawal, 2003) and a seminal paper by Vellend 

(2003) which saw the birth of the species-genetic diversity correlation (SGDC) 

hypothesis. 

 

On the similarities in the processes and concepts underlying both species and 

genetic diversity Antonovics (1976, p.238) commented that the: 

 

"forces maintaining species diversity and genetic diversity are similar. 

An understanding of community structure will come from considering 

how these kinds of diversity interact". 

 

The similarities Antonovics (1976) refers to can be illustrated by the parallels in 

the logic underpinning the Theory of Island Biogeography (MacArthur and 

Wilson, 1967) and the island model of population genetics (Wright, 1940). 

Vellend (2003) notes that whilst the mathematics of these two theories is 

different, they share near identical underlying reasoning: whilst the Theory of 

Island Biogeography posits that species diversity is regulated by extinction and 

colonisation, the island model of population genetics posits that genetic diversity 

is regulated by rates of colonisation and local extinction. Both theories propose 

that smaller and more isolated populations will be less diverse. Small 

populations experience higher rates of local extinction and genetic drift, 

compared to large populations, whilst in more isolated populations migration, 

and thus colonisation and gene flow, are lower than in less isolated populations. 

These basic principles are generally well accepted, with research continuing to 

test and support the concepts. Moreover species and genetic diversity are 
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influenced in similar ways by contemporary processes that influence population 

size, such as landscape, and habitat fragmentation. 

 

However, the interaction between species and genetic diversity, and particularly 

the application of the relationship to the understanding of community structure, 

is less well understood. Despite the recognition of the similarities in the forces 

maintaining species and genetic diversity, research has tended to focus on 

either species diversity or genetic diversity, but rarely both together. Indeed, 

Clarke and Young (2000) comment that the fields of ecology and genetics have 

traditionally worked as rivals with little co-operation. 

 

More recently the relationship has gained increased research attention, 

particularly following the introduction of SGDC hypothesis (Vellend, 2003), 

which posits that species and genetic diversity (within a single species) should 

be positively correlated across habitat patches or islands. The SGDC is based 

upon the theory that parallel ecological and evolutionary processes act on 

species and genetic diversity to produce parallel effects (Vellend, 2003, Vellend, 

2004, Vellend and Geber, 2005). Specifically Vellend and Geber (2005) suggest 

that similar neutral (mutation, migration, drift) and adaptive (selection) 

processes control both types of diversity (Figure 2.3). The finite number of 

species in a population implies that both species and genes are susceptible to 

random fluctuations in abundance (i.e. drift). The effects of drift may be 

counteracted by the immigration of new species or novel alleles. The 

relationship between selection and diversity is more complex. At the basic level 

selection favours certain individuals over others, and these individuals may be 

different species or have different alleles. 
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Figure 2.3 The parallel effects of locality characteristics on species and 

genetic diversity. Reproduced from Vellend and Geber 2005. 

 

Underpinning the SGDC is the idea that diversity at one level may be 

dependent upon diversity at another. Vellend and Geber (2005) identify three 

principal ways in which species diversity and genetic diversity may influence 

one another. Firstly, if local characteristics affect the two diversity levels in 

similar ways, then a positive correlation would be expected. Secondly species 

diversity may affect genetic diversity as a result of its influence on selection. 

Finally, genetic diversity may affect species diversity. This can result either from 

genetic variation determining a populationôs performance and viability or by the 

genetic variation in a dominant species determining the biotic environment of a 

community. Indeed the results of a study by Lankau and Strauss (2007) indicate 

that mutual feedbacks exist between species and genetic diversity. Thus 

conservation efforts aimed at maintaining diversity at one level, should 

necessarily focus on maintaining diversity at the other level (Lankau and 

Strauss, 2007). Although understanding of the role of genetic diversity in 

maintaining species diversity in plant communities is limited, the concept dates 

back to the 1970s (Antonovics, 1976, Turkington and Harper, 1979). Whitlock et 

al. (2007) found support for the SGDC by showing that under constant 

environmental conditions more genetically diverse communities retained more 

species diversity and developed more similarities in species composition 

compared to less genetically diverse communities. Further support for the 
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impact of genetic diversity in influencing the diversity and structure of 

communities comes from recent meta-analysis (Hughes et al., 2008, Whitham 

et al., 2012, Whitlock, 2014). As such, genetic diversity can moderate the 

response of communities to anthropogenic landscape change through 

responses to selection and adaptation (de Mazancourt et al., 2008, Norberg et 

al., 2012) and several authors argue that maintaining genetic diversity can be 

used as a management technique to benefit species richness (Crutsinger et al., 

2006, Cook-Patton et al., 2011, McArt et al., 2012). 

 

To initially test the SGDC hypothesis Vellend (2003) compared species and 

genetic data from fourteen islands, finding positive correlations in five of the 

data-sets. Partial correlation analysis identified that island area was the 

dominant variable with parallel effects, but also that species and genetic 

diversity are influenced by processes that extend beyond the theories of 

MacArthur and Wilson (1967) and Wright (1940). Although Vellend (2003) 

comments that with these findings the SGDC joins other theories as a basis for 

understanding biodiversity, the results were inconclusive and the study suffered 

from weaknesses in its methods. Vellend (2003) details that the fourteen data-

sets, compiled from literature searches, are corresponding. However, although 

the data did correspond spatially there were substantial temporal differences. In 

the most extreme instance species data from 1960 was compared with genetic 

data from 1996. 

 

Moreover further studies have reported mixed findings, with some providing 

support for a positive SGDC (Vellend, 2004, Vellend, 2005, Wehenkel et al., 

2006, He et al., 2008, Odat et al., 2010, Wei and Jiang, 2012), some finding no 

correlation (Silvertown et al., 2009, Fady and Conord, 2010, Taberlet et al., 

2012, Avolio and Smith, 2013), and some finding a negative correlation (Puĸcaĸ 

et al., 2008). Finally, Odat et al. (2004) found mixed results, with within 

population genetic diversity (He) not related to species richness or evenness, 

and genetic difference between populations related to species evenness but not 

to species richness. The overall pattern has been summarised by Whitlock 

(2014) in meta-analysis looking more broadly at a range of studies that 

analysed the relationship between genetic diversity and ecological structure and 

functioning. In the 33 studies that considered neutral genetic diversity, no 
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relationships were established between genetic diversity and species diversity, 

richness, or evenness. 

 

Vellend (2005) offers an explanation for the inconsistency of SGDC studies, 

suggesting that if a community has a fixed total size and number of individuals 

that it can support, an increase in species richness equates to a decrease in the 

population size of the original species. Such decreases in population sizes 

would be expected to decrease genetic diversity through increased 

susceptibility to genetic drift, resulting in a negative relationship between 

species and genetic diversity (Vellend, 2005). A different explanation has been 

offered by Rosengren et al. (2013), who found a negative relationship between 

within population genetic diversity in the moss Homalothecium lutescens and 

vascular plant species richness. Rosengren et al. (2013) suggest that this 

relationship may be a product of the relationship between bryophytes and 

vascular plants, with the genetic diversity of bryophytes negatively affected by 

increased competition and reduced opportunities to become established where 

vascular plant species richness is high. 

 

Helm et al. (2009) comment on the necessity of SGDC studies to not only test 

correlation between species and genetic diversity, but to also look at factors 

influencing them. SGDCs are most likely to occur where neutral processes, 

such as area and isolation, are the main drivers of diversity (Antonovics, 1976, 

Etienne and Olff, 2004, Vellend, 2005). Recent studies have been designed to 

test for factors having a parallel effect on species diversity and genetic diversity 

(Odat et al., 2004, Vellend, 2004, Cleary et al., 2006, Struebig et al., 2011, 

Avolio and Smith, 2013, Lamy et al., 2013). However, not all of these studies 

found the same factors to affect both species and genetic diversity. Exceptions 

were the studies by  Lamy et al. (2013) which found that connectivity 

contributed to SGDCs, Vellend (2004) which found land-use history to be 

important, and Struebig et al. (2011) which found habitat size to be important. 

These three studies highlight the need to analyse the contribution of habitat 

characteristics that represent the three major processes driving diversity (drift, 

extinction, and immigration). 
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There has been limited study of the role of historical habitat connectivity to 

contemporary genetic diversity. Given the importance of this variable in plant 

populations due to the principle of extinction debt (Tilman, 1994), this is an area 

of research need. Munzbergova et al. (2013), provide an exception, and 

comment that their finding of a relationship between historical connectivity and 

genetic diversity corresponds to a previous study on species diversity in the 

same study area (Herben et al., 2006). 

 

SGDC studies have been criticised for sampling too few individuals and/or too 

few populations (Nazareno and Jump, 2012). Another weakness has been the 

limited ecological characterisation of habitat patches (Lamy et al., 2013). The 

latter criticism means that although a relationship between species and genetic 

diversity has been tested, little information has been assembled regarding the 

underlying causes of the relationship. 

 

2.8 Emerging themes and knowledge gaps 

Many factors have been tested for their influence on the species and genetic 

diversity of vegetation in semi-natural grasslands. However, the nature of the 

relationships between some such factors and biodiversity is not clear, with 

different studies reporting positive, negative, or no relationships. Moreover, the 

results of research to date have failed to establish which factors influence 

biodiversity, and the relative importance of these different factors. This lack of 

understanding may be due to the complex and interactive influence of a range 

of different abiotic, spatial, historical, and management factors. As such, an 

opportunity exists to use multivariate methods to test the influence of multiple 

variables on species diversity and composition, and genetic diversity, in order to 

gain a greater understanding of the factors that are influential. This will also 

allow for the analysis of the relative importance of the factors influencing 

species and genetic diversity. 

 

The extinction debt theory adds complexity to the study of the relationship 

between landscape spatial factors and species diversity. If a habitat patch is 

under an extinction debt, the theory predicts that the species within the patch 

may more closely reflect the historical structure of the site than the 

contemporary structure. Again, this highlights the importance of considering 
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multiple factors simultaneously, when testing for factors that influence 

biodiversity. Furthermore, the majority of research to date has considered 

species diversity, without consideration of species composition. As such, it is 

not well understood if the factors influencing species diversity are the same as 

those influencing species composition. 

 

The relationship between different levels of biodiversity is also not well 

understood. Although general theory has predicted relationships, particularly 

between habitat and species diversity, and between species and genetic 

diversity, evidence of these relationships is scant and has not produced 

consistent findings. Moreover, the relationships between habitat diversity and 

genetic diversity and between habitat, species, and genetic diversity have so far 

been largely ignored. Increased knowledge of the nature of the relationships 

between different levels of biodiversity will advance understanding of the 

multifaceted relationships that exist in grassland systems, and help to direct 

conservation efforts to maintain biodiversity at all levels. 

 

2.9 Conclusions and relevance to the research questions 

Over the past century landscapes worldwide have witnessed widespread 

change in diversity and structure. Specifically semi-natural habitats, such as 

calcareous grasslands, have become increasingly fragmented and more 

isolated from similar habitats types. To set the context for the thesis, the first 

two research questions analyse the extent of such changes on calcareous 

grasslands within the SDNP study area: 

 

i. What is the extent of change in habitat diversity and landscape structure 

within the SDNP between the 1930s and 2012? 

ii. What patterns of fragmentation can be identified in twelve calcareous 

grassland study sites between the 1930s and 2012? 

 

What is less clear is how these changes influence species and genetic diversity. 

Moreover, many spatial, historical, abiotic, and management variables have 

been cited as influencing these two levels of biodiversity. The third research 

question addresses this gap in knowledge in relation to species diversity and 

composition: 
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iii. To what extent do contemporary and historical landscape and 

environmental characteristics influence species diversity and 

composition? 

 

The extinction debt theory proposes that a time-lag exists between landscape 

change and a subsequent extinction in species. The fourth research question 

analyses the evidence of an extinction debt in the study sites: 

 

iv. Is there evidence of an extinction debt in species diversity or 

composition? 

 

The literature review identified a gap in knowledge in the relationship between 

species diversity and composition. Research typically studies one or other of 

these aspects, but rarely both simultaneously. Research question five was 

designed to address this gap, by assessing the relationship between species 

diversity and composition and to analyse the influence of the landscape of both 

of these concepts: 

 

v. What relationships exist between species diversity and species 

composition? 

 

As with species diversity, there is also a gap in knowledge as to how variation in 

spatial, historical, abiotic and management factors influence genetic diversity. 

Research question six and seven addressed this: 

 

vi. What is the structure of gene flow across twelve calcareous grassland 

study sites for two plant species synonymous with calcareous grassland 

sites in South East England? 

vii. To what extent do contemporary and historical landscape and 

environmental characteristics influence the genetic diversity of the two 

study species? 

 

Finally, although theory suggests that a positive relationship exists between 

different levels of diversity, research to support this is scarce. The eighth 
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research question analyses the relationship between habitat, species, and 

genetic diversity in the study area: 

 

viii. What relationships exist between habitat, species, and genetic diversity, 

and is there evidence of a species genetic diversity correlation? 
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3. Methodology: Study sites, species selection, and analysis 

methods 

3.1 Preamble 

This Chapter will introduce the South Downs National Park (SDNP) research 

area, commenting on its characteristic features. Calcareous grasslands will then 

be discussed, with reference to their conservation importance. The twelve 

calcareous grassland study sites used throughout the thesis will then be 

presented. Following this, the two study species used in the genetic analysis will 

be introduced. The chapter then moves on to discuss the methodological 

approaches to measurements used throughout the research chapters: 

modelling historical landscape, measuring habitat scale spatial structure, 

measuring site variability, and measuring biodiversity. 

 

3.2 Research design 

This research used a mixed method approach to investigate landscape patterns 

and their effects on biodiversity. The study was carried out in three parts, each 

focusing on a different level of biodiversity: habitat diversity; species diversity; 

and genetic diversity. Each of these levels is represented in a separate 

research chapter, before a final synthesis of the three components and the 

relationship between them is discussed. 

 

At each level of biodiversity, the research focused on twelve calcareous 

grassland sites within the SDNP. At each site data on biodiversity (habitat 

diversity, species diversity, and genetic diversity) was measured and analysed 

in relation to localised characteristics (abiotic, spatial, historical, and 

management). For analysis at the genetic diversity level two species with 

different dispersal strategies (Cirsium acaule and Ranunculus bulbosus) were 

selected. 

 

3.3 Study area: The South Downs National Park 

The SDNP is located in the counties of Hampshire, West Sussex, and East 

Sussex in the South East of England (Figure 3.1). The SDNP covers an area of 

over 16,500 hectares, measuring 114km from east to west. Previously an Area 

of Outstanding Natural Beauty, National Park status was designated in 2010. In 
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a global context, the National Parks of the UK do not meet the criteria for the 

International Union for Conservation of Nature and Natural Resources (IUCN) 

category II: National Parks, as they are places where people work and live. 

Instead they are within category V: Protected Landscape. UK National Park 

designation is intended to preserve semi-natural land and cultural heritage. 

Most of the land is privately owned arable land, which is moderated with 

conservation (South Downs National Park Authority, 2012). 

 

 

Figure 3.1 The location of the South Downs National Park in the South 

East of Great Britain. Original in colour. 

 

Running through the heart of the SDNP is an underlying chalk bedrock (Figure 

3.2). The chalk dates back to the Cretaceous period (65-100 million years ago), 

when marine deposits were laid down by the warm seas that covered the land 

(Avery, 1990, Mortimore, 1997, Brandon, 1998, South Downs National Park 

Authority, 2012). The chalk rests on earlier marine deposits of Greensand and 

Gault, as well as the Wealden sandstone and clay terrestrial deposits. 

Geological processes acted to push up and fold the Earthôs crust forming a 

dome of chalk. This dome has eroded over millions of years, with only the hills 

of the Downs remaining. Soft, fine-grained, and permeable to water, the 

distinctive properties of chalk have shaped the landscape of the SDNP 

(Brandon, 1998). Soils originating from chalk are characteristically thin, well 

drained and nutrient poor. Only plant species that are tolerant to such 

conditions thrive, and as a result grasslands on chalk support specialist species. 
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Moreover, plant growth is slow on such soils. The dip slopes and valley bottoms 

support deeper soils, whilst deposits of wind-blown soils on top of the chalk give 

rise to chalk heath habitats. The Wealden greensand soils are sandy, acidic, 

and nutrient poor, associated with wooded heath and commons.  

 

Much of the distinctive landscape character of the SDNP are a product of the 

underlying chalk bedrock, which supports a diverse range of nationally and 

internationally important, natural and semi-natural ecosystems. Such 

characteristics provide are ideal for the study of the relationship between the 

landscape and biodiversity. Moreover, natural and semi-natural habitats with the 

SDNP now largely remain as small isolated fragments, providing an opportunity 

to study the effects of landscape change and habitat fragmentation on 

biodiversity. 

 

 

Figure 3.2. Bedrock geology within the SDNP. Original in colour. 

 

3.4 Calcareous grassland 

Most calcareous grasslands in Britain are situated on soils derived from 

underlying rock rich in calcium carbonate (Keymer and Leach, 1990). They are 

located on shallow, lime-rich soils, typically on limestone rock (including chalk) 

with pH values between 7 and 8.4 (Price, 2003). The underlying rocks are 

usually porous, and the soils freely-draining and well aerated. Soils lack 

nitrogen, potassium, and phosphorous, but are high in calcium carbonate 

(CaCO3). 
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In addition to suitable soils, appropriate management is necessary as 

calcareous grasslands are principally biotic plagioclimax communities. They are 

not the naturally occurring climax communities of their environments, but the 

result of land management processes that arrests natural succession to scrub 

and subsequently woodland (Green, 1990). The major management process on 

grasslands in Britain is grazing, which acts as a continuous disturbance 

preventing succession and the build-up of nutrients (Critchley et al., 2003). In 

turn, this stops competitive species dominating and prevents the exclusion of 

grassland specialists (Price, 2003). New growth is continuously removed, and 

thus plants that are grazing tolerant thrive. Many species are adapted to grazing 

by an intercalary meristem, a system where leaves continuously grow from the 

base so that as they are defoliated they are able to produce new tissue (Fitter 

and Peat, 1994). Others have mechanical or chemical defences (such as wild 

thyme which is unpalatable to most herbivores (Crofts and Grayson, 1999). 

 

Calcareous grasslands are of conservation importance because they support a 

diverse range of species, including rare and endangered ones (Willems, 2001), 

and are a recognised Biodiversity Action Plan (BAP) priority habitat within the 

UK. They are habitats with one of the highest species diversities in Europe 

(Willems, 1990), commonly supporting 25-30 species per 25x25cm quadrat 

(Hutchings, 1983, Mitchley and Grubb, 1986). 

 

The National Vegetation Classification (NVC) (Rodwell, 1992) identifies fourteen 

calcareous grassland community types in Britain. The distribution of the 

fourteen calcareous grasslands broadly corresponds to the distribution of 

pervious calcareous bedrock in Britain, but beyond this pattern the lithology of 

the bedrock exerts relatively little influence on the range and composition of 

flora (Rodwell, 1990). Lowland calcareous grasslands are represented in the 

first nine groups (CG1-CG9) (Table 3.1), which are detailed by Rodwell (1992). 

In the SDNP six calcareous grassland community types are present (CG1-

CG6), with CG2 the most abundant on the Sussex Downs (Figure 3.3). 
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Table 3.1 NVC calcareous grassland community types in Britain 

CG1 Festuca ovina - Carlina vulgaris grassland 

CG2 Festuca ovina - Avenula pratensis grassland 

CG3 Bromus erectus grassland 

CG4 Brachypodium pinnatum grassland 

CG5 Bromus erectus - Brachypodium pinnatum grassland 

CG6 Avenula pubescens grassland 

CG7 Festuca ovina ï Thymus - Hieracium pilosella grassland 

CG8 Sesleria albicans - Scabiosa columbaria grassland 

CG9 Sesleria albicans - Galium sterneri grassland 

CG10 Festuca ovina - Agrostis capillaris - Thymus praecox grassland 

CG11 Festuca ovina - Agrostis capillaris - Alchemilla alpina grass-heath 

CG12 Festuca ovina - Alchemilla alpina - Silene acaulis dwarf-herb community 

CG13 Dryas octopetala - Carex flacca heath 

CG14 Dryas octopetala - Silene acaulis ledge community 

 

 

Figure 3.3 Lowland calcareous grassland NVC community types within the 

SDNP in Sussex. Adapted from Steven, 1992 & Steven and Muggeridge, 

1992. See Table 3.1 for definitions. 
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There is an abundance of calcicole species in calcareous grasslands in the 

south and east, essentially related to the presence of excessively drained, 

base-rich and oligotrophic rendziniform soils (Rodwell, 1990). There is a high 

abundance of mesophytic Arrhenatherum herb species, such as Galium verum, 

Plantago lanceolata, Trifolium repens, Lotus corniculatus, and in more less 

heavily grazed patches Arrenatherum elatius and Avenula pratensis (Rodwell, 

1990). The distinguishing feature of these grasslands however is the presence 

of Mesobromin plant species such as Avenula pratensis, Briza media, Koeleria 

macrantha, Carex flacca, Sanguisorba minor, Helianthemum nummularium, 

Scabiosa columbaria, Leontodon hispidus and in more lightly grazed areas , 

Bromus erectus, and Brachypodium pinnatum. In particular the warmer 

calcareous grassland in the south-east contain calcicole species with 

continental European distributions, such as Cirsium acaule, Hippocrepis 

comosa, and Asperula cynanchica, and nationally rare species such as 

Polygala calcarea, Senecio integrifolius, Thesium humifusum, Euphrasia 

pseudokerneri, Orchis ustulata, and Herminium monorchis. 

 

As a result of their high species diversity, calcareous grasslands are ideal 

habitats to study patterns of species and genetic diversity. The high species 

diversity means that the influence of the study variables is likely to be more 

exaggerated than within a habitat with a lower species diversity. Localised 

variables contribute to differences in vegetation between sites. As such the 

results of this study could be used to guide research into other habitat types. 

Moreover calcareous grasslands have experienced a dramatic decline in extent 

over the past century, with most remnant patches remaining as small and 

isolated fragments (Fuller, 1987, Hooftman and Bullock, 2012), making them an 

ideal habitats for investigating the effects of landscape change and habitat 

fragmentation. In particular the calcareous grasslands within the SDNP are 

ideal for research purposes as they are habitats that have been subject to 

substantial transition and fragmentation in recent times (Burnside et al., 2003). 

 

3.5 Study sites 

Site selection/exclusion was based upon four central landscape criteria: site 

management, site spatial metrics, site history and site access availability. A total 

of twelve sites were selected to ensure an adequate amount of variation was 
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included and ensure a range of landscape criteria were included. The twelve 

diverse sites were selected as a sample of the calcareous grasslands across 

the SDNP (Figure 3.4). Each site represented a habitat patch. Specifically each 

site was a contiguous area of calcareous grassland with a single owner and 

management approach. The selection sought to generate study sites with a 

range of abiotic, spatial, historical, and management conditions. Sites ranged in 

size from 6 hectares at Steep Down up to 153 hectares at Beachy Head. In 

addition to varying spatial characteristics, the conditions at each site were 

influenced by differences in aspect and slope. In terms of management, some 

sites were both grazed and mown, whilst others were only grazed, and at the 

time of the study Cissbury Ring was only mown (Table 3.2). Furthermore there 

was variation in grazer between sites, with some grazed by sheep, some by 

cattle, and some by multiple grazers (Table 3.2). Such variation facilitated the 

comparison between sites and across conditions. Detailed descriptions of each 

site are provided in the following subsections. 
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Table 3.2 Details on the mowing schedules and grazing stock for the twelve study sites 

 Mows per year Mowing schedule Present grazing stocking level Winter grazing  

Arundel Park 1 Part mowing for hay in July 7 sheep for 12 months Y  

Beachy Head 3 Generally 3 times a year 10-15 per compartment Y  

Butser Hill 1 Mowing only on amenity areas 

in autumn. 

220 ewes; 200 lambs for 5 months; 20-30 cattle 

for 3 months 

N  

Castle Hill 

Complex 

- - 30 cattle for 4 months; 100 sheep for 3 months; 

18 ponies for 4 months 

Y  

Cissbury Ring 1 Grazing stopped in 2009. 

Mown once a year in summer. 

- N  

Cradle Hill 1 Late winter/early spring 25 cows for 2 months over winter Y  

Devil's Dyke  - 14 cows for 12 months Y  

Harting Down 

West 

1 Varies 350-400 sheep in winter across all of the site (not 

just west), and 15 cows all year 

Y  

Levin Down 1 Varies 130 sheep for 5 months; 15 cattle for 4 months N  

Malling Down - - 300 sheep for 12 months; 10-15 cattle for  4 

months (winter) 

Y  

Southwick Hill - - 20 cattle for eight months (not winter) N  

Steep Down - - 20 sheep for 3 months; 20 cattle for three months Y  



56 

   

 

Figure 3.4 The location of the twelve study sites. Original in colour.
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3.5.1 Arundel Park 

Arundel Park (Figure 3.5) is a 26ha site that is one of five fragments of 

calcareous grassland patches within the Arundel Park Site of Special Scientific 

Interest (SSSI). The calcareous grassland fragments are interspersed with 

improved grassland and woodland. The site is part of the Arundel Estate 

managed by the Office of the Duke of Norfolk. The site is bordered to the east 

by the River Arun, which potentially acts as a barrier with sites on the opposite 

bank. The site is managed by both mowing and grazing. Annual mowing takes 

place once a year in July. Grazing occurs year-round by sheep, with a stocking 

density of 0.5 sheep per hectare, equating to 0.06 livestock units (LUs) per 

hectare. The site is NVC community type CG2, with patches of dense scrub and 

woodland (Steven, 1992). A previous survey by Steven (1992) identified high 

cover of Sanguisorba minor, Helianthemum nummularium, and Leontodon 

hispidus. Bromus erectus was uncommon and Bracypodium pinnatum absent. 

Steven (1992) recorded 74 species at the site. 
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Figure 3.5 The location of Arundel Park study site. Original in colour. 

 

3.5.2 Beachy Head 

Beachy Head (Figure 3.6) is the largest of the study sites at 152.5ha. The 

Beachy Head site is an extensive area of contiguous calcareous grassland 

stretching along the top of the coastal cliffs from Birling Gap to Eastbourne. It 

forms part of the Seaford to Beachy Head SSSI, and is owned by Eastbourne 

Borough Council. The site is bounded by the coast to the south and east, with 

neighbouring grassland sites to the north and west. The grassland at Beachy 

Head is maintained by mowing, grazing, and trampling. Mowing generally 

occurs three times a year. Cattle graze the site for four months of the year, with 

fifteen individuals rotating between different compartments. Stocking levels are 

0.03 LUs per hectare. This site is comprised of NVC calcareous grassland types 
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CG2, CG3, and CG4, as well as mesotrophic grassland, and dense scrub 

(Henderson, 1979, Steven and Muggeridge, 1992). The site has varying 

species richness, with some areas of high species richness and some scrub. 

104 species were recorded at the site by Steven and Muggeridge (1992). 

 

Figure 3.6 The location of Beachy Head study site. Original in colour. 

 

3.5.3 Butser Hill 

The Butser Hill site (Figure 3.7) measures 61.5ha. Part of the Queen Elizabeth 

Country Park and Butser Hill NNR (National Nature Reserve), the site is 

managed by Natural England as Butser Hill SSSI. Butser Hill contains the 

highest point in the SDNP, and is the second largest calcareous grassland site 

in Hampshire. Management is by a combination of mowing and grazing by 

cattle, sheep, and rabbits. Approximately 30 cattle graze the site for three 


































































































































































































































































































































































































