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THESIS SUMMARY
Habitat degradation and modification for agricultural purposes have become a leading
cause of species decline worldwide. The loss of suitable habitat has the most drastic
effects on population persistence, however even when fragments of habitat are
retained, remnant populations are still vulnerable. If the altered environment between
populations is not conducive to dispersal and therefore gene flow, populations can
become isolated and suffer from genetic erosion, reducing their evolutionary
potential. In light of this, there has been a dramatic increase in the amount of research
investigating the genetic effects of landscape changes. However, because the
extensive loss and fragmentation of habitat typically occur together, it is difficult to
discern the specific effects of fragmentation on patterns of gene flow and genetic
variation.
In this thesis, I examined the genetic effects of land clearing while minimising the
effects of habitat loss. This was done by comparing patterns of genetic variation, as
well as levels of ectoparasite infection, in populations of the agamid lizard,
Ctenophorus ornatus, in agricultural and pristine natural landscapes. The ornate
dragon lizard exclusively inhabits granite outcrops, which have been spared direct
clearing for agriculture. Outcrop populations of C. ornatus in cleared land have
therefore experienced drastic changes to their surrounding environments but only
minimal habitat loss. In addition, the nature of the granite outcrops and their location
within cleared and uncleared landscapes means that comparisons between numerous
replicate populations in both environments can be conducted.
To begin, I describe the development of 20 microsatellite markers used to assess
patterns of genetic structure and variation in C. ornatus. Next, assessment of the
phlyogeographic history and population genetic structure across the entire species
range was carried out. These analyses were essential to determine whether C. ornatus
comprised of two species, as suggested by the geographic isolation and phenotypic
differences seen in the lizards at the northern end of their distribution. It was
determined that while the northern populations formed a distinct clade, there was
insufficient variation to warrant classification as a separate species. High genetic
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structuring was seen across the species, reflecting patterns of isolation by distance.
This implies that C. ornatus has limited dispersal capabilities, but is not constrained by
complete barriers to gene flow.
I then determined whether land clearing has reduced gene flow and genetic variation
by comparing the population genetic structure of outcrops within a nature reserve to
neighbouring outcrops in an agricultural landscape. In the agricultural land there was
significantly lower genetic variation within outcrops and greater genetic differentiation
between outcrops than in the reserve. Further, the rate at which genetic divergence
between outcrops increased over geographical distance was significantly greater in the
agricultural land than in the reserve. This suggests that gene flow has been significantly
reduced by land clearing, but not completely eliminated. These effects occurred over
a fine spatial scale with distances of less than five kilometres between outcrops.
To explore whether similar patterns were present over a broader spatial scale, I
employed landscape genetic techniques to test the influence of land clearing on the
population genetic structure. There was no evidence of an effect of land clearing on
genetic divergences between populations. Nevertheless, land clearing significantly
affected genetic variation within outcrops, with lower levels of diversity found in the
region that had been exposed to intense agriculture for the longest period of time.
These results show that the effects of habitat fragmentation can vary across different
spatial scales, and suggest there may be a temporal‐lag in the response to
anthropogenic land use changes.
Finally, I examined a potential fitness consequence of reduced genetic variation
following land clearing by assessing the relationship between genetic variation and
ectoparasite abundance. There was no association between heterozygosity and
parasite abundance among individuals. However, at the population level, parasite
abundance was positively associated with both allelic richness and gene diversity.
These results suggest that demographic processes such as isolation associated with
habitat changes are more influential than genetic diversity in determining parasite
abundance in C. ornatus, highlighting the importance of isolation in preventing
parasite transmission.
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In summary, this thesis demonstrates that habitat removal in the form of land clearing
significantly affects connectivity and reduces genetic variation in C. ornatus. This
occurs even when habitat loss is minimal. However, land clearing does not have a
similar effect over larger spatial scales, nor does it have a detrimental effect on fitness
as measured by susceptibility to parasites. These findings are significant for the
conservation of threatened and endangered species as they highlight the importance
of assessing the effects of changes to habitat at a range of spatial scales relevant to the
dispersal capabilities of the study species and the time frame of landscape changes.
They also imply that isolation may play an important role in preventing parasite
transmission. Isolated populations with low infection levels may therefore be more
susceptible to novel parasites introduced through translocation or population
reconnection.
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CHAPTER 1
General Introduction
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One of the most concerning issues facing our planet is the rate at which biodiversity is
being lost. Natural populations of plants and animals are under extraordinary threat
from both direct and indirect factors, such as the destruction of habitat, the
introduction of exotic species and climate change (Vergeer et al., 2004). It is well
known that these factors result in localised extinctions; but even populations that
persist remain vulnerable. The destruction of habitat, in particular, can have drastic
impacts on the persistence of remnant populations.
The removal and modification of vast tracts of natural vegetation for agricultural or
urbanisation purposes have two major consequences for biota: habitat loss and
fragmentation (Fahrig, 1997). Habitat loss directly translates into the loss of
individuals. Such losses result in significant reductions to population sizes (Bender et
al., 1998). Habitat fragmentation on the other hand, is the process by which a
previously continuous tract of habitat is broken up into several smaller habitat
patches, separated by unsuitable habitat (Wilcove et al., 1986). If the altered
environment between habitat fragments does not provide adequate resources or
protection from predation (Stow et al., 2001, Berry et al., 2005, Hoehn et al., 2007), it
may pose a significant obstruction to dispersal between remnant populations,
eventually increasing fragment isolation (Saunders et al., 1991, Bender et al., 1998).
Populations impacted by habitat loss and fragmentation are therefore likely to be
smaller and more isolated than they were prior to the environment being altered.

SMALL AND ISOLATED POPULATIONS
The main concern for small, isolated populations is that they are more prone to
stochastic environmental and demographic extinctions (Burkey, 1995). However, a
substantial body of work on the genetics of subdivided populations reveals the
potential for detrimental genetic impacts as well (e.g. Nei, 1973, Wright, 1977, Varvio
et al., 1986). Small populations experience high levels of genetic drift and inbreeding.
Genetic drift is the change in allele frequencies between generations, and is caused by
the random sampling of gametes in each generation (Allendorf & Luikart, 2007). In
addition, mating between closely related individuals (inbreeding) becomes
unavoidable in small populations and results in the reduction of genome‐wide
heterozygosity (Allendorf & Luikart, 2007). The loss of genetic variation caused by the
2

combined effects of genetic drift and inbreeding is known as genetic erosion (Wright,
1946).
Population isolation, on the other hand, results from an absence or reduction in
dispersal and subsequent interbreeding (gene flow) between populations (Allendorf &
Luikart, 2007, Hoehn et al., 2007). This further increases genetic drift and inbreeding
(Lacy, 1987, Templeton et al., 1990), reducing within‐population genetic variation and
enhancing between‐population genetic divergence (Lacy, 1987, Allendorf & Luikart,
2007). Small, isolated populations therefore tend to be deficient in genetic variation
and genetically divergent from one another (Madsen et al., 1999, Hinten et al., 2003,
Bollmer et al., 2005, Ditto & Frey, 2007, Howeth et al., 2008).
A loss or reduction in genetic variation can have dire consequences for population
persistence. Genetic variation provides the raw material for evolution (Fisher, 1930),
and as natural populations are faced with constantly changing environments they need
to be continually adapting to novel stresses such as parasites, diseases, predators or
changing climate in order to persist (Lande & Shannon, 1996). Therefore to better
understand the ability of fragmented populations to respond to reduced size and
connectivity, it is necessary to assess the extent to which habitat fragmentation and
habitat loss impact upon genetic variation.

GENETIC VARIATION AND FRAGMENTED POPULATIONS
In the past decade the number of empirical studies examining the genetic
consequences of habitat fragmentation and habitat loss has increased dramatically
(Keyghobadi, 2007). This work has been driven largely by the development of cheap
and reliable techniques for analysing genetic variation (Jarne & Lagoda, 1996, Morin et
al., 2004). While this work has provided much information on the impacts of habitat
fragmentation and habitat loss, determining the relative importance of each of them
has been difficult due to the often inseparable nature of these two processes.
Habitat fragmentation generally occurs when substantial amounts of habitat are
removed and only smaller patches are retained. Thus genetic variation within remnant
populations is likely to be reduced as a result of diminished population size as well as
increased isolation. Further, the genetic effects of habitat loss are likely to far
3

outweigh those of fragmentation (Fahrig, 2003). Hence, while the majority of studies
demonstrate that genetic variation is reduced within fragmented populations,
especially when compared with unaffected populations (Keyghobadi, 2007), this is
likely to primarily result from habitat loss and may not reflect changes due to
fragmentation itself. Genetic divergence and patterns of population genetic structure
may provide better indicators of the effects of fragmentation (Keyghobadi, 2007),
because they reflect the degree of gene flow between populations (Varvio et al.,
1986). However, genetic drift not only reduces allelic diversity within populations, but
also causes divergence between populations (Allendorf & Luikart, 2007), and because
genetic drift is enhanced by small population sizes, genetic divergence itself is also not
a reliable measure of the effect of fragmentation independent of habitat loss. As a
result, few studies have been able to examine the genetic effects of fragmentation
without the confounding effects of habitat loss (Keyghobadi, 2007). One such study
compared populations of European tree frog (Hyla arborea), where the level of
fragmentation differed but the amount of habitat loss was similar, and found that
habitat fragmentation did indeed reduce genetic variation and increase genetic
divergence (Andersen et al., 2004).
Fragmentation may also influence patterns of genetic variation differently depending
on the spatial scale at which it is examined. For example, Lee‐Yaw et al. (2009) found
that landscape features important in determining genetic structure at a fine‐scale in
the wood frog (Rana sylvatica) did not influence genetic structure at a regional scale.
Similarly, Castric et al. (2001) found that landscape features that affected fine‐scale
population structure in the brook charr (Salvelinus fontinalis) had only minor impacts
on broad‐scale patterns of genetic structure. Such differences may result from
influences on gene flow at broad‐scales masking fine‐scale effects (Lee‐Yaw et al.,
2009). Alternatively, if gene flow over broad spatial scales occurs over multiple
generations (because distances between populations are far greater than the
maximum dispersal distance achieved in a single generation), this may exacerbate
temporal‐lags in the translation of changes in gene flow and genetic drift into patterns
of genetic structure (Varvio et al., 1986). Contemporary patterns of gene flow might
therefore only be evident at fine‐scales. This is of particular importance when
examining the effect of habitat fragmentation on patterns of genetic structure. If
4

changes to genetic structure are not yet evident at broader scales then cognisance of
the scale at which these studies are conducted is of great importance. Even so, few
fragmentation studies compare genetic effects over different spatial scales.

CONSEQUENCES OF HABITAT FRAGMENTATION
Despite the large amount of work examining the effect of habitat fragmentation on
patterns of genetic variation within and between populations, there has been
significantly less focus on the fitness consequences of such changes (Keyghobadi,
2007). Small, isolated populations are expected to suffer fitness costs as a
consequence of inbreeding and reduced genetic variation (Hedrick & Kalinowski, 2000,
Allendorf & Luikart, 2007, Keyghobadi, 2007). However, fragmented populations may
be more susceptible to inbreeding and diminished genetic variation as they often face
more stressful conditions, such as, limited resources, increased predation, introduced
species and changes to microclimates (Chapman et al., 2009).
Resistance to parasites may be especially prone to losses of genetic variation and
inbreeding in fragmented populations. The co‐evolutionary relationship between hosts
and parasites, where both need to adapt to maintain resistance or virulence to one
another (Moritz et al., 1991), is likely to undergo considerable changes when host
genetic variation is lost. This is especially relevant when alleles directly (Coltman et al.,
1999), and indirectly, involved in parasite resistance are lost (Luong et al., 2007). In
addition, highly inbred (homozygous) individuals have less chance of possessing alleles
involved in parasite resistance and are more likely to express deleterious recessive
alleles. Finally, microclimate changes brought about by the removal of native
vegetation may promote parasite transmission (Kutz et al., 2004). In this manner,
habitat fragmentation may directly diminish parasite resistance and reduce overall
fitness, increasing the incidence and prevalence of parasites.

5

STUDY SPECIES: THE ORNATE DRAGON LIZARD
The ornate dragon lizard, Ctenopohrus ornatus, provides an opportunity to assess the
genetic effects of habitat fragmentation because it is found in a highly disturbed area,
yet has experienced minimal habitat loss. The majority of the ornate dragon’s range is
located within the agriculturally‐intensive region (wheat belt) of south‐west Western
Australia (Figure 1.1). The wheat belt has undergone extensive clearing over the past
150 years (Saunders, 1989), and is now made up of approximately 140 000km2 of
exotic grasses and cereal crops with only small isolated pockets of native woodlands,
scrub, heath and thicket persisting throughout the region (Saunders, 1989). The ornate
dragon is found in both these environments (remnant fragments and cleared
agricultural land) and exclusively inhabits granite outcrops (Storr et al., 1983) that are
unsuitable for agriculture and therefore have been spared direct clearing and
reductions in size (Yates et al., 2007). This means that population connectivity can be
compared in fragmented and pristine environments without the confounding effect of
significant habitat loss. Further, the nature of granite outcrops enables numerous
discrete populations of varying size and isolation to be examined. C. ornatus is also
know to be infected by a small (approx 0.5mm) red Trombiculid mite, the abundance
of which has been observed to vary between outcrop populations (LeBas, 2002).

THESIS APPROACH AND AIMS
The primary objective of this thesis was to assess the impacts of habitat fragmentation
on patterns of genetic variation and parasite resistance, without the confounding
effect of habitat loss in C. ornatus. To do this it was first necessary to optimise a set of
DNA microsatellite markers in order to assess patterns of genetic variation in C.
ornatus. A description of these markers and their development is presented in Chapter
2. It was also apparent that because the northern group of outcrop populations are
geographically separated and phenotypically different from the majority of outcrop
populations, they may form a separate species or sub‐species. This may affect any
analyses conducted over the entire species range, so I assessed the phlygeography and
population genetic structure of C. ornatus to determine the extent of genetic
divergence between these two geographic groups. These analyses are described in
Chapter 3. The remaining three data chapters address the genetic effects of habitat
6

fragmentation, in the absence of significant habitat loss, in C. ornatus. In Chapter 4 I
assess whether land clearing has increased the isolation of outcrop populations of C.
ornatus. This is achieved by comparing the genetic structure between similarly sized
and distributed outcrops within a nature reserve and an adjacent cleared landscape.
Chapter 5 determines if broad scale patterns of genetic variation reflect those at a fine
scale by assessing population genetic structure across the species distribution using
landscape genetic techniques. In Chapter 6 I ascertain whether reduced genetic
variation affects susceptibility to parasites and whether this relationship is influence by
fragmentation, by examining the abundance of a lizard ectoparasite in populations
that have been subject to land clearing and those that remain pristine. Finally, I
provide a general discussion to integrate the findings of these chapters to make
general conclusions and discuss future research.

Figure 1.1: Distribution of Ctenophorus ornatus in south‐west Western Australia.
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CHAPTER 2
Characterization of Microsatellite Loci for the Ornate Dragon Lizard,
Ctenophorus ornatus.

Preamble
This chapter details the characterization of polymorphic microsatellite loci in C.
ornatus, which enabled the extensive population genetic analyses in the remainder of
this thesis. This chapter has been published in Conservation Genetics Resources (2010)
2, 313‐315 (see Appendix I).
8

ABSTRACT
The isolation and development of 20 polymorphic microsatellite loci for the ornate
dragon lizard, Ctenophorus ornatus, are described. Characterization of these loci in 29
individuals from a single population yielded between five and twenty alleles per locus.
Expected heterozygosities ranged from 0.32 to 1.00 and only one locus deviated from
Hardy‐Weinberg expectations. There was no evidence of linkage disequilibrium
between any pair of loci.

INTRODUCTION
The ornate dragon lizard, Ctenophorus ornatus, is an agamid lizard which exclusively
inhabits granite outcrops in south‐west Western Australia (Storr et al., 1983); a
biodiversity hotspot that is threatened due to extensive land clearing for agriculture
(Saunders, 1989). The unsuitability of granite outcrops for agriculture has ensured that
these habitat islands have largely been spared from direct disturbance (Yates et al.,
2007). However, agricultural and urbanisation practices over the past 150 years have
vastly altered the surrounding habitat, causing outcrops and the populations of plants
and animals they support to become completely isolated from each other. These now
isolated populations are more prone to the detrimental effects of genetic drift and
inbreeding and therefore more likely to undergo localised extinction. In fact, several
populations of C. ornatus in the earliest cleared areas may have recently become
extinct (W. Gibb & N. LeBas pers. obs.). A comprehensive examination of the
population genetics of this species using polymorphic microsatellite markers is
therefore timely and necessary for the effective management of this species.
Previous work on C. ornatus has focussed primarily on sexual selection (LeBas &
Marshall, 2000, LeBas, 2001, LeBas & Marshall, 2001, LeBas, 2002) and in order to
examine the genetic mating system of this lizard, seven polymorphic microsatellite
markers were developed (LeBas & Spencer, 2000, LeBas, 2002). Here, I report the
development of an additional 20 microsatellite markers that will be used to explore
patterns of gene flow and genetic variation in C. ornatus. These data are necessary for
identifying isolated and/or genetically depauperate populations that are vulnerable to
extinction threats, as well as identifying the causes and consequences of reductions in
genetic variation.
9

METHODS
Microsatellites were isolated from a C. ornatus DNA library created by Genetic
Information Services. Methods for the construction and enrichment of the DNA library
are outlined in (Jones et al., 2002). Four libraries were constructed by partially
restricting genomic DNA with a cocktail of seven blunt‐end cutting enzymes (RsaI,
HaeIII, BsrB1, PvuII, StuI, ScaI, EcoRV). Fragments in the size range of 300–750 bp were
adapted and subjected to magnetic bead capture (CPG, Inc.). Captured molecules were
amplified, adapters removed by digestion with HindIII and ligated into the HindIII site
of pUC19. Recombinant molecules were electroporated into Escherichia coli DH5alpha.
Recombinant clones were randomly selected for sequencing and enrichment levels
were expressed as the fraction of sequences that contained a microsatellite.
Sequences were obtained on an ABI PRISM 377, using ABI PRISM Taq dye terminator
cycle sequencing methodology. The CA library produced 24 microsatellites from 25
clones, the AAC library produced 22 microsatellites from 25 clones, the ATG library
produced 20 microsatellites from 23 clones and the TAGA library produced 22
microsatellites from 25 clones. Polymerase chain reaction (PCR) primers were
developed for 69 of the microsatellite‐containing clones using the DesignerPCR version
1.03 (Research Genetics, Inc.) software package.
Genomic DNA for PCR was extracted from individual C. ornatus toe or tail tissue using
the standard salting out method described in (Sunnucks & Hales, 1996) with the
exception of the incubation stage which was carried out overnight at 56°C. PCR
reactions of 13µl contained ~10ng DNA, 1x reaction buffer (Invitrogen’s Platinum PCR
Super‐ Mix: 22U/ml complexed recombinant Taq DNA polymerase with Paltinum Taq
antibody, 22mM Tris‐ HCl (pH 8.4), 55mM KCl, 1.65mM MgCl2, 220μM dGTP, 220μM
dATP, 220μM dTTP, 220μM dCTP) and 3.3μM of each primer (forward primer
fluorescent labelled ). PCR amplifications were carried out in an Eppendorf thermal
cycler and consisted of an initial denaturation at 94°C for 2mins followed by 30 cycles
of 45s at 94°C; 45s at annealing temperature (see Table 1) and 45s at 72°C and a final
elongation step at 72°C for 5 min. The products from each PCR (1.5 µL) were analysed
on an ABI 3730 Sequencer, sized using GeneScan‐ 500 LIZ internal size standard and
scored using GeneMapper v3.7 (Applied Biosystems). Levels of genetic diversity were
assessed by genotyping 29 adult C. ornatus collected from Tutanning Nature Reserve,
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Western Australia (32° 32´S, 117°18´E). The FSTAT 2.93 software package (Goudet,
2001) was used to calculate basic descriptive statistics as well to test for conformity to
Hardy – Weinberg expectations and linkage disequilibrium between all pairs of loci.
Significance levels were adjusted to the number of simultaneous tests using sequential
Bonferroni correction (Rice, 1989).

RESULTS
Consistent polymorphic genotypes were produced within the expected size range in 20
of the 69 microsatellite‐containing clones for which PCR primers were developed. The
number of alleles at these loci ranged from 5 to 20, and the observed and expected
heterozygosities ranged between 0.32 and 1.00 and between 0.54 and 0.94,
respectively (Table 1.1). Significant deviation from Hardy–Weinberg expectations was
detected at only one locus (CoD108). The Cervus version 3.0.3 software package
(Marshall et al., 1998) was used to estimate a null allele frequency of 0.4273 at this
locus. There was no evidence of linkage disequilibrium between any pairs of loci.
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Table 2.1: Characteristics of 20 microsatellite loci in the ornate dragon lizard,
Ctenophorus ornatus (n=29). Listed for each locus are the primer sequences, repeat
motif, annealing temperature (Ta), number of alleles (NA), the size ranges of the alleles,
the observed (HO) and expected ( HE) heterozygosities and the probability value from
Hardy‐Weinberg test ( P).
Locus Primer Sequence (5´‐3´)

Repeat
Motif

Ta(°C) NA

Size
Range
(bp)

HO

HE

P

GenBank
Accession
no.

CoA1

F:GTCCCAAACCCACTATTTTC
R:GGGCTCACTGAACTACAGC

(GT)21

57

10

252‐294

0.857

0.793

0.881

GU817019

CoA107

F:TCCAGCACTGTAATGAAAGAG
R:TGGTCTCACCATAGTTACTGC

(TG)22

57

9

269‐295

0.643

0.852

0.004

GU817026

CoB5

F:TGGGAAAGATCATAATGTTGG
R:TTGGATTACCAGGTGTCTCAC

(AAC)7

57

5

257‐277

0.679

0.603

0.859

GU817020

CoB11

F:CTGCTTCACCCTTCCTGT
R:CCCTCTTCTCTGGTTCACTC

(AAC)13

56

7

199‐238

0.862

0.804

0.867

GU817021

CoB12

F:CGTACAGCAGGTCATTGTAATC
R:ATGCCTTCTTTCTATGCAGTTC

(AAC)19

57

17

199‐260

0.929

0.921

0.672

GU817022

CoB108

F:AAATCCCAAGAAATGCTATGTC
R:CAGGAGGAAAAAGAGACAGTTC

(AAC)19

57

8

196‐267

0.793

0.739

0.617

GU817027

CoB111

F:GTAGCCACCTTCTGTGTCAC
R:AACATTCACGTACCCTTATAGC

(GTT)23

57

9

199‐291

0.571

0.790

0.020

GU817028

CoC8

F:GATCAGCGGATGATTCTCAC
R:GCTGCCGTAAGTCAGAACTG

(ATC)6

56

5

129‐141

0.552

0.539

0.666

GU817023

CoC11

F:TGATGTGCCTGTTGAGTCTAC
R:CCTGTTTGTCTTGTCCAGTTC

(ATC)19

57

237‐275

0.929

0.886

0.851

GU817038

CoC107

F:TCCACCAGAAGAAATACCTAGC
R:CAACCTCACTGAAGCATGTAAG

(ATG)20

56

9

165‐210

0.862

0.843

0.687

GU817029

CoC109

F:ACACGACAGGAGGAAAGTC
R:GGAAAACGGTCACCATAAG

(ATC)13

56

8

216‐246

0.828

0.817

0.650

GU817030

CoC115

F:TTGTGCTAAGCCTGAAGAAGC
R:CCTGTGAGTTGCCAGAGGTAG

(TCA)18
(ACA)11

57

15

201‐260

1.000

0.913

1.000

GU817031

CoC120

F:CATTTGAAGGGAGAATATGGA
R:AAAGCGTAGCAGGAGAAGG

(AGA)27
(CGA)4
(AGA)2

57

14

167‐230

0.893

0.906

0.517

GU817032

CoD3

F:TAAAGGGAACTGGCTATTTACA
R:TCTTCAGTGTTGTCACATGAAC

(GATA)25

57

10

217‐297

0.893

0.881

0.667

GU817024

CoD10

F:CCCAGAGAGTGCTCTAGCA
R: CACCAGTCTTAATGGAGTTTGA

(GATA)26

57

15

238‐298

0.759

0.910

0.008

GU817025

CoD106

F:AGGGGCTTGGAACTGATG
R:ATTTGGGCTGGTGAGTGG

(GATA)29

57

20

183‐294

1.000

0.935

1.000

GU817033

CoD108

F:GTGTGGGTGGCGTAGTAGG
R:AACGGAGTGCTTGTCTTGC

(GATA)16
(CATA)12

57

7

171‐231

0.320

0.821

0.001

GU817034

CoD111

F:CTTTGGTCCTCTGTCTGTCTG
R:TCAACTGTGGGTCCTGATG

(GTCT)4
(ATCT)21

57

10

249‐293

0.815

0.845

0.416

GU817035

CoD114

F:CAAGTTGAGTCACTGGAGCTAC
R:CTCAGAGTGGCTGCATAGAC

(ATCT)31

57

20

210‐350

0.931

0.925

0.675

GU817036

CoD115

F:AAGACTGAAGGATGCCTAATC
R: TGCCTGATGTCTGCTATACA

(TAGA)7

57

14

231‐315

0.893

0.889

0.618

GU817037
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CHAPTER 3
Phylogeography and Population Genetic Structure of the Ornate Dragon
Lizard, Ctenophorus ornatus.

Preamble
This chapter describes the phylogeography and distribution of genetic variation across
the distribution of C. ornatus, which is necessary to discern whether the species
comprises of divergent genetic clades. This is important for the analyses in all other
data chapters as such populations from divergent clades must be assessed separately.
This chapter has been published in PLoS ONE, 7: e46351.
doi:10.1371/journal.pone.0046351 (see Appendix II)
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ABSTRACT
Species inhabiting ancient, geologically stable landscapes that have been impacted by
agriculture and urbanisation are expected to have complex patterns of genetic
subdivision due to the influence of both historical and contemporary gene flow. Here,
we investigate genetic differences among populations of the granite outcrop‐dwelling
lizard Ctenophorus ornatus, a phenotypically variable species with a wide geographical
distribution across the south‐west of Western Australia. Phylogenetic analysis of
mitochondrial DNA sequence data revealed two distinct evolutionary lineages that
have been isolated for more than four million years within the C. ornatus complex. This
evolutionary split is associated with a change in dorsal colouration of the lizards from
deep brown or black to reddish‐pink. In addition, analysis of microsatellite data
revealed high levels of genetic structuring within each lineage, as well as strong
isolation by distance at multiple spatial scales. Among the 50 outcrop populations’
analysed, non‐hierarchical Bayesian clustering analysis revealed the presence of 23
distinct genetic groups, with outcrop populations less than 4 km apart usually forming
a single genetic group. When a hierarchical analysis was carried out, almost every
outcrop was assigned to a different genetic group. Our results show there are multiple
levels of genetic structuring in C. ornatus, reflecting the influence of both historical and
contemporary evolutionary processes. They also highlight the need to recognise the
presence of two evolutionarily distinct lineages when making conservation
management decisions on this species.

INTRODUCTION
The south‐west of Western Australia is renowned for its extreme endemism, high
species diversity and its threatened environments (Cincotta et al., 2000, 2000). This
region is home to more than 5500 native plant species (Myers et al., 2000), of which
80% are endemic (Beard et al., 2000), 450 vertebrate species (Myers et al., 2000), and
numerous ancient, endemic lineages of invertebrates (e.g. Edward, 1989, Main, 1991,
Moir et al., 2009, Rix et al., 2010). The diversity of taxa already recognised in the south
west of Western Australia, based on prior species concepts, is nevertheless, likely to
underestimate the levels of variety and evolutionarily significant diversity that is
present. The issue of identifying species level subdivision is notoriously difficult (Hey,
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2006), and with the increasing detail of molecular genetic studies, there has recently
been increasing weight given to species as emergent properties of metapopulations
and a more continuous notion of subdivision (de Queiroz, 2007, Hart, 2010, Sobel et
al., 2010). Alongside this is the concept of evolutionarily significant units in the context
of conservation (Moritz, 1994). Clearly, from both a phylogenetic and a conservation
perspective, it is important to identify both where subdivisions are deep enough to
represent distinct species, but also where the phylogenetic and phenotypic clustering
of metapopulations reveal evolutionarily significant diversity (de Queiroz, 2007).
The levels of diversity, however they are delineated, have evolved in a region that is
topographically subdued and in the relative absence of major vicariant forces typically
used to explain speciation, such as, glaciation, tectonic or volcanic activity (Hopper &
Gioia, 2004). The diversity of flora in this region has therefore largely been attributed
to the climatic fluctuations of the late Pliocene and Pleistocene (Lamont & Markey,
1995, Byrne & Macdonald, 2000, Byrne et al., 2003a, Byrne et al., 2003b, Coates et al.,
2003, Byrne & Hines, 2004). By contrast, the onset of aridification of the late
Miocene/early Pliocene has been suggested to have driven diversification in
myobatrachid frogs (Edwards, 2007, Edwards et al., 2008) and heath dragons (Melville
et al., 2008). The stability of this ancient landscape therefore promotes complex
evolutionary histories, especially in comparison to lineages whose current distributions
have arisen more recently, for example, since the Last Glacial Maximum (Byrne &
Hopper, 2008).
The ornate dragon is a small (20 g) agamid lizard endemic to south‐west Western
Australia. It has an allopatric distribution, where the majority of the species can be
found south of Jibberding through to Esperance and its offshore islands, and a smaller
pocket of populations persist north of Paynes Find to Meka and Sandstone (Storr et al.,
1983) (Figure 3.1). The two groups are separated by little more than 100km. The
populations in the northern pocket are phenotypically distinct from their southern
counterparts. In the south, dorsal colouration of the lizards ranges from almost black
to a deep brown, and males have a distinctive series of white blotches running along
their back. In the northern pocket, these blotches are replaced by a solid white
vertebral stripe, and the dorsal colour becomes a reddish‐pink (Storr et al., 1983). The
spectral reflectance of the dorsal pattern and colouration of these lizards closely
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matches that of the granite, making lizards less visible to aerial predators (LeBas &
Marshall, 2000). Such phenotypic divergence is suggestive of strong selection and local
adaptation, possibly enhanced by a lack of gene flow across the 100 km gap between
the two groups.
The ornate dragon lizard is a habitat specialist, restricted to granite outcrops, which act
as a terrestrial island system, creating discrete habitat patches that are highly variable
in size and distance to the nearest outcrop (Twidale, 1982). We have previously shown
that over a small spatial scale (five km), C. ornatus exhibits significant genetic
structuring at distances greater than 2 km (Levy et al., 2010b). In this study, we use
mitochondrial DNA (mtDNA) sequence and microsatellite data to examine the
evolutionary relationships and genetic structure among C. ornatus populations across
the species’ range. Our specific aims are 1) to determine whether the phenotypically
northern populations are genetically differentiated to the southern populations and 2)
examine the spatial scales over which populations become genetically distinct and
whether these spatial sales vary among geographical regions.

METHODS
Sample collection
Ornate dragons were collected from outcrops throughout the species distribution
(Figure 1). Outcrops were located both in cleared agricultural land and uncleared
native bushland. In total, 52 outcrops ranging in size from 0.10 ha to 175.16 ha (mean
= 20.07 ha), with no less than 10 lizards (mean sample size = 23, range = 10‐46), were
included in this study. Outcrops were clustered into five geographic regions, Northern
Pocket (NP), North‐Eastern Wheatbelt (NEW), South‐Eastern Wheatbelt (SEW), South‐
West (SW) and Southern (S) (Figure 3.1).
Lizards were captured by hand at first‐light when they were cold and still relatively
inactive by lifting exfoliated granite slabs. Each lizard was toe‐clipped to provide a
tissue sample for genetic analysis and then returned to its outcrop. Toe‐clips were
stored in 100% ethanol prior to DNA extraction. In lizards, toe and tail clipping is
commonly used for identification and DNA analysis (Olsson, 1994, LeBas, 2001, Berry
et al., 2005), and C. ornatus are known to lose toes as a result of predation and rock‐
associated injuries (LeBas pers. obs.).
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DNA extraction, genotyping and sequencing
DNA was extracted for microsatellite and mitochondrial analysis using the standard
salting out method described in Sunnucks & Hales (1996) with the exception of the
incubation stage which was carried out overnight at 56°C. The microsatellite analysis
was carried out according to Chapter 2. Two loci (Co6A6 and Co9C11) are described in
LeBas & Spencer (2000) and the remainder in Chapter 2. An Applied Biosystems 3730
capillary sequencer and Genemapper 3.7 software (Applied Biosystems, Foster City,
California) were used to score alleles.
A subset of 30 outcrops, selected to represent each region, were used for the
mitochondrial DNA analysis. For each outcrop, DNA from five adult females was
sequenced. DNA from two closely related species, Ctenophorus caudicinctus and
Ctenophorus reticulatus (Melville et al., 2001) were also sequenced. Tissue samples
from these species (one to two individuals per species) were collected from the
northern pocket of the C. ornatus distribution in 2000. Doublestranded PCR
amplifications were executed with 25 ul of 1 x buffer (Invitrogen), 2 mM MgCl2, 0.3 mM
each dNTP, 0.4 uM of each primer, 1U of Platinum Taq and approximately 20 ng of
DNA. A segment of about 900 base pairs (bp) from the 12S rRNA gene was amplified
with primers Co12SaF 5’GGCCCAGGACTCAAGATAACA ‐3’ and Co12SaR
5’TCGGCAAGTTCGTTAGGCT‐3’ with the following sequencing conditions: initial
denaturation at 95°C for 5 min followed by 35 cycles of 45 s at 94°C, 1 min at 56°C and
1 min at 72°C with a final elongation step at 72°C for 10 min. PCR product was run on
1.5% agarose gel for 30 min at 100 V. Samples were sequenced by AGRF (Australian
Genome Research Facility) on the Applied Biosystems 3730 xl DNA Analyzer platform.
DNA sequence data were edited using SEQUENCHER v 4.10.1 (sequence analysis
software, Gene Codes Corporation, Ann Arbor, MI USA http://www.genecodes.com).
Sequences were then aligned individually using MEGA v5 (Tamura et al., 2011) and all
alignments were checked by eye. Haplotype sequences have been lodged in GenBank
(accession number: JQ627637).
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Figure 3.1: Distribution and sampling locations of C.ornatus. The distribution is shown
by the grey shading in the inset map of Western Australia. Sampling locations for NP
are indicated by crosses, NEW by open circles, SEW by triangles, S by closed circles and
SW by squares.
Data Analyses
Mitochondrial sequence data
Departures from neutrality for each outcrop were assessed using Tajima’s (1989) D
statistic, as implemented in ARLEQUIN v3.1 (Excoffier et al., 2005). The nucleotide
diversity (π), haplotype diversity (h) and number of polymorphic sites (S) within each
outcrop were also calculated in ARLEQUIN (Excoffier et al., 2005). The relationship
between haplotypes and their geographic distribution was explored with haplotype
networks. TCS 1.21 (Clement et al., 2000) was used to create maximum parsimony
networks with 95% connection limits and the geographic distribution of haplotypes
was overlayed on the networks. Bayesian analyses implemented in MRBAYES 3.1.2
(Ronquist & Huelsenbeck, 2003) were used to assess overall phylogenetic structure of
the 12s rRNA gene in C. ornatus. MRBAYES calculates Bayesian posterior probabilities
using a Metropolis‐coupled, Markov Chain Monte Carlo sampling approach. The
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program jMODELTEST 0.1.1(Posada, 2008) was used to determine the most appropriate
model for the analyses using the Akaike Information Criterion. The GTR+G model and
default priors for Markov chain Monte Carlo were adopted for the MRBAYES analysis
using unique haplotypes. Four chains were run simultaneously for 400 000 generations
in two independent runs, sampling trees every 100 generations. After this number of
generations, the final standard deviation of split frequencies had reduced to less than
0.01 and the PSRF was 1.0 for all parameters, suggesting convergence had been
reached. A burnin of 1000 trees was carried out for each independent run. A
consensus tree with nodal posterior probability support was obtained and rooted with
the closely related C. caudicinctus and C. reticulatus.
Pairwise genetic distances (p‐distance) between and within species and each major
clade were calculated in MEGA 5 (Tamura et al., 2011). Divergence times between
major clades were estimated based on divergence times between C. ornatus and C.
caudicinctus from Melville et al. (2001). Genetic structure among geographic regions
was assessed using the Analysis of Molecular Variance (AMOVA) approach (Excoffier et
al., 1992) implemented in ARLEQUIN (Excoffier et al., 2005). AMOVA calculations were
based haplotype frequencies and pairwise differences among haplotypes.
Microsatellite data
The program FreeNa (Chapuis & Estoup, 2007) was used to estimate null allele
frequencies for each locus, based on the expectation maximization algorithm
(Dempster et al., 1977). This program creates a data set corrected for null alleles and
uses it to calculate global and pairwise FST values across all loci and for each locus. As
there was no difference (corrected FST = 0.152 95% CI = 0.137‐0.167, uncorrected FST =
0.156 95% CI = 0.140‐0.173) between these corrected FST values and the uncorrected
values, the original data set was used for all remaining analyses.
The presence of linkage disequilibrium (LD) was tested for using FSTAT 2.9.3 (Goudet,
2001). When each outcrop was assessed individually, 14 had up to two pairs of loci in
LD. Because there was no consistent pattern of LD across outcrops, all loci were
retained for the remaining analyses.
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Microsatellite variation within each outcrop was measured using allele frequency data,
from which the average allelic richness, inbreeding coefficient (FIS) and gene diversity
(HE) were calculated. Genetic divergence between outcrops was estimated by
calculating pairwise θ‐values, an unbiased estimate of FST (Weir & Cockerham, 1984).
Estimates of genetic diversity within outcrops, departures from Hardy Weinberg
Equilibrium (HWE) and pairwise θ‐values were all calculated using FSTAT (Goudet,
2001). To assess the spatial genetic structure of outcrops, we analysed the correlation
between genetic divergence and geographic distance to test for patterns of isolation
by distance (IBD). An FST/(1 – FST) matrix was compared with a geographical distance
matrix (log km) (Rousset, 1997), using a Mantel test (10 000 permutations) calculated
with the software package VEGAN 1.17‐9 (Oksanen et al., 2011). IBD was tested in this
way across all outcrops as well as within SEW, NEW and SW. As NP and S had only two
outcrops each, mantel tests were unable to be conducted for these regions.
Population structure was also analysed with two Bayesian assignment approaches
implemented using the software programs, STRUCTURE 2.3.1 (Pritchard et al., 2000) and
GENELAND 3.1.5 (Guillot et al., 2005). Both these programs group individuals into the

most likely number of clusters (K) that maximises the within cluster Hardy‐Weinberg
and linkage equilibria. GENELAND differs from STRUCTURE in that geographical
information can be incorporated to produce more accurate inferences of population
structure based on the spatial distribution of individuals.
For the GENELAND analysis, the coordinates (latitude and longitude) of each outcrop
were used to run the spatial model. The uncertainty of coordinates was set at 0.4 km
as this is the mean diameter of sampled outcrops. Thus, on average, any individual
could have been collected within 400 m of the given coordinates. The uncorrelated
and null allele models were adopted for ten independent runs of K = 1 to 52. Each run
consisted of 100 000 MCMC iterations with a thinning of 100 and a burnin of 1000. The
most likely number of clusters was chosen as the modal K (from each independent run)
with the highest posterior probability.
Analyses involving STRUCTURE are typically assessed using the ΔK method as
simulations have shown this method to be the most accurate estimator of the true
number of populations (K) (Evanno et al., 2005). However, this method also only
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detects the uppermost layer of structure. Therefore the most likely K was calculated as
suggested by Pritchard et al. (2009). I also used the hierarchical approach of Coulon et
al. (2008) to infer the number of clusters within the data set. The hierarchical analysis
was run until clusters consisted of single outcrops, or K was equal to one. STRUCTURE
runs were based on a model that assumed admixture of ancestry and independent
allele frequencies. The assumption of independent allele frequencies in the model
reduces the risk of overestimating K when allele frequencies are likely to vary
significantly between samples (Pritchard et al., 2009). Ten independent runs were
performed for each value of K (from one to one more than the maximum number of
outcrops) with a burnin of 10 000 followed by 100 000 MCMC iterations.
Significance of hierarchical partitioning of genetic structure among geographic regions
was examined using the Analysis of Molecular Variance (AMOVA) approach (Excoffier
et al., 1992) implemented in ARLEQUIN (Excoffier et al., 2005).

RESULTS
Genetic variation
Mitochondrial sequence data
Of the 145 C. ornatus samples sequenced for the 12s rRNA gene, 18 unique haplotypes
were identified with a mean nucleotide diversity (π) of 0.347 ± 0.903 and mean
haplotype diversity (h) of 0.467 ± 1.431 (Table 3.1). All of the outcrops were found to
follow a neutral model of evolution (Table 3.1).
Microsatellite data
Estimates of microsatellite genetic variation were variable among outcrops (Table 3.2),
with AR ranging from 1.8 to 3.3 (mean = 2.9) and HE from 0.427 to 0.852 (mean =
0.766). The average inbreeding coefficient was 0.085 (range ‐0.089‐0.246). After
correction for multiple comparisons, 22 of the 52 outcrops departed from HWE with a
deficit of heterozygotes. Also, two loci (CoB111 and CoD108) deviated from HWE with
deficits of heterozygotes in more than ten outcrops. These deviations from HWE may
be due to null alleles. The presence of null alleles for each locus within each outcrop
was tested with MICROCHECKER (Van Oosterhout et al., 2004). After the removal of four
loci (CoB111, CoD108, CoD3 and CoC107) that were consistently suggested to have null
alleles, all outcrops were found to conform to HWE. However, a reanalysis of the data
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without these loci did not alter the results; thus, all loci were retained in the
subsequent analyses.
Table 3.1: Levels of mtDNA variation within each of 30 outcrops. The haplotypes found
in each outcrop are given along with the haplotype diversity (h), nucleotide diversity
(π), and Tajima’s D with its associated P‐value.
Outcrop
N
S
Eagle
Tammar
T
BBQ
RNR
Simpson
2Roo
Walton
SFR
Z
X
Y
Legrande
Middle
DD
Spurr
H
K
D
G
Geer C
Elach
Boco
Falcon
Moon
Foggy
Granites
UFO

Region

Haplotype(s)

h

π

SW
SW
SW
SW
SW
SW
SW
SW
SW
SW
SW
SW
SW
SW
S
S
SEW
SEW
SEW
SEW
SEW
SEW
NEW
NEW
NEW
NEW
NEW
NEW
NP
NP

01
01, 02
01, 02, 03, 04
01, 02
01
01
05
05
05
05
05
05
06, 07
08
09
10
11
13
11
12
11
11
14
14
14
14
14
14, 15, 16
17
18

0.00
0.40
0.90
0.67
0.00
0.40
0.00
0.00
0.00
0.00
0.00
0.00
0.40
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.70
0.00
0.67

0.0000
0.0008
0.0019
0.0014
0.0000
0.0008
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0004
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0048
0.0000
0.0007

D
0.00
‐0.97
‐0.41
1.89
0.00
‐0.97
0.00
0.00
0.00
0.00
0.00
0.00
‐0.82
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.33
0.00
0.00

P
1.000
0.198
0.434
0.972
1.000
0.201
1.000
1.000
1.000
1.000
1.000
1.000
0.307
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
0.902
1.000
0.988
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Table 3.2: Characteristics of 52 outcrops and levels of microsatellite DNA variation for
each outcrop. Gene diversity (HE), allelic richness (AR) and inbreeding coefficients (FIS)
are means across all loci, given with their standard error. Significant departures from
HWE (P< 0.05) are indicated by a *.
Outcrop
2Roo
ABC
BBQ
Baladjie
Bering
Boco
D
DD
Dryandra
Eagle
EF
Elach
Falcon
FF
Foggy
FR1
G
Geer A
Geer B
Geer C
Gecko
Goanna
Granites
H
HM
I
J
K
Legrande
LS
Middle
Moon
N
P
Q
R
RNR
S
SFR
Simpson
Spurr
T
Tammar
UFO
V
W
Walton
WM
X
Y
Yanney
Z

Region Outcrop size (ha)Sample size
SW
2.13
20
SEW
35.57
19
SW
4.16
20
NEW
32.45
31
NEW
11.05
15
NEW
27.51
43
SEW
8.03
46
SEW
5.65
25
SW
2.29
20
SW
5.10
29
SEW
7.64
16
NEW
59.53
29
NEW
13.74
45
SW
2.86
14
NEW
7.30
25
SW
9.19
14
SEW
56.57
23
NEW
1.14
10
NEW
2.50
17
NEW
17.06
15
SEW
3.22
13
SW
0.10
20
NP
6.74
12
SEW
16.13
32
SW
5.64
14
SEW
43.73
23
SEW
7.78
20
SEW
43.72
36
S
1.64
27
SW
3.01
22
S
175.16
10
NEW
1.32
13
SW
6.31
45
SW
1.05
17
SW
0.33
14
SW
1.12
15
SW
5.94
25
SW
0.70
23
SW
5.05
41
SW
3.13
24
SEW
4.39
33
SW
2.13
25
SW
3.85
24
NP
136.00
20
SW
1.06
21
SW
0.47
12
SW
4.68
25
SW
3.33
22
SW
77.98
17
SW
11.27
19
NEW
149.94
20
SW
5.27
36

AR
2.8
3.1
3.0
2.8
3.1
3.1
3.0
3.2
2.7
3.1
3.0
3.0
3.0
1.8
2.6
3.0
3.1
3.0
2.9
3.1
2.6
3.2
2.6
3.0
2.8
2.9
3.2
3.2
2.0
2.9
1.9
3.1
3.3
3.2
3.1
3.1
2.7
3.1
2.3
2.8
3.1
3.2
3.1
3.2
3.2
3.0
2.8
2.5
3.0
3.1
3.2
3.0

HE
0.733
0.819
0.785
0.741
0.837
0.812
0.789
0.834
0.717
0.811
0.784
0.779
0.792
0.431
0.692
0.789
0.820
0.803
0.783
0.815
0.668
0.842
0.704
0.783
0.740
0.781
0.837
0.821
0.457
0.774
0.427
0.833
0.852
0.845
0.812
0.830
0.716
0.824
0.596
0.753
0.826
0.841
0.814
0.823
0.849
0.791
0.750
0.644
0.791
0.809
0.838
0.783

FIS
0.065
0.130*
0.064
0.154*
0.091
0.127*
0.142*
0.091*
0.056
0.033
0.087
0.162*
0.128*
‐0.080
0.114*
0.056
0.106*
0.112
0.083
0.166*
0.046
0.058
0.209*
0.098*
0.045
0.128*
0.101*
0.090*
0.035
0.058
0.246
0.160*
0.048
0.088
0.043
0.042
0.006
0.024
0.044
0.011
0.109*
0.050
0.028
0.210*
0.096*
0.041
0.022
0.050
0.069
0.087*
0.147*
0.075*
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Phylogenetic Analyses
Two distinct haplotype networks were created, separating the outcrops from NP from
all other regions (Figure 3.2). This indicates that there was less than 95% confidence in
the connection between these two networkss. Within the larger (southern) network,
two further groups can be identified, haploytpes from the SW region and those from
all other regions. These two groups are separated by 13 mutational steps. Bayesian
phylogenetic analyses of the 12S rRNA gene were in accordance with the haploytpe
networks with NP and all other regions forming two strongly supported clades
(posterior probability = 1.00, mean p‐distance = 0.044) (Figure 3.3). Another split
separating the SW region from NEW, SEW and S regions was also identified, but this
was poorly supported (posterior probability = 0.68, mean p‐distance = 0.016) (Figure
3.3).

Figure 3.2: Maximum parsimony haplotype network. Each haplotype (01‐16) is shown
as an oval, the size of which indicates the number of individuals with that haplotype
(haplotypes within each outcrop are given in Table 2). Mutational steps connecting
haplotypes are represented by dashes between haplotypes. NP is shown in grey, NEW
in yellow, SEW in red, S in blue and SW in green.
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Figure 3.3: 12S phylogenetic tree constructed with MRBAYES. Numbers on branches
indicate posterior probabilities and regions are indicated on the right.

The pairwise genetic distances for all inter species comparisons (C. ornatus, C.
caudicinctus and C. reticulatus) ranged from 0.092 to 0.129. For all intra species and
clade pairwise comparisons, p‐distances ranged from 0.001 to 0.028. Pairwise p‐
distances between haplotypes in the northern and southern clades were intermediate
to these, ranging from 0.041 to 0.047. The finding that these p‐distances were distinct
and did not overlap with either the intra or inter species p‐distance ranges further
suggests that these groups are divergent evolutionary lineages, but are not sufficiently
divergent to be classified as separate species. Based on divergence times between C.
ornatus and C. caudicinctus from Melville et al. (2001), the two clades were estimated
to have diverged approximately 4.26 mya.
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Population Genetic Structure
Due to the classification of NP as a clade distinct from the other regions by the
phylogenetic analyses and the low number of outcrops (two) sampled from this clade,
these outcrops were removed from the remaining analyses. Thus, genetic structure
within the remaining 50 outcrops was analysed by STRUCTURE and GENELAND for values
of K from 1‐50.
Significant subdivision among outcrops was evident across all outcrops (FST = 0.156,
95%CI = 0.140‐0.173) as well as within each region (SEW: FST = 0.105 (95%CI = 0.090‐
0.120), NEW: FST = 0.129 (95%CI = 0.115‐0.143), SW: FST = 0.140 (95%CI = 0.128‐0.152),
S: FST = 0.499 (95%CI = 0.386‐0.617)). IBD was identified across all outcrops (r = 0.394,
P <0.001) as well as within each region (NEW: r = 0.644, P = 0.001, SEW: r = 0.353, P =
0.004, SW: r = 0.510, P = 0.002).
The GENELAND and STRUCTURE (where K was determined by the method suggested by
Pritchard et al. (2009)) analyses revealed the most likely number of clusters to be 23.
Both analyses formed similar clusters with only minor variations (Figures 3.4 and 3.5).
There was no overlap between regions with all clusters consisting only of outcrops
from within the same region. In general, outcrops that were closely situated to
another outcrop (less than 4 km) were clustered together (Figures 3.4 and 3.5).
Although two clusters in NEW contained outcrops that were more than 4 km away
from the next nearest outcrop (G is 8.36 km away from D, and ABC is 23.76 km away
from Gecko). Interestingly, there are other outcrops in NEW situated similar distances
or even closer to neighbouring outcrops that are not assigned to the same cluster. All
clusters had a small amount of admixture, mostly with neighbouring clusters. A few
individuals had almost their entire genome assigned to multiple clusters, and a single
individual in WM was assigned entirely to the next nearest cluster (Figure 3.5).
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Figure 3.4: Bayesian population assignment for the southern clade generated using the
software program GENELAND. Each region is indicated by a different symbol: NEW by
circles, SEW by triangles, S by diamonds and SW by squares. Within each region, each
cluster is represented by a different colour.

The hierarchical STRUCTURE analysis initially grouped all outcrops within the southern
clade into two clusters which reflected the separation of regions by the phylogenetic
analyses (cluster 1 = SW, cluster 2 = NEW, SEW and S). The SW cluster had more
hierarchical structure than the eastern cluster, where outcrops formed their own
clusters after only two to three levels of partitioning. Details of the levels of
partitioning are given in Figure 3.6. Partitioning conformed to regions and at all
hierarchical levels, clusters were formed from neighbouring outcrops. In general,
hierarchical clustering was in line with clustering patterns from the GENELAND and
STRUCTURE (where K was determined by the method suggested by Pritchard et al.

(2009)) analyses. The hierarchical analysis gave a final K of 47, where almost all
outcrops formed independent clusters.
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Figure 3.5: Bayesian population assignment for the southern clade generated using the
software program STRUCTURE when K= 23. Each column represents a single individual
and the proportion of each individual genotype that assigns to a particular cluster is
shown by a different colour. Individuals are ordered according to their outcrop of
origin. The symbol below each outcrop is the same as that used to represent the
GENELAND cluster (Figure 3.4) to which the outcrop belongs. C. ornatus samples from
the SW region are shown in the upper portion of the plot and those from the NEW,
SEW and S regions, in the lower portion.

Hierarchical structuring was also found using AMOVA. A significant portion of the
mtDNA and microsatellite variance was found among regions as well as among
outcrops within each region, though the regional differences were much higher for
mtDNA, especially when calculations were based on genetic distances among
haplotypes (Table 3.3).
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Figure 3.6: Partitioning of outcrops for the hierarchical STRUCTURE analysis. All
outcrops were initially split into a western cluster (a), which consisted of outcrops from
the SW region, and an eastern cluster (b) formed from NEW, SEW and S outcrops. Each
outcrop is represented by a single square in the final level of the analysis. Each cluster
is represented by a rectangle, the size of which corresponds to the number of outcrops
within the cluster.

Table 3.3: Hierarchical analyses of molecular variance (AMOVA) apportioned among
regions, outcrops and individuals.
Source of variation
Microsatellites
Among regions
Among outcrops within regions
Within outcrops
MtDNA (Haplotype frequencies)
Among regions
Among outcrops within regions
Within outcrops
MtDNA (Pairwise differences)
Among regions
Among outcrops within regions
Within outcrops

% Total Variance

F‐statistics

P

3.6
13.2
83.2

FCT = 0.036
FSC = 0.137
FST = 0.168

<0.001
<0.001
<0.001

38.3
49.4
12.4

FCT = 0.383
FSC = 0.799
FST = 0.876

<0.001
<0.001
<0.001

91.2
7.2
1.6

ɸCT = 0.912
ɸSC = 0.816
ɸST = 0.984

<0.001
<0.001
<0.001
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DISCUSSION
Phylogenetic analyses
The phylogenetic analysis was unable to resolve clearly whether the two allopatric
groups of populations of C. ornatus comprise separate species. Each group was
monophyletic, which is a property of the species category under the phylogenetic
species concept (Rosen, 1979). However, the average pairwise sequence divergence
between the groups (4.4%) was half of the divergence between C. ornatus and its most
closely related species, C. caudicinctus (9.5%). In addition, the ranges of pairwise
sequence divergences between major clades did not overlap with those within
species/clades or between species. This suggests that while the northern and southern
clades are independent lineages, they may not be sufficiently diverged to be
considered separate species. However, the strength of this result is limited by the low
number of 12S sequences available for species in the genus Ctenophorus. In a
phylogenetic study based on all Ctenophorus species using sequences from three
protein coding genes (ND1, ND2 and CO1), Melville et al. (2001) found levels of
sequence divergence between most species to be similar or higher than that between
C. ornatus and C. caudicinctus. However, a few species exhibited divergences that
were 50% lower than the sequence divergence between C. ornatus and C. caudicinctus
(Melville et al., 2001). Thus, the levels of sequence divergence found within C. ornatus
may be sufficient to recognise the major clades as separate species. Therefore,
whether there are two species currently classed as C. ornatus remains uncertain and
more work is needed to clarify this situation. Nevertheless our study reveals that the
two major clades do represent independent evolutionary lineages and, given that they
also cluster by phenotype (Storr et al., 1983), care should be taken to treat them as
evolutionarily distinct in future research and when making conservation management
decisions.
In keeping with other phylogeographic studies on vertebrates in south‐west Western
Australia, the two clades were estimated to have diverged in the late Miocene to early
Pliocene, approximately 4.26 mya. This time period coincides with the onset of aridity
in Australia (Martin, 2006). Edwards et al. (2008) suggested that the onset of aridity
during this time period isolated populations of the Myobatrachid frog, Metacrinia
nichollsi, restricting them to refugia, and eventually causing the formation of separate
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lineages. This may also be the case for C. ornatus, as granite outcrops are thought to
act as refugia during times of aridity (Withers, 2000). If conditions in the environment
between outcrops were too harsh, dispersal may not have occurred, causing outcrops
to become isolated. However, there does not appear be a lower density of granite
outcrops between the northern and southern populations.
Another possible explanation for the divergence may be the different types of
vegetation in the two areas. The southern clade extends only as far as the boundary
between the South‐West and Eremean botanical provinces (Jarvis, 1986). The
vegetation around the granite outcrops in the northern clade is mainly Acacia
shrubland, while in the south, eucalypt woodlands dominate (Jarvis, 1986, Martin,
2006). Even though C. ornatus is a granite outcrop specialist, they must travel through
the intervening environment to enable gene flow between populations. It is therefore
possible that different vegetation types differentially affected gene flow. Levy et al.
(2010b) established that land clearing significantly reduced gene flow in C. ornatus,
probably because it creates more open, exposed habitats with little shelter. Similarly,
the sparser vegetation in the northern clade may have restricted gene flow. Pairwise
FST for outcrops separated by similar distances (25‐31 km) in the SW as those in NP
(28.3 km) indicate that this may be the case. Outcrops in SW (where land clearing has
been established for longer (Jarvis, 1986)) had similar or higher FST (mean FST = 0.18)
than that in NP (0.17), whereas in the less cleared eastern regions, mean pairwise FST
was lower (0.12) than in the NP. Therefore, if gene flow was affected by more sparse
vegetation in the NP, dispersal between the clades could simply have become too
difficult. Further, each clade could have become locally adapted to dispersing through
different vegetation types, making dispersal between the northern and southern
clades too difficult. A similar situation was identified in the heath dragon in south‐
western Australia, where allopatric populations had diverged substantially due to
geographical isolation and subsequent adaptation to different habitats (Melville et al.,
2008).
Within the southern clade, regional separation between outcrops was seen, although
the regions were not divergent enough to be classified as separate clades. Further, the
SW was shown to be distinct from the eastern and southern regions (NEW, SEW and
S). This geographic pattern of genetic structure reflects restricted gene flow
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throughout the southern clade with isolation by distance (IBD) creating regional sub‐
clades. Branchinella longirostris, an anostracan endemic to freshwater shallow,
ephemeral rock pools on the tops of granite outcrops in Western Australia showed a
similar pattern of restricted gene flow (Zofkova & Timms, 2009). Dispersal is likely to
occur through the passive movement of eggs when rock pools are dry. Thus, even
though C. ornatus and B. longirostris inhabit fragmented habitats, historical gene flow,
though restricted, does take place.
Contemporary patterns of genetic variation
Patterns of IBD were identified within regions by the microsatellite analyses. IBD
occurs when the divergence between populations increases linearly with increasing
spatial distance between populations (Allendorf & Luikart, 2007). Patterns of IBD are
commonly found in reptiles (e.g. Capula, 1996, King & Lawson, 2001, Dever et al.,
2002) including those inhabiting landscapes modified by agricultural practices (e.g.
Stow et al., 2001, Berry et al., 2005, Hoehn et al., 2007, Row et al., 2010). This pattern
suggests that in C. ornatus gene flow is present between outcrops, but becomes
restricted as the distance between outcrops increases. In other words, outcrops within
regions were not isolated from one another by complete barriers to gene flow.
The AMOVA for both mitochondrial and nuclear DNA showed there was significant
genetic differentiation between regions and among outcrops within each region. These
results are supported by the clustering analysis, which suggest there has been no
recent gene flow between regions within the southern clade. On a finer scale, the
three clustering analyses revealed largely similar patterns with neighbouring outcrops
clustered together, for the GENELAND and non‐ hierarchical STRUCTURE approaches, or
forming higher levels of structure within the hierarchical STRUCTURE analysis, and
distant outcrops forming separate genetic groups. Thus, the genetic clustering patterns
within C. ornatus support the isolation by distance analyses with distance between
outcrops being important in determining levels of gene flow.
The distance at which gene flow in C. ornatus becomes limited, is difficult to determine
as there are several conflicting pieces of evidence to consider. The GENELAND and non‐
hierarchical STRUCTURE analyses generally indicate that outcrops more than 4 km apart
are independent genetic groups. This is largely consistent with the findings of Levy et
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al. (2010b) where outcrops separated by more than 2 km were classed as single
genetic groups. It is interesting to note that in the few cases where outcrops more
than 4 km apart were assigned to the same genetic group, they were mostly separated
by native vegetation, which we have shown to be more conducive to gene flow than
cleared landscapes (2010b). When a hierarchical clustering analysis was performed,
almost every outcrop was assigned to an independent genetic group. Such a result is
not unexpected given that C. ornatus is restricted to granite outcrops, and therefore
likely to show degree of genetic independence among populations from different
outcrops.
Within outcrops, gene diversity was similar to that observed in other reptiles (e.g.
Gullberg et al., 1998, Berry et al., 2005, Gardner et al., 2007, Hoehn et al., 2007, Clark
et al., 2008, Row et al., 2010). Genetic variation is maintained by large population sizes
and/or gene flow among populations, but these also reduce genetic divergence
between populations (Allendorf & Luikart, 2007). Given that genetic divergences and
genetic structure were also high among outcrops, this suggests that gene flow over
short distances is sufficient to maintain gene diversity in C. ornatus. However, over
larger distances gene flow becomes restricted causing outcrops to become divergent.
Conclusions
The phylogeography and population genetic structure of C. ornatus provide an insight
into the patterns and potential processes that have driven the evolution of biodiversity
in the south‐west of Western Australia. The timing of divergence between
evolutionary lineages is in line with those in other Western Australian vertebrates
(Edwards et al., 2008, Melville et al., 2008) and suggests that the onset of aridity
during the late Miocene and early Pliocene may have caused the isolation of the
northern portion of the species distribution from the larger southern portion. At a finer
spatial scale, patterns of population genetic structure suggest that gene flow within
geographical regions is restricted by distance, though there were indications that gene
flow may be restricted by land‐clearing as well. Thus, both historical and contemporary
processes appear to influence population structure in C. ornatus. Finally, the presence
of two distinct evolutionary lineages also highlights the need to consider intraspecific
variation in future research and when making conservation management decisions on
this species.
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CHAPTER 4
Land Clearing Reduces Gene Flow in the Granite Outcrop‐Dwelling Lizard,
Ctenophorus ornatus.

Preamble
This chapter provides an in depth analysis of the effect of land clearing on gene flow at
a fine scale, by comparing populations within a nature reserve and those in an
adjoining cleared landscape. This chapter has been published in Molecular Ecology
(2010), 19, 4192‐4203 (see Appendix III).
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ABSTRACT
An important question for the conservation of species dwelling in fragmented habitats
is whether changes to the intervening landscape create a barrier to gene flow. Here,
the spatial distribution of the granite outcrop‐dwelling lizard, Ctenophorus ornatus, is
used to compare inferred levels of gene flow between outcrops in a nature reserve
with that between outcrops in the adjacent agricultural land. Genetic variation,
relatedness and subdivision were compared within groups of individuals from different
outcrops similar in size and distance apart at each site. In the agricultural land
significantly lower genetic variation was found within outcrops and greater genetic
differentiation between outcrops than in the reserve. Further, the rate at which
genetic divergence between outcrops increased over geographical distance was
significantly greater in the agricultural land than in the reserve. Further, individuals
were more closely related within outcrops, but more distantly related between
outcrops in the cleared land. These effects occur over a small spatial scale with an
average distance between outcrops of less than five kilometers. Thus, even though
land clearing around the outcrops leaves outcrop size unchanged, it restricts gene
flow, reducing genetic variation and increasing population structure, with potentially
negative consequences for the long‐term persistence of the lizards on these outcrops.

INTRODUCTION
Land clearing is a common feature of most agricultural and urban environments and is
largely responsible for the fragmentation of continuous habitats (Bender et al., 1998).
While small habitat patches are frequently retained, they can be disconnected by vast
tracts of cleared and agricultural landscapes (Saunders et al., 1991, Bender et al.,
1998). In these altered environments the replacement vegetation may not provide
adequate resources or protection from predation (Stow et al., 2001, Berry et al., 2005,
Hoehn et al., 2007). This may pose a significant obstruction to dispersal and
subsequent interbreeding (gene flow) between remnant populations (Bender et al.,
1998). Gene flow is important for maintaining genetic variation within populations and
reducing the level of genetic differentiation among populations (Madsen et al., 1999,
Hinten et al., 2003, Bollmer et al., 2005, Ditto & Frey, 2007, Howeth et al., 2008).
However, land clearing also causes extensive habitat loss, with remnant habitat
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patches only able to support a limited number of individuals (Bender et al., 1998). As
small populations are more susceptible to the effects of genetic drift and inbreeding,
habitat loss can also be responsible for significant reductions to genetic variation
(Keyghobadi, 2007).
Habitat fragmentation and loss tend to be inseparable processes, and identifying the
impact of each on population genetic variation is difficult. Indeed, most studies use
genetic variation as an indicator of levels of gene flow (e.g. Driscoll & Hardy, 2005,
Hoehn et al., 2007, Taylor et al., 2007), but with the concurrent impact of habitat loss,
the extent of disruption to gene flow can be overestimated. Alternatively, the effect of
land clearing on gene flow may be underestimated. Driscoll & Hardy (2005) found
similar levels of genetic variation within populations of the lizard Amphibolurus nobbi
in cleared areas and nature reserves. They also identified a pattern of isolation by
distance in the reserves, suggestive of limited dispersal, but not in the cleared land.
While this would seem to indicate dispersal is enhanced in agricultural areas, it may
also have resulted from individuals re‐locating to other populations following habitat
loss, thereby increasing overall genetic variation. Hence, teasing apart the effects of
habitat fragmentation and loss on genetic variation is necessary to identify the true
impacts of isolation, through intervening habitat alteration, on dispersal and gene
flow. Here, I examine levels of genetic variation and population structure of the ornate
dragon lizard, Ctenophorus ornatus; an ideal species for addressing the issues outlined
above because they persist in discrete, replicate groups separated by both remnant
vegetation and cleared landscapes.
The ornate dragon is a small (20g) agamid lizard endemic to the south‐west of Western
Australia, an area that has undergone extensive clearing for agricultural purposes over
the past 150 years (Saunders, 1989). This region is made up of approximately 140
000km2 of exotic grasses and cereal crops with only small isolated pockets of native
woodlands, scrub, heath and thicket persisting throughout the region (Saunders,
1989). The ornate dragon is found in both these environments (remnant fragments
and cleared agricultural land) and exclusively inhabits granite outcrops (Storr et al.,
1983) that are unsuitable for agriculture and therefore have been spared direct
clearing and reductions in size (Yates et al., 2007). These habitat islands in a ‘sea’ of
either agricultural land or native bush provide an ideal opportunity to focus on the
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effect of land clearing on gene flow between populations with habitats that are
unchanged in size and therefore have experienced minimal, if any, habitat loss. By
their nature, the granite outcrops also enable the examination of numerous discrete
groups of individuals, similar in size and distribution in both environments. In this
study I compare the population genetic variation and structure and inferred dispersal
success of C. ornatus from a set of outcrops in a nature reserve and a set of outcrops in
the adjacent cleared land. If land clearing reduces gene flow between outcrops it is
expected that outcrops in the cleared land will have reduced genetic variation and
more pronounced genetic structure than outcrops in the reserve.

METHODS
Study species
The ornate dragon, a diurnal, polygynous agamid lizard with an average life span of
three years (Bradshaw, 1965), is highly adapted to life in the stark and often harsh
environment of the granite outcrop (Bradshaw, 1965, Withers, 2000). These lizards are
extremely flat with severely depressed skulls, pectoral and pelvic girdles (Bradshaw,
1965, Wilson & Knowles, 1988). This enables them to make use of thin cavities under
exfoliating slabs of granite as shelter from temperature extremes and predation
(Bradshaw, 1965). As exfoliating granite is generally absent from the surrounding
bush, the home range of these lizards is believed to be restricted to the granite
outcrop. They are almost entirely insectivorous (Bradshaw, 1971) with a diet largely
consisting of flying insects (Bradshaw, 1971, LeBas & Marshall, 2000).
Ctenophorus ornatus is sexually dimorphic and dichromatic for a range of traits, most
noticeably the black chest patch that becomes apparent in males at the onset of the
breeding season (LeBas & Marshall, 2000, 2001). The breeding season extends from
October through to April with males exhibiting courting behaviour similar to other
Ctenophorus species (Bradshaw, 1965, Carpenter et al., 1970). Both sexes are
territorial, establishing new territories every year after emergence from winter
hibernation. For the duration of the breeding season, males defend large territories
that often encompass several female territories (Bradshaw, 1971, LeBas & Marshall,
2001), yet females do not exclusively mate with the male in whose territory they
reside (LeBas, 2001). The ornate dragon is oviparous, laying an average of two to three
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eggs in egg chambers dug by females in the bush at the edge of the outcrop
(Bradshaw, 1971, Wilson & Knowles, 1988). Hatchlings and juveniles seem to be
confined to particular areas on the outcrop, close to egg laying areas, where they are
exempt from aggressive territorial male behaviour (Bradshaw, 1971).
Dispersal occurs after the breeding season with large numbers of juveniles migrating to
surrounding patches of granite. During this time, movements of up to 500m per day
are common (Bradshaw, 1971). Some of these juveniles return to the outcrop in the
following breeding season as sexually mature adults and compete with resident adults
for territories (Bradshaw, 1971). Evidence from mark recapture studies over a period
of five years suggests that migration between nearby outcrops does occur (LeBas
unpublished data), presumably at the juvenile stage with an intermediate stay on
smaller granite patches.
Study site
This study took place at Tutanning nature reserve (32.541°S, 117.325°E) and an area in
the adjacent agricultural land (32.626°S, 117.486°E), located approximately 180km
south east of Perth, Western Australia (Figure 4.1). Lizards from 13 outcrops were
sampled; seven outcrops from within Tutanning reserve and six from outcrops in the
adjacent agricultural land (Figure 4.1). In the cleared agricultural land, only outcrops
that were fenced off from the surrounding paddocks or showed minimal degradation
were sampled. To control for the potential effects of outcrop size and distance
between outcrops on genetic structure, only outcrops as similar as possible with
respect to size and distance apart were selected for sampling (average outcrop size:
reserve = 26 034m2 ± 9264 m2, cleared = 37 032m2 ± 5592m2, average distance apart:
reserve = 3.68km ± 0.48km, cleared = 3.09km ± 0.27km). Another factor that may
affect population genetic structure at each site is the presence of outcrops between
those that were sampled. Even if these outcrops are too small to support a stable
population of C. ornatus, they may provide temporary refuges during dispersal events.
In this way, gene flow can be facilitated between distant populations if small granite
patches are present between them. To account for this, aerial photographs of both
sites were examined and all granite patches between sampled outcrops identified. The
pairwise distances between all patches and outcrops and the total area encompassed
by the outcrops at each site were measured. The number of granite patches was
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slightly greater in the cleared land (reserve = 2.31 granite patches/km2 and cleared =
2.57 granite patches/km2) and the average pairwise distance between all granite was
greater in the reserve site (reserve = 2.5km and cleared = 1.8km).

Figure 4.1: Location of reserve and cleared land sites in Western Australia and
outcrops sampled within these sites. Tutanning Reserve is shaded in grey, all other
areas are agricultural land. Main roads are represented by solid bold lines and minor
roads by solid lines. Grey dashed lines are the locations of seasonal creeks.

Sampling
Lizards were captured by hand at first‐light when they were still relatively inactive by
lifting exfoliated granite slabs. If less than 15 lizards on a single outcrop were captured
by this method, the outcrop was re‐sampled during the afternoon until at least 20
lizards had been caught. At this time lizards are very active, so nets were used to catch
the additional lizards.
Each lizard was toe‐clipped to provide a tissue sample for genetic analysis and then
returned to their outcrop. Toe‐clips were stored in 100% ethanol prior to DNA
extraction. In lizards, toe and tail clipping is commonly used for identification and DNA
analysis (Olsson, 1994, LeBas, 2001, Berry et al., 2005) and C. ornatus are known to
lose toes as a result of predation and rock‐associated injuries (LeBas pers. obs.). As
juveniles are likely to aggregate in groups of closely related individuals (Bradshaw,
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1965), potentially creating a sampling bias, only adult lizards were retained for use in
the proceeding analyses. The minimum number of adult samples from any outcrop
was 12. Final sample sizes for each outcrop can be found in Table 4.1.
Genetic analysis
DNA was extracted for PCR using the standard salting out method described in
Sunnucks & Hales (1996) with the exception of the incubation stage which was carried
out overnight at 56°C. PCR reactions of 13µl contained: 10ng DNA, 11µl of Platinum
PCR supermix (Invitrogen: 22U/ml complexed recombinant Taq DNA polymerase with
Paltinum Taq Antibody, 22mM Tris‐ HCl (pH 8.4), 55mM KCl, 1.65mM MgCl2, 220μM
dGTP, 220μM dATP, 220μM dTTP, 220μM dCTP) and 3.3μmol fluorescent‐tagged
forward primer. PCR amplifications were carried out in an Eppendorf Mastercycler and
consisted of an initial denaturation at 94°C for 2mins followed by 30 cycles of 45s at
94°C; 45s at annealing temperature (56°C or 57°C ) and 45s at 72°C and finally 72°C for
5mins. Each individual was genotyped for 22 microsatellite loci using seven multiplex
reactions. Two loci (Co6A6 and Co9C11) are described in LeBas & Spencer (2000) and
the remainder in Chapter 2. An Applied Biosystems 3730 capillary sequencer and
Genemapper 3.7 software (Applied Biosystems, Foster City, California) were used to
score alleles.
Data Analysis
Genetic variation within outcrops
The program FreeNa (Chapuis & Estoup, 2007) was used to estimate null allele
frequencies for each locus and outcrop, based on the expectation maximization
algorithm (Dempster et al., 1977). This program creates a data set corrected for null
alleles and uses it to calculate global and pairwise FST values across all loci and for each
locus. As there was no difference (corrected FST = 0.097 95% CI 0.086 – 0.108,
uncorrected FST = 0.010 95% CI 0.0.088 – 0.113) between these corrected FST values
and the uncorrected values, the original data set was used for all remaining analyses.
The presence of linkage disequilibrium (LD) was tested for using FSTAT 2.93 software
package (Goudet, 2001). Seven pairs of loci (Co9C11xCoC120, CoB11xCoB108,
CoD111xCoA1, CoA107xCoC11, CoD115xCoB108, CoD115xCoD114 and CoB12xCoD10)
were found to be in LD across all outcrops (α = 0.01, Bonferroni corrected). However,
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when each outcrop was examined separately, only two pairs of loci remained in LD
(Co9C11xCoC120, was in LD in three cleared land outcrops (C2, C4 and C6) and
CoD115xCoD10 in one reserve outcrop (R1)). In response two loci (CoC120 and
CoD115) were conservatively removed from all further analyses.
Genetic variation within each outcrop was measured using allele frequency data, from
which the average allelic richness, inbreeding coefficient (FIS) and gene diversity (HE)
were calculated with FSTAT (Goudet, 2001). Observed heterozygosity (HO) was
calculated as the mean proportion of heterozygous loci for each outcrop. Departures
from Hardy Weinberg Equilibrium (HWE) within outcrops were tested using FSTAT
(Goudet, 2001) and sequential Bonferroni correction was applied to all critical
significance levels used (Rice, 1989). Tests for differences in genetic variation between
the reserve and cleared land outcrops were carried out using Kolmogorov‐Smirnov
tests.
Relatedness analyses
To compare patterns of genetic similarity within and across outcrops, Queller and
Goodnight’s asymmetric relatedness estimator (R) was calculated for each possible
individual pairwise comparison, at each site using the excel add‐in, GENALEX 6.2
(Peakall & Smouse, 2006). The means and standard deviations were determined for all
pairwise comparisons for each sex, both within and between outcrops for each site.
The 95% confidence intervals for these comparisons were calculated by bootstrapping
1000 times.
Population structure
The software program 2MOD 0.2 (Ciofi et al., 1999, Beaumont, 2000) was used to
examine the demographic history of the outcrops at each site. Here, a Markov Chain
Monte Carlo (MCMC) simulation approach is used in conjunction with Metropolis‐
Hastings sampling to explore whether a gene flow or pure drift model is most likely to
have generated the observed allele frequencies. 100 000 iterations of the MCMC
search were carried out and the first 10% of runs discarded to remove potential effects
of the initial starting parameters. The Bayes factor was calculated as the ratio of the
likelihood probabilities of both models. For each outcrop, M (the number of migrants
per generation) was calculated according to the formula M = (1–F)/4F for the gene
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flow model and for the drift model, M = –log(1–F) where F is the probability that two
genes share a common ancestor within a population (Ciofi et al., 1999). The average M
was determined across all outcrops at each site.
To estimate genetic divergence between outcrops, pairwise θ‐values, an unbiased
estimate of FST (Weir & Cockerham, 1984), were calculated over all loci with FSTAT
(Goudet, 2001). The spatial genetic structure of outcrops at each site was assessed by
analysing the correlation between genetic divergence and geographic distance. An
FST/(1 – FST) matrix was compared with a geographical distance matrix (log km)
(Rousset, 1997), using a Mantel test (10 000 permutations) calculated with the
software package IBDWS (Jensen et al., 2005). Confidence levels for the mean pairwise
FST, the slope and the coefficient of determination (R2) of the linear regression
between genetic and geographical distance were determined by bootstrapping over
loci 1000 times.
Another way to assess spatial genetic structure is to test for spatial autocorrelation
(SA). SA examines the correlation between individual genotypes at each location to
those at neighbouring localities and then evaluates the correlation as a function of
distance (Manel et al., 2003). The software package SPAGeDI 1.3 (Hardy & Vekemans,
2002) was used to calculate Moran’s I for all pairwise comparisons of individuals within
a given distance class. The same distance classes (a total of 8 classes at intervals of
1km) were used in both analyses to enable direct comparisons between the two sites.
Permutation tests (1000 permutations) and jackknifing across loci were conducted to
establish confidence intervals and standard error margins for each distance class.
Population structure was also analysed with two Bayesian assignment approaches
implemented using the software programs, STRUCTURE 2.3.1 (Pritchard et al., 2000) and
GENELAND 3.1.5 (Guillot et al., 2005). Both these programs group individuals into the

most likely number of clusters (K) that maximises the within cluster Hardy‐Weinberg
and linkage equilibria. GENELAND differs from STRUCTURE in that geographical
information can be incorporated to produce more accurate inferences of population
structure based on the spatial distribution of individuals.
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The STRUCTURE and GENELAND analyses involved two steps. Firstly, all outcrops from
both the reserve and cleared land sites were analysed together. Secondly, outcrops
from each site were analysed separately. Analyses involving STRUCTURE were based on
a model that assumed admixture of ancestry and independent allele frequencies. The
assumption of the independent allele frequencies in the model reduces the risk of
overestimating K when allele frequencies are likely to vary significantly between
samples (Pritchard et al., 2009). Twenty independent runs were performed for each
value of K (1– 17 for the combined outcrops and 1 – 10 when reserve and cleared land
outcrops were analysed separately) with a burnin of 10 000 followed by 100 000
MCMC iterations. The most likely number of clusters (K), for each analysis was
determined using the method described by Evanno et al. (2005).
For the GENELAND analysis, the coordinates (latitude and longitude) of each outcrop
were used to run the spatial model. The uncertainty of coordinates was set at 0.53km
as this is the maximum diameter of sampled outcrops. Thus, any individual could have
been collected within 0.53km of the given coordinates. The uncorrelated and null
allele models were adopted for twenty independent runs of K = 1 to 17 for the
combined outcrops and K = 1 to 10 when reserve and cleared land outcrops were
analysed separately. Each run consisted of 100 000 MCMC iterations with a thinning of
100 and a burnin of 1000. The most likely number of clusters was chosen as the modal
K (from each independent run) with the highest posterior probability.
Historic gene flow
Simulations were carried out to determine whether the disruption of gene flow would
affect genetic variation and population structure over the time spans relating to this
study. Following the method outlined in Lada et al. (2008), data sets were created
using EASYPOP 2.0.1 software (Balloux, 2001) and the outputs run through FSTAT and
STRUCTURE. The simulations were based on models where there was constant gene

flow among outcrops for 1000 generations after which gene flow either continued,
stopped or was reduced to one migrant per generation. The initial level of gene flow in
all models was the average number of migrants per generation in the reserve site
estimated from the actual data using the 2MOD software program.
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After the first 1000 generations, simulated genotypes were sampled at 30 generation
intervals for a total of 90 generations. Ninety generations reflects the time since large
scale land clearing around the study area is reported to have begun (Jarvis, 1986).
Population sizes for the simulated data were set to 60 (30 males and 30 females) for all
outcrops because this was the average effective population size estimated by the
program LDNE (Waples & Do, 2008). The simulations were based on 20 loci with 20
alleles (the average number of alleles at each locus), free recombination and maximum
initial variability. Microsatellites typically have mutation rates around 0.001 (Ellegren,
2000, Goudet et al., 2002) and are generally believed to follow the SSM model of
mutation (Valdes et al., 1993). However, it has been suggested that microsatellites
may be more likely to adhere to two‐phased model of mutation (Di Rienzo et al.,
1994). Therefore, simulations were run using both mutation models with a mutation
rate of 0.001 for each gene flow model. The spatial migration model used had six
populations with geographical coordinates the same as the actual cleared land
outcrops. Five simulated data sets were created for each model at each time interval
and a random subset of genotypes were selected for each population, directly
corresponding to the number of individuals sampled from that outcrop. Levels of
within population genetic variation were estimated with FSTAT and population
structure was examined with STRUCTURE using the same parameters employed for the
observed data, except that only five STRUCTURE runs were carried out for each value of
K.

RESULTS
Genetic variation within outcrops
Estimates of genetic variation within each outcrop are given in Table 4.1. In all cases,
the mean values of genetic diversity were higher in the reserve than in the cleared
land. Kolmogorov‐Smirnov tests revealed significant differences between the reserve
and cleared land outcrops in the allelic richness (Z = 1.797, P = 0.003), HE (Z = 1.797, P =
0.003) and HO (Z = 1.797, P = 0.003). All but four outcrops, three in the reserve and one
in the cleared land, were found to be in HWE after correction for multiple
comparisons. All outcrops that deviated from HWE showed a deficit of heterozygotes
(Table 4.1). These deviations may have been caused by high frequencies of null alleles
or the presence of fine‐scale population structure within these outcrops.
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Table 4.1: Sample sizes and estimates of genetic variation within reserve (R1‐R7) and
cleared land (C1‐C7) outcrops. Gene diversity (HE), observed heterozygosity (HO), allelic
richness (AR) and inbreeding coefficient (FIS) are means calculated across all loci, given
with their standard error. Outcrop names used in Chapters 3, 5 and 6 are also given.
Significant deviations from Hardy‐Weinberg Equilibrium are indicated by a *.
Outcrop

Sample size

AR

HE

HO

FIS

R1 (N)

41

7.8

0.845

0.800

0.056*

R2 (S)

13

6.9

0.832

0.803

0.034

R3 (R)

14

6.8

0.825

0.788

0.049

R4 (P)

12

7.6

0.847

0.747

0.117*

R5 (Eagle)

29

6.6

0.802

0.775

0.036

R6 (Goanna)

19

7.1

0.839

0.791

0.064*

R7 (Tammar)

20

6.8

0.809

0.792

0.021

21.1±4.0

7.1±0.2

0.828±0.007

0.785±0.007

0.054±0.012

C1 (RNR)

16

5.1

0.699

0.695

0.009

C2 (Simpson)

24

5.1

0.754

0.743

0.022

C3 (WM)

15

4.3

0.639

0.627

0.020

C4 (LS)

19

5.6

0.762

0.711

0.075*

C5 (2Roo)

12

5.6

0.741

0.698

0.067

C6 (Walton)

19

5.0

0.737

0.719

0.025

17.5±1.7

5.1±0.2

0.722±0.019

0.699±0.016

0.036±0.011

Reserve outcrops

mean
Cleared land
outcrops

mean

Relatedness analyses
In both the cleared land and reserve, individuals were more related within outcrops
than they were between outcrops (95% confidence intervals of pairwise R did not
overlap, Figure 4.2). In addition, cleared land individuals were significantly more
related within outcrops and less related between outcrops than those in the reserve
(Figure 4.2). Males were significantly less related to each other than females within
outcrops in the cleared land, but there was no significant difference in relatedness
between the sexes in the reserve (Figure 4.2). Relatedness between outcrops did not
differ between the sexes in both the cleared land and reserve (Figure 4.2).
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Population structure
The 2MOD analysis revealed that allele frequencies were most likely to have been
generated by a migration‐drift model in the reserve (gene flow model: P = 0.942, Bayes
Factor = 16.0) and by a mutation‐drift model in the cleared land (drift model: P =
0.999, Bayes Factor = 18000). A Bayes factor greater than 3 is considered substantial
support for a model (Kass & Raftery, 1995). Further, the average number of migrants
was considerably higher in the reserve outcrops (M = 7.090) then in the cleared land
(M = 0.062).
Significant subdivision among outcrops was evident in both the reserve (FST = 0.034, P
= 0.001) and cleared land (FST = 0.150, P = 0.001). There was also evidence of an
isolation‐by‐distance (IBD) relationship between genetic divergence and geographical
distance at both sites (Mantel tests, P = 0.012 and P = 0.005 for the reserve and
cleared land respectively). These relationships are shown in Figure 4.3. While there
was no significant difference in the variance explained by each relationship (R2: reserve
= 0.343, 95%CI = 0.173 – 0.462; cleared = 0.303, 95%CI = 0.063 – 0.482), non‐
overlapping confidence intervals revealed there were significant differences in the rate
at which genetic divergence increased over distance and the average level of
divergence between outcrops, with cleared land outcrops having a steeper slope
(reserve = 0.030, 95%CI = 0.023 – 0.038; cleared = 0.167, 95%CI = 0.085 – 0.256) and
higher average pairwise FST values (reserve = 0.033, 95%CI = 0.031 – 0.036; cleared =
0.145, 95%CI = 0.136 – 0.154) than outcrops in the reserve.
The SA analysis revealed patterns of IBD similar to the Mantel test (Table 4.2). Over
short distances, there was greater structure between cleared land outcrops than
reserve outcrops. Reserve outcrops less than three km apart had significant population
structure, while cleared land outcrops lost population structure over distances
between two and four km. At greater distances (4‐8 km), both sets of outcrops have
significantly negative structure (Table 4.2). For each distance class, Moran’s I is
significantly different between the two sites except at the intermediate distance
classes (2‐4 km) (Table 4.2).
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Figure 4.2: Mean pairwise relatedness
and 95% confidence intervals (as
determined by bootstrapping) between
individuals within outcrops (open
squares) and between outcrops (closed
squares).

Figure 4.3: Relationships between
genetic divergence and geographical
distance for reserve (closed circles) and
cleared (open circles) outcrops (a log of
0.1 =100m and log of 1 = 10 km).

Table 4.2: Moran’s I for spatial autocorrelation. Significant spatial structure is denoted
by a *. Two standard errors calculated by jacknifing are also given and distance classes
where there is no overlap between sites are shaded.
Distance Class (km)
0
0.1 ‐ 1
1.1 ‐ 2
2.1 ‐ 3
3.1 ‐ 4
4.1 ‐ 5
5.1 ‐ 6
6.1 ‐ 7
7.1 ‐ 8

Reserve
0.048 ± 0.006*
0.016 ± 0.007 *
0.007 ± 0.006 *
‐0.020 ± 0.008 *
‐0.007 ± 0.013 *
‐0.014 ± 0.011 *
‐0.025 ± 0.009 *
‐0.019 ± 0.005 *
‐0.006 ± 0.018

Cleared land
0.218 ± 0.028*
‐
0.006 ± 0.022
‐0.015 ± 0.013
‐0.059 ± 0.018*
‐0.088 ± 0.027*
‐
‐
‐

Analyses of population structure using STRUCTURE revealed K = 9 when all outcrops
were considered simultaneously. An analysis of the same data set using GENELAND
gave a clear mode at K = 9 (range K = 7 – 9). The reserve outcrops were grouped into
three clusters and each outcrop in the cleared land formed an independent cluster.
This clustering pattern was repeated when the reserve and cleared land outcrops were
analysed separately. The STRUCTURE analysis yielded K = 3 in the reserve and K = 6 in
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the cleared land. Similarly, the GENELAND analysis revealed the most likely number of
clusters to be three (range K = 2 – 5) in the reserve and six (range K= 4 – 6) in the
cleared land. The lower number of clusters compared with outcrops in the reserve was
due to the grouping of outcrops less than 2km apart into single clusters, namely R1‐R4
formed a single cluster, R5 and R6 another cluster and R7 the final cluster. The level of
admixture among outcrops was examined using STRUCTURE by setting K as the number
of outcrops (seven for the reserve and six for the cleared land). There was minimal
evidence of admixture between the reserve and cleared land outcrops (Figure 4.4a),
nor within the cleared land. Two exceptions were a single individual in C5 that clusters
with C1 and an individual in C3 that clusters with C5 (Figure 4.4c). However, individuals
with mixed ancestry, which are indicative of admixture between outcrops, were clearly
evident in the reserve (Figure 4.4b).
Historic gene flow
The simulations show that reduced gene flow leads to significant declines in genetic
variation within outcrops over time spans relevant to this study. When gene flow was
maintained at seven migrants per generation, mean allelic richness and genetic
diversity (HE) were relatively constant (Figure 4.5). However, when of gene flow was
reduced to one migrant per generation, both mean HE and allelic richness decreased
after 30 generations, though they returned to previous levels by generation 60. When
gene flow was reduced to zero, there was a marked decline in genetic variation after
30 generations and 60 generations after which mean HE and allelic richness remained
constant (Figure 4.5).
The simulations also showed that reductions in gene flow have drastic effects on
population structure after relatively few generations. STRUCTURE analyses of the
simulated data sets revealed that when gene flow was stopped, K rapidly increased
from an average K = 1.2 (range K = 1 – 2) to 4.4 (range K = 4 – 6) in just 30 generations.
From then onwards average K increased by one every 30 generations (Figure 5). A
similar rapid increase in K was evident when gene flow was reduced to one migrant
per generation. The average K increased from 1.2 (range K = 1 – 2) to 3.6 (range K = 1 –
5) in 30 generations. Thereafter average K did not change significantly (Figure 4.5). In
all cases K was much greater in models where gene flow had been reduced or stopped
than when it remained unchanged (Figure 4.5). Note that both mutation models
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produced similar results for both genetic variation within populations and population
structure so only the results for the SSM model of mutation are reported.

Figure 4.4: Bayesian population assignment from the software program STRUCTURE
when K was set to the number of sampled outcrops. Each column represents a single
individual and the proportion of each individual genotype that assigns to a particular
cluster is shown by a different colour. Individuals are ordered according to their
outcrop of origin, shown along the x‐ axis. 4a) Combined C. ornatus samples from the
reserve and cleared land. 4b) C. ornatus samples from the reserve. 4c) C. ornatus
samples from the cleared land.
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Figure 4.5: Mean allelic richness (a), gene diversity (b) and K from STRUCTURE (c), with
standard errors, on simulated data generated using various gene flow scenarios.
Closed squares denote uninterrupted gene flow, grey squares indicate when gene flow
is reduced to one migrant per generation, and open squares show when gene flow is
stopped. In all models there were 1000 generations of continuous gene flow at 7
migrants per generation prior to the altered gene flow regimes. Details of other
parameters used in the simulations are given in the Methods.

DISCUSSION
A major consequence of land clearing is believed to be a reduction in gene flow
between remnant populations (Keyghobadi, 2007). Gene flow acts to overcome the
effects of random genetic drift, namely reduced genetic variation and enhanced
population divergence (Lacy, 1987, Templeton et al., 1990, Allendorf & Luikart, 2007).
Therefore, if land clearing has obstructed gene flow in C. ornatus, genetic variation
within outcrops is expected to be lower and population structure more pronounced in
the cleared land compared with the reserve. The effects of genetic drift can also be
enhanced by diminished population size (Allendorf & Luikart, 2007), resulting in an
overestimation of the impacts of reduced gene flow on genetic variation. However,
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because C. ornatus has experienced minimal habitat loss as a result of land clearing,
any differences in genetic variation and population structure between the cleared land
and reserve are likely to be due to reduced gene flow between outcrops.
Consistent with my predictions, significantly lower levels of genetic variation were
identified within cleared land outcrops compared with those in the reserve. Such a loss
of genetic variation suggests that gene flow between the cleared land outcrops has not
been sufficient to counter the effects of genetic drift. This was supported by the
Bayesian likelihood analyses that show that genetic drift is the most influential
evolutionary process in the cleared land and that gene flow predominates in the
reserve.
In the cleared land, the lizards inhabiting each outcrop were more closely related to
each other and less related to individuals from other outcrops than in the reserve.
These results provide further evidence that dispersal between cleared land outcrops is
less frequent than in the reserve. Interestingly, females were more closely related than
males in the cleared land, but the same pattern was not found in the reserve. Such a
disparity in intra‐sex relatedness could be caused by sex biased dispersal in the cleared
land but not the reserve, with males more likely to embark on dispersal attempts in
the cleared land. Altered dispersal patterns of one sex in fragmented landscapes have
rarely been documented (but see Stow et al., 2001, Berry et al., 2005, Sumner, 2005).
In line with my findings in C. ornatus, the rock dwelling skink Egernia cunninghami was
shown to experience male biased dispersal following habitat fragmentation (Stow et
al., 2001). The authors suggest this may be due to inbreeding avoidance within highly
related fragmented populations.
The mantel and spatial autocorrelation tests revealed patterns of isolation‐by‐distance
(IBD) in both the reserve and cleared land. IBD occurs when gene flow is restricted by
distance, suggesting that some level of gene flow is apparent at both sites. The rate of
increase in genetic divergence over distance and average genetic divergence were
both greater in the cleared land implying that gene flow has been reduced among
these outcrops. This was supported by the Bayesian clustering analyses that indicate
the level of gene flow in the cleared land was lower with only rare dispersal events
taking place between outcrops.
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In the reserve, outcrops less than 2 km apart were grouped into single clusters by the
Bayesian clustering analyses, whereas those in the cleared land formed discrete
clusters. Further, there was a distinct lack of admixture among clusters in the cleared
land, suggesting that gene flow is nearly absent between outcrops at this site.
However, two individuals sampled from the cleared land had genotypes assigned to
clusters different to those assigned to the outcrops from which they were taken,
suggesting that migration between outcrops still occurs. Evidence of individuals
assigned to clusters other than those they were sampled from was not apparent in the
reserve, where the inferred ancestry of most individuals was a mixture of clusters. This
implies a high level of admixture between outcrops in the reserve and a history of
relatively uninterrupted, consistent gene flow, making the detection of recently
dispersing individuals more difficult than in the cleared land. Together, these results
suggest that while dispersal is still possible through the cleared landscapes, it is likely
to occur infrequently.
Previous studies on lizards have identified similar patterns of reduced population
genetic variation as well as enhanced IBD and population structure in fragmented
habitats (Stow et al., 2001, Berry et al., 2005). Yet, studies on other species present
inconsistent results. An increase in genetic variation may be attributable to recent
fragmentation events and the redistribution of individuals among remaining habitat
fragments (Driscoll & Hardy, 2005, Sumner, 2005). Alternatively, species‐specific
habitat requirements and or dispersal abilities can play an important role in enabling
or restricting gene flow in altered environments (Ricketts, 2001). This is exemplified in
a study of two co‐existing arboreal geckos, Oedura reticulata, and Gehyra variegata by
Hoehn (2007). Here, fragmented populations of O. reticulata were found to have much
greater genetic structure and diversity between populations than G. variegata but in
continuous populations, both species exhibited similar levels of structure and diversity.
The authors attribute this to differences in dispersal abilities and habitat requirements.
Reduced gene flow in the cleared site may be due to less successful dispersal attempts
or a lower rate of dispersal through the cleared land. Ornate dragons are highly
adapted to an existence on granite outcrops, making use of exfoliated slabs of granite
as shelter to escape predation and the heat of the day (Bradshaw, 1965). While neither
natural bush nor cleared land provide the same resources, shelter might be found in
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fallen logs, leaf litter and other debris in natural bush, but not in sparse agricultural
landscapes. Cleared agricultural land in Western Australia is usually cropped on a cyclic
basis with several years of sheep grazing in between years with arable crops. Crops
and grass grow over the winter and spring when lizards are least active and by summer
the land is characterized by expanses of stubble or very short‐grazed dry grass. The
lack of shelter may therefore have contributed to reduced dispersal and gene flow in C.
ornatus between the cleared land outcrops.
The simulations revealed that the disruption of gene flow could significantly affect
genetic variation and population structure over the time spans relating to this study.
However, while some genetic variation was initially lost and outcrops became more
isolated as gene flow between outcrops was reduced to one migrant per generation, it
was only when gene flow was completely stopped that genetic variation declined and
population structure resembled that seen in the observed data. Therefore, it would
seem that in the cleared land, gene flow has been negligible since fragmentation.
While rare migration events may still take place, it is unlikely they would occur as
frequently as one migrant per generation and hence, may have been insufficient to
counter the effects of genetic drift. This suggestion is supported by the Bayesian
likelihood analyses that find genetic drift the most likely process to have generated the
observed allele frequencies in the cleared land outcrops.
In the agamid lizard C. ornatus, it appears that land clearing has caused a decline in
genetic variation within outcrops and increased between population divergence by
reducing gene flow. While the period of isolation may not have been long enough to
have had devastating effects on persistence, a continued lack of connectivity between
outcrops may eventually cause widespread extinctions with perhaps only the largest
and healthiest populations surviving. Indeed, there appear to have been local
extinctions around the town of York (W. Gibb & LeBas pers. obs.), one of the earliest
cleared regions in Western Australia. To prevent such extinctions, it might be
necessary to re‐establish gene flow between outcrops in cleared land. More generally,
these results are concerning, because they suggest that in other species with similar
biology, seemingly healthy populations may be at risk and that the problem of habitat
fragmentation and loss may be more extensive than previously thought.
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CHAPTER 5
Contrasting Effects of Landscape Features on Genetic Structure at Varying
Spatial Scales in the Ornate Dragon Lizard, Ctenophorus ornatus.

Preamble
This chapter provides a broad‐scale examination of the effect of land clearing on
genetic structure and compares these patterns to the fine scale patterns revealed in
chapter 4. This chapter has been submitted to Molecular Ecology and a resubmission
has been requested.
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ABSTRACT
Habitat fragmentation can have profound effects on the distribution of genetic
variation within and between populations. Chapter 4 showed that in the ornate dragon
lizard, Ctenophorus ornatus, lizards residing on outcrops that are separated by cleared
agricultural land are significantly more isolated and hold less genetic variation than
lizards residing on neighbouring outcrops connected by undisturbed native vegetation.
Here, I extend that fine‐scale study to examine the broad‐scale pattern of genetic
variation and structure across the species’ range. Using a landscape genetics approach,
I test whether land clearing for agricultural purposes has affected the population
genetic structure of the ornate dragon lizard. In contrast to the fine‐scale study, there
was no evidence of an effect of land clearing, or any other landscape feature on
genetic divergences between populations. Nevertheless, land clearing significantly
affected genetic variation within outcrops, with lower levels of diversity found in the
region that had been exposed to intense agriculture for the longest period of time.
These results show that the effects of landscape features can vary across different
spatial scales and suggest there may be a temporal‐lag in the response to
contemporary changes in land use. These findings therefore highlight the need for
caution when assessing the impact of contemporary land use practices on genetic
variation and population structure.

INTRODUCTION
The dispersal of individuals among populations and their subsequent interbreeding
(gene flow) is important for maintaining genetic variation within populations and
reducing genetic differentiation among populations (e.g. Madsen et al., 1999, Hinten
et al., 2003, Bollmer et al., 2005, Ditto & Frey, 2007, Howeth et al., 2008). Widespread
land clearing and anthropogenic modification of landscapes often reduces dispersal
between populations, and, as a result, many species now exist in fragmented
populations surrounded by inhospitable environments (Stow et al., 2001, Berry et al.,
2005, Hoehn et al., 2007).
The effects of particular landscape features on patterns of gene flow may vary at
different spatial scales (Soule et al., 2004, Storfer et al., 2007). For example, Lee‐Yaw et
al. (2009) found that landscape features important in determining genetic structure at
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a fine‐scale in the wood frog (Rana sylvatica) did not influence genetic structure at a
regional scale. Similarly, Castric et al. (2001) found that landscape features that
affected fine‐scale population structure in the brook charr (Salvelinus fontinalis) had
only minor impacts on broad‐scale patterns of genetic structure. Such differences may
result from landscape influences on gene flow at broad‐scales masking fine‐scale
effects (Lee‐Yaw et al., 2009). For example, broad‐scale processes such as temperature
and rainfall patterns are more likely to influence broad‐scale genetic structure,
whereas local factors such as roads and dominant vegetation are more influential on
fine‐scale genetic structure (Murphy et al., 2010). Alternatively, because population
structure at different spatial scales also represents differences in temporal scales
(Murphy et al., 2010), the translation of changes in gene flow and genetic drift into
patterns of genetic structure may take longer to become apparent at broad scales
(Varvio et al., 1986).This would be of particular importance when examining the effect
of habitat fragmentation on patterns of genetic structure. If contemporary landscape
changes are not yet evident at broader scales then cognisance of the scale at which
these studies are conducted is of great importance. Even so, few genetic studies
compare contemporary landscape modifications over different spatial scales (Storfer
et al., 2010).
Comparing gene flow between populations through different landscapes is most
accurate if populations of similar size and distribution are examined in both
landscapes. However, at broad scales this situation is rare with populations often
separated by numerous landscape types. Recently, landscape genetics methods have
been developed that provide an opportunity to examine the effect of numerous
landscape features on population structure over any spatial scale. Most landscape
genetics studies employ resistance surfaces (e.g. Alda et al., 2011, Klug et al., 2011),
where each landscape feature is assigned a value which reflects the degree to which it
impedes or promotes gene flow (Adriaensen et al., 2003, Braunisch et al., 2010, Spear
et al., 2010). These surfaces can then be used to estimate pathways that are the most
conducive to gene flow (Adriaensen et al., 2003, Braunisch et al., 2010). This method
requires some prior knowledge of the species’ dispersal behaviours and the effect of
different landscapes on gene flow (Braunisch et al., 2010, Spear et al., 2010). However,
such empirical data are often not available and instead expert opinion is often used
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(Murray et al., 2009, Spear et al., 2010). This can create biased results if the relative
values assigned to each landscape are even marginally incorrect (e.g. Adriaensen et al.,
2003, Rayfield et al., 2010). This method also assumes that animals are able to find the
one correct path that incurs the least cost, something that is unlikely over large
distances (Braunisch et al., 2010). Finally, paths are created based on cumulative costs
of dispersal (Adriaensen et al., 2003), which may not be important for some species,
especially those that are highly mobile (Braunisch et al., 2010). Here, I use the
approach of Braunisch et al. (2010) and Emaresi et al. (2011) that does not rely on
prior information, but instead assesses the correlation between genetic divergence
and the frequency of each landscape type between each pair of populations. This
method is particularly relevant to systems where dispersal behaviour is not well
known, nor are the effects of landscape features on dispersal easily assigned a value.
In my previous, fine‐scale study, I found that habitat fragmentation caused by
agricultural land clearing significantly reduced gene flow and genetic variation in the
ornate dragon, Ctenophorus ornatus (Chapter 4). The ornate dragon is a small (20 g)
agamid lizard endemic to south‐west Western Australia (Storr et al., 1983), an area
that has undergone extensive clearing for agriculture over the past 150 years
(Saunders, 1989). This area is made up of approximately 140 000 km2 of exotic grasses
and cereal crops, with only small isolated pockets of native woodlands, scrub, heath
and thicket remaining (Saunders, 1989). The ornate dragon is found in both these
environments (remnant fragments and cleared agricultural land), exclusively inhabiting
granite outcrops (Storr et al., 1983). By their nature, the granite outcrops enable the
examination of numerous discrete groups of individuals in both cleared and pristine
environments. In Chapter 4, I assessed the population genetic structure of six outcrops
within a cleared landscape and seven outcrops within an adjacent nature reserve
where outcrops in each area were separated by no more than 5 km. In this chapter,
the spatial scale is increased by incorporating an additional 35 outcrops situated up to
170 km apart. My aim was to investigate the broad‐scale effects of landscape changes
on the patterns of genetic variation in C. ornatus. Specifically, I examine whether
natural or anthropogenically modified landscape features influence a) within outcrop
genetic variation and b) genetic divergence between outcrops.
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METHODS
Sampling
Ornate dragons were collected from 48 outcrops throughout the agricultural area of
south‐west Western Australia (Figure 5.1). Outcrops were located both in cleared
agricultural land and uncleared native bushland. The 48 outcrops included 13 used in
Chapter 4 and ranged in size from 0.10 ha to 149.94 ha (mean = 14.78 ha). The average
number of lizards sampled on each outcrop was 23 (range = 10 ‐ 46).
Lizards were captured by hand at first‐light when they were still relatively inactive by
lifting exfoliated granite slabs. Each lizard was toe‐clipped to provide a tissue sample
for genetic analysis and then returned to its outcrop. Toe‐clips were stored in 100%
ethanol prior to DNA extraction. In lizards, toe and tail clipping is commonly used for
identification and DNA analysis (Olsson, 1994, LeBas, 2001, Berry et al., 2005) and C.
ornatus are known to lose toes as a result of predation and rock‐associated injuries
(LeBas pers. obs.).
Genetic analysis
DNA was extracted for PCR using the standard salting out method described in
Sunnucks & Hales (1996) with the exception of the incubation stage which was carried
out overnight at 56°C. The microsatellite analysis was carried out according to Chapter
2. Two loci (Co6A6 and Co9C11) are described in LeBas & Spencer (2000) and the
remaining 20 in Chapter 2. An Applied Biosystems 3730 capillary sequencer and
Genemapper 3.7 software (Applied Biosystems, Foster City, California) were used to
score alleles.
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Figure 5.1: Location of sampled outcrops in Western Australia. Outcrops were
clustered into three regions, South‐West (SW) ‐ represented by white dots, North‐East
wheatbelt (NEW) – shown by black dots and South‐East Wheatbelt (SEW) ‐
represented by red dots. Blue dots indicate outcrops from SW used in Chapter 4. Dark
green areas denote native vegetation, light green areas are uncleared, but grazed by
livestock, yellow represents areas of land clearing and red, high intensity land uses.
Inland lakes are shown in blue.
Data analysis
In Chapter 3 it was established that outcrops form discrete populations. Therefore,
each sampled outcrop was treated as an independent unit for all analyses. The
program FreeNa (Chapuis & Estoup, 2007) was used to estimate null allele frequencies
for each locus, based on the expectation maximization algorithm (Dempster et al.,
1977). This program creates a data set corrected for null alleles and uses it to calculate
global and pairwise FST values across all loci and for each locus. As there was no
difference (corrected FST = 0.152 95% CI 0.137 ‐ 0.167, uncorrected FST = 0.157 95% CI
0.141 ‐ 0.172) between these corrected FST values and the uncorrected values, the
original data set was used for all remaining analyses.
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The presence of linkage disequilibrium (LD) was tested for using FSTAT (Goudet, 2001).
When each outcrop was assessed individually, 13 had up to two pairs of loci in LD. One
interaction was significant following sequential Bonferroni correction in eight of these
outcrops, but all other interactions differed between outcrops. Because there was no
consistent pattern of LD across outcrops, all loci were retained for the remaining
analyses.
Genetic variation within each outcrop was measured using allele frequency data, from
which the average allelic richness (AR) and gene diversity (HE) were calculated with
FSTAT 2.93 (Goudet, 2001). Departures from Hardy Weinberg Equilibrium (HWE) within

outcrops and loci were tested using FSTAT (Goudet, 2001) and sequential Bonferroni
correction was applied to all critical significance levels used (Rice, 1989).
Effective population size
The most commonly used method for estimating effective population size (Ne) is the
temporal method (Waples & Do, 2009). However, this method requires at least two
temporal samples from a single population. As temporal samples were available for
only eight outcrops, the linkage disequilibrium method implemented in LDNE (Waples
& Do, 2008) was used to estimate Ne. LDNE is expected to perform well when Ne is
small and is therefore suited to my data especially for the small and isolated outcrops.
However, this method does not account for migration or overlapping generations and
may thus provide inaccurate estimates of Ne. Therefore, the accuracy of this method
was verified by comparing Ne estimates generated by LDNE to those from the temporal
method implemented in MLNE (Wang & Whitlock, 2003) in the outcrops with temporal
samples available. MLNE assumes migration from a single large source population into
a focal population and is robust to violations of this assumption (Wang & Whitlock,
2003). For each outcrop, samples from neighbouring outcrops were pooled across all
sampling periods to create the source population. The first sample for the focal
outcrop was assumed to not be in drift‐ migration equilibrium. A generation time of
three years was adopted as suggested by Bradshaw (1965). As sampling periods were
not always three years apart (2003, 2006 and 2008) Ne was estimated by setting the
2003 sampling period as generation 0, 2006 as generation 1 and 2008 as generation 2.
The diffusion approximation described in Wang & Whitlock (2003) was then used to
convert Ne estimates for the correct generation interval. For the estimates generated
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by LDNE, random mating was assumed and only alleles with a frequency greater than
0.02 were used as this provides precision without a large bias (Waples & Do, 2009).
Negative estimates of Ne occur when patterns of linkage disequilibrium are accounted
for by sampling error alone without invoking genetic drift. In other words, negative
estimates suggest populations may have infinitely large Ne (Waples & Do, 2009).
Therefore, estimates of infinity were replaced with the lower bound of the 95%
confidence interval as suggested by Waples and Do (2009). In the case where the
lower bound of the 95% confidence interval was also negative, analyses requiring a
numerical estimate of Ne were conducted without the outcrop.
Correlation (Spearman’s rho) was used to test whether Ne was related to outcrop size.
Genetic variation within outcrops
To examine landscape features that influence the amount of genetic variation within
outcrops, multiple regressions were carried out in SPSSv19 with gene diversity (HE) and
allelic richness (AR) as response variables. These were transformed to fit a normal
distribution using the Box‐Cox transformation, where λ(HE) = 8.309 and λ(AR) = 3.904.
For each outcrop, the mean annual rainfall (averaged from 1961‐1990) and land use
type (uncleared and cleared) were included as explanatory variables. Rainfall data
were obtained from the Australian Bureau of Meteorology and land use data from the
Australian Bureau of Agricultural and Resource Economics. As C. ornatus are
exclusively granite outcrop‐dwelling, all granite outcrops and smaller patches of
granite (larger than 100 m2) within a 2 km radius of each outcrop were identified, using
aerial photographs and satellite imagery. The sizes of each of these outcrops and
patches of granite were measured and used to calculate the percentage cover of
granite, and the total number of outcrops within a 2 km radius of the sampled outcrop
(hereafter called granite density). Outcrop size was also included as an explanatory
variable to account for population size. Finally, as outcrops were clustered into three
geographically distinct regions corresponding to a western group (SW: n = 26), a north
eastern group (NEW: n = 11) and a south eastern group (SEW: n = 11) (Figure 5.1). The
term “region” was included to account for spatial effects.
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The general linear models for HE and AR were initially fitted with all terms and first‐
order interactions. Second‐order interactions were not included due to limited degrees
of freedom. Therefore, only first‐order interactions and main effects were included.
Non‐significant first‐order interactions were progressively eliminated from the model
until only significant interactions and main effects remained. F‐tests were used to test
for significance.
Broad‐scale population genetic structure
When the physical distance between populations is the most important factor in
determining gene flow, genetic divergence is expected to increase with distance
between populations. To test for such isolation by distance (IBD), genetic divergence
between each pair of outcrops, in each region (SW, NEW, and SEW), was quantified by
calculating pairwise FST using FSTAT (Goudet, 2001). An FST/(1 – FST) matrix was
compared to a geographical distance matrix (log km) (Rousset, 1997), using a Mantel
test (1000 permutations) calculated with the software package VEGAN 1.17‐9 (Oksanen
et al., 2011).
To determine whether any anthropogenically modified or natural landscape features
influence the genetic structure of the species, the correlations between the residual
variance of the IBD relationship and various landscape features were assessed. To do
this, a grid of cells, each measuring 100 m x 100 m was constructed in ARCGIS v10,
where each cell was assigned a single landscape feature. These included contemporary
land cover types (native vegetation, uncleared but grazed by livestock, cleared for
dryland agriculture and high intensity land uses), as well as natural landscape features
(granite outcrops and inland lakes). Data for contemporary land cover was obtained
from The Australian Bureau of Agricultural and Resource Economics, and inland lakes
from Geoscience Australia, Topographic map 10 m (2002). All lakes in the sample area
were non‐perennial, i.e. they are dry salt lakes for much of the year; there are no rivers
in the area, only seasonal creeks. The presence of granite is expected to be of great
importance to gene flow and genetic structure, but to date there is no published map
of granite outcrops for south‐west Western Australia. Therefore, only gazetted rocks
and other outcrops sampled in this study were included. The frequency of cells of each
feature between each pair of outcrops was then calculated for strips of varying widths
(200 m, 400 m and 1 km) using GME (Beyer, 2011). This accounts for the non‐linearity of
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lizard movement between outcrops (Braunisch et al., 2010, Emaresi et al., 2011). The
correlation between each feature and genetic distance (FST/(1 – FST)) was calculated
with partial mantel tests, to control for the effect of geographic distance, using the
software package vegan (Oksanen et al., 2011). Correlations were calculated for each
feature, at all strip widths, within each region over 1000 permutations. Correction for
multiple tests followed Rice (1989). Although there is concern over the
appropriateness of using partial mantel tests for such analyses, as they may give biased
estimates of P (Castellano & Balletto, 2002, Rousset, 2002), Cushman & Landguth
(2010) used simulation studies to demonstrate that partial mantel tests have high
power and low error. Therefore, significant partial mantel tests were considered an
indication of whether a feature explained more variation in genetic distance than
geographic distance alone.

RESULTS
Estimates of genetic variation were variable among outcrops (AR: 2.2 ‐ 6.1, mean = 5.1,
HE: 0.431 ‐ 0.852, mean = 0.779) (Table 5.1). Following Bonferroni correction, 20
outcrops departed from HWE with a deficit of heterozygotes. Also, two loci (CoB111
and CoD108) deviated from HWE with deficits of heterozygotes in more than ten
outcrops. These deviations from HWE may be due to null alleles. The presence of null
alleles for each locus within each outcrop was tested with MICROCHECKER (Van
Oosterhout et al., 2004). After the removal of four loci (CoB111, CoD108, CoD3 and
CoC107) that were consistently suggested to have null alleles, all outcrops were found
to conform to HWE. However, a reanalysis of the data without these loci did not alter
the results; thus, all loci were retained in the subsequent analyses.
Effective Population Sizes
Estimates of Ne derived from MLNE ranged from 21 to 199 for the eight outcrops with
temporal samples. LDNE gave larger estimates for these outcrops (30‐377), which were
strongly correlated with the MLNE estimates of Ne (r = 0.92, P = 0.002). Therefore,
estimates of Ne from LDNE were used in the remaining analyses. In two cases (outcrops
R and GA), a negative estimate and a negative lower CI were given. These outcrops
were therefore excluded from further analyses involving Ne. The Ne estimates for all
outcrops are given in Table 5.1.
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Table 5.1: Estimates of outcrop size, genetic variation, inbreeding coefficients and
effective population sizes for each outcrop. Gene diversity (HE), allelic richness (AR)
and inbreeding coefficient (FIS) are means calculated across all loci, given with their
standard error. Significant departures from HWE are indicated a *. Effective population
size (Ne) estimates are derived from the linkage disequilibrium method. NA indicates
outcrops where estimates of Ne could not be calculated.
Outcrop

Region

2Roo
ABC
BBQ
Baladjie
Bering
Boco
D
DD
Dryandra
Eagle
EF
Elach
Falcon
FF
Foggy
FR1
G
Geer A
Geer B
Geer C
Gecko
Goanna
H
HM
I
J
K
LS
Moon
N
P
Q
R
RNR
S
SFR
Simpson
Spurr
T
Tammar
V
W
Walton
WM
X
Y
Yanney
Z

SW
SEW
SW
NEW
NEW
NEW
SEW
SEW
SW
SW
SEW
NEW
NEW
SW
NEW
SW
SEW
NEW
NEW
NEW
SEW
SW
SEW
SW
SEW
SEW
SEW
SW
NEW
SW
SW
SW
SW
SW
SW
SW
SW
SEW
SW
SW
SW
SW
SW
SW
SW
SW
NEW
SW

Outcrop
size (ha)
2.13
35.57
4.16
32.45
11.05
27.51
8.03
5.65
2.29
5.10
7.64
59.53
13.74
2.86
7.30
9.19
56.57
1.14
2.50
17.06
3.22
0.10
16.13
5.64
43.73
7.78
43.72
3.01
1.32
6.31
1.05
0.33
1.12
5.94
0.70
5.05
3.13
4.39
2.13
3.85
1.06
0.47
4.68
3.33
77.98
11.27
149.94
5.27

Sample
size
20
19
20
31
15
43
46
25
20
29
16
29
45
14
25
14
23
10
17
15
13
20
32
14
23
20
36
22
13
45
17
14
15
25
23
41
24
33
25
24
21
12
25
22
17
19
20
36

HE

AR

FIS

Ne

0.733
0.819
0.785
0.741
0.837
0.812
0.789
0.834
0.717
0.811
0.784
0.779
0.792
0.431
0.692
0.789
0.820
0.803
0.783
0.815
0.668
0.842
0.783
0.740
0.781
0.837
0.821
0.774
0.833
0.852
0.845
0.812
0.830
0.716
0.824
0.596
0.753
0.826
0.841
0.814
0.849
0.791
0.750
0.644
0.791
0.809
0.838
0.783

4.6
5.7
5.1
4.6
5.6
5.3
5.2
5.6
4.1
5.1
5.5
5.2
5.2
5.1
4.0
2.2
5.7
4.0
5.2
5.0
5.4
5.7
5.1
4.4
4.9
5.9
5.8
4.8
5.5
6.1
5.9
5.6
5.6
4.4
5.4
3.3
4.4
5.7
5.7
5.5
5.9
5.1
4.4
3.7
5.0
5.3
5.8
5.2

0.065
0.130*
0.064
0.154*
0.091
0.127*
0.142*
0.091*
0.056
0.033
0.087
0.162*
0.128*
‐0.089
0.114*
0.056
0.106*
0.112
0.083
0.166*
0.046
0.058
0.098*
0.045
0.128*
0.101*
0.090*
0.058
0.160*
0.048
0.088
0.043
0.042
0.006
0.024
0.044
0.011
0.109*
0.050
0.028
0.096*
0.041
0.022
0.050
0.069
0.087*
0.147*
0.075*

43
95
75
157
41
105
156
162
58
57
21
129
143
6
75
76
199
NA
26
109
15
39
174
90
11
90
3969
47
170
85
72
61
NA
166
30
38
32
139
51
57
45
10
45
8
374
13
189
377
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There was a significant positive correlation between Ne and outcrop size (Spearman’s
rho = 0.61, P <0.001). Outcrop K had an extremely large Ne (3969) compared with
other outcrops (mean = 95). When this outlier was removed the relationship between
outcrop size and Ne was still highly significant (Spearman’s rho = 0.59, P<0.001).
Genetic variation within outcrops
General linear models yielded largely similar results for HE and AR (Table 5.2). A
significant interaction between region and land use was apparent, with SW outcrops in
cleared landscapes having less genetic variation than outcrops in uncleared
landscapes, while in NEW and SEW, genetic variation was similar, as evidenced by
overlapping 95% confidence intervals, for outcrops in both cleared and uncleared
landscapes (Figure 5.2). For HE, region also had significant interactions with granite
density and outcrop size. Significant positive relationships between granite density and
HE were seen in both NEW and SW, while in SEW there was a non‐significant negative
relationship (Table 5.3). For outcrop size, a significant positive relationship with HE was
present only in NEW, SEW and SW had non‐significant relationships (Table 5.3). For AR
there was a significant positive effect of granite density (Table 5.2)

Table 5.2: Final General Linear Models for gene diversity (HE) and allelic richness (AR).
Significant effects are indicated by a *. Estimates for each region are given in Table 5.3.
NA indicates non‐significant interactions dropped from the model.
HE
Intercept
Region
Land use
Granite density
% cover granite
Outcrop size
Mean rain
Region * Land use
Region * Granite
density
Region * Outcrop
size

AR

Estimate

df

F

‐0.127
‐
‐0.001
0.003
<0.001
0.0.15
<0.001
‐

1,34
2,34
1,34
1,34
1,34
1,34
1,34
2,34

140.030
4.450
0.050
9.952
0.001
1.625
7.352
16.316

‐

2,34

‐

2,34

P

Estimate

df

F

P

0.000* 196.899
0.019*
‐
0.824 ‐14.581
0.003* 3.177
0.975 ‐1.484
0.010* 11.697
0.211 ‐0.203
0.000*
‐

1,38
2,38
1,38
1,38
1,38
1,38
1,38
2,38

5.253
3.924
4.482
10.117
0.111
1.001
0.475
6.611

0.028*
0.028*
0.041*
0.003*
0.741
0.323
0.495
0.003*

5.852

0.007*

NA

NA

NA

NA

5.852

0.007*

NA

NA

NA

NA
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Table 5.3: Slope estimates for relationships between gene diversity (HE) and granite
density and between HE and outcrop size within each region. Estimates that were
significantly different from zero are indicated by a *.
Region
NEW
SEW
SW

Granite Density
Estimate
t
0.003
<‐0.001
<0.001

3.258
‐0.648
3.021

P
0.003*
0.521
0.005*

Outcrop Size
Estimate
t
0.015
0.007
‐0.003

2.869
1.607
‐1.214

P
0.007*
0.117
0.223

df=23

Figure 5.2: Marginal means for gene diversity (HE) and allelic richness (AR) with 95%
confidence intervals for each land use type in each region. Marginal means were
calculated when covariates were set to the following values, granite density = 15.154,
% cover granite = 2.733, outcrop size = 0.821 and mean rain = 377.855. Closed squares
denote outcrops within cleared landscapes and open squares outcrops within
uncleared landscapes. Significant differences between cleared and uncleared outcrops
are indicated by a *.

Broad‐scale population genetic structure
Patterns of isolation by distance were identified within all regions (NEW: r = 0.644, P =
0.003, SEW: r = 0.353, P = 0.005, SW: r = 0.510, P = 0.001). However, none of the
landscape features entered in to the analysis could account for a significant amount of
the residual variation from these relationships (Table 5.4). Although, high intensity
land use in the SW and native vegetation in the SEW were close to the adjusted P‐
value. All strip widths were similar in the direction and strength of the correlation so
results using only the narrowest strip width (200 m) are shown.
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Table 5.4: Results of Partial Mantel tests for 200 m strip for each region. Significance
following Bonferroni correction at α = 0.010 for SW and α = 0.013 for SEW and NEW.
NA indicates regions where particular landscape features were absent so tests were
not carried out.
SW
Landscape Feature

SEW

NEW

Partial Mantel

P

Partial Mantel

P

Partial Mantel

P

Granite

‐0.069

0.712

‐0.217

0.951

‐0.131

0.693

Native Vegetation

‐0.200

0.932

0.361

0.026

‐0.079

0.655

Grazed

NA

NA

‐0.294

0.903

0.056

0.376

Cleared

0.203

0.097

0.047

0.452

0.060

0.415

High Intensity

0.172

0.020

NA

NA

NA

NA

Lakes

‐0.059

0.920

NA

NA

NA

NA

DISCUSSION
Within outcrops, factors influencing genetic variation, and in particular gene diversity
differed among regions. In the SW genetic variation was significantly lower within
cleared outcrops, but there were no differences between the levels of genetic
variation within outcrops in cleared and uncleared landscapes in the NEW and the
SEW. Whilst the result in the SW supports my previous findings that outcrops in
cleared landscapes have significantly less genetic variation than those in nature
reserves (Chapter 4), it is curious that this pattern does not hold across all regions. This
difference may be due to land clearing being more recent in western areas. In the SW,
cleared agricultural land was well established by 1919, while extensive clearing and
farming in the east commenced in the 1920s, but proceeded at a much slower rate
than in the west (Jarvis, 1986). Land clearing may also not have had such an impact on
the sampled outcrops in the NEW and SEW as most were at the edge of the intensively
farmed cereal‐cropping region or outside it in regions primarily used for livestock
grazing. In contrast, almost all outcrops sampled in the SW are found well within the
intensively farmed area.
A final possibility I investigated further was that the lack of an effect of land clearing in
the NEW and SEW was the result of these outcrops being generally larger than those in
the SW (mean outcrop size: SW = 6.47 ha, NEW = 29.41 ha, SEW = 21.13 ha). This may
have minimised the negative effects of land clearing on genetic variation even though
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gene flow was reduced, because the effect of genetic drift was also reduced. However,
when the model was rerun including this second‐order interaction (region × land use ×
outcrop size), the interaction was non‐significant. It is therefore unlikely that large
outcrops in the east have counteracted the impacts of land clearing in these regions.
The three regions also varied in the effects of granite density and outcrop size on gene
diversity. Greater densities of granite surrounding outcrops are expected to promote
gene flow between outcrops and consequently increase genetic variation. In both the
NEW and SW positive relationships with granite density were seen, although the
relationship was much weaker in the SW. This may be due to land clearing in the SW
restricting gene flow to such an extent that the amount of granite surrounding cleared
land outcrops cannot maintain gene flow. This is supported by the high genetic
structuring seen between cleared land outcrops in Chapter 4, despite the presence of
numerous smaller outcrops and patches of granite between these outcrops.
The positive relationship between Ne and outcrop size suggests there should be a
positive relationship between genetic variation and outcrop size as well. This was the
case for outcrops within the NEW, but in the SEW and SW there was no evidence of
any relationships between gene diversity and outcrop size. This may be due to outcrop
size not accurately reflecting true effective population sizes, particularly in the SEW
and SW. For example, outcrops can differ markedly in the amount of exfoliated sheet
granite used by C. ornatus for shelter (Bradshaw, 1965), so large outcrops with minimal
exfoliated granite may only support small populations of C. ornatus (and vice versa).
This is further supported by the absence of a relationship between outcrop size and
allelic richness across all regions. Alternatively, there may be other region‐specific
factors affecting levels of gene diversity within outcrops that have not been included in
this analysis.
Broad‐scale population genetic structure was not influenced by any of the landscape
features examined beyond the effect of the distance between outcrops. This is in
contrast to the striking effect seen in the fine‐scale study of Chapter 4 where outcrops
situated within 5 km of one another, in a cleared landscape, had significantly reduced
gene flow compared with outcrops within an adjacent nature reserve (Chapter 4).
These opposing results may be explained by a time‐lag in the response to land clearing.
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Patterns of isolation‐by‐distance (IBD) observed in the present study indicate that
neighbouring outcrops have higher rates of gene flow between them than outcrops
that are further apart. Therefore, if, as seen in Chapter 4, land‐clearing significantly
reduces gene flow, rare migration events may still occur between neighbouring
outcrops but are less likely to take place among more distant outcrops. If this is the
case, then evidence of land‐clearing effects on genetic structure at broader scales
should become more apparent with time. A temporal‐lag in the response to habitat
fragmentation has been documented in numerous studies. For example, Spear and
Storfer (2008) found coastal tailed frogs (Ascaphus truei) had reduced gene flow in
areas that had been harvested for timber for more than 20 years. Similarly, 50‐year old
landscape patterns were shown to explain contemporary genetic structure of the bush
cricket, (Metrioptera roeseli) much better than current patterns of land use (Holzhauer
et al., 2006). Large scale land clearing in the south‐west of Western Australia began
approximately 90 years ago (Jarvis, 1986), which has been shown to be long enough to
impact on genetic structure at a fine‐scale (Chapter 4). The possibility of a time‐lag in
the emergence of land clearing effects on genetic structure is concerning. If such
effects are not evident in the short‐term, populations at risk may not be identified until
the detrimental effects of land clearing are severe.
Even though I was unable to detect an effect of land clearing, or any other landscape
feature on genetic divergences between populations, high intensity land use in the SW
and native vegetation in the SEW were nearly significant in enhancing genetic
divergence. Similar effects of high intensity land use were not seen in the NEW or the
SEW as there are no high intensity areas between outcrops in these regions. Such
areas in the SW are likely to have more of an impact on population genetic structure
than land clearing if they pose a complete barrier to gene flow. For example, Lee‐Yaw
et al. (2009) found that contemporary genetic structure at a broad‐scale was not
influenced by historical processes, but rather by complete barriers to gene flow. High
intensity areas in the SW consist mostly of townships, which, with high vehicular
traffic, a lack of natural vegetation and granite, along with the constant presence of
humans and their pets could very well pose a complete barrier to C. ornatus dispersal.
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In contrast, the positive relationship between native vegetation and genetic
divergence in the SEW is unexpected as native vegetation is predicted to be more
conducive to gene flow, reducing genetic divergence. Further, similar trends were not
seen in the other regions, yet the frequency of native vegetation between outcrops in
the SEW (0.199) is similar to the NEW (0.213) and SW (0.153). Therefore it is unlikely
that this result is caused by differences in the size and distribution of patches of native
vegetation. A more likely explanation is that the SEW is located in the Mallee
biogeographic region while the NEW and SW are found within the Avon Wheatbelt
biogeographic region. These biogeographic regions are characterised by different
vegetation, mainly Euclayptus mallee over myrtaceous and proteaceous heath in the
Mallee and mixed Eucalypt woodlands with some proteaceous scrub‐heath in the Avon
wheatbelt (FloraBase, Western Australian Herbarium). Such variation can influence
dispersal in reptiles (Price et al., 2010), and may have caused C. ornatus dispersal to be
reduced within the SEW compared to the SW and NEW.
While it is reasonable to expect contemporary land clearing to show minimal effects
over large geographic scales, it is more difficult to understand why natural features of
the landscape do not affect the genetic structure of C. ornatus. The absence of suitable
habitat, granite outcrops, may pose a barrier to gene flow in C.ornatus, but this was
difficult to measure accurately because there is no published map of granite outcrops
in south‐west Western Australia. Therefore, I was unable to account for the majority of
ungazetted outcrops. A re‐assessment of this feature, when such a map becomes
available, may reveal a barrier in the form of a lack of granite outcrops. While inland
lakes may also pose a barrier to gene flow, there were relatively few lakes located
between the sampled outcrops. In SW only 0.6% of pairwise distances featured lakes,
and in NEW and SEW there were no lakes located between sampled outcrops.
Therefore, an effect of inland lakes may not have been detected due to small sample
size.
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In conclusion, my results demonstrate that the effect of landscape features on levels of
genetic variation within populations and genetic structure can vary greatly among
geographic regions and at different spatial scales. They therefore highlight the
importance of investigating multiple geographic spatial scales in studying the effects of
contemporary changes in the landscape, and emphasise the need for caution when
interpreting the impact of contemporary landscape features on the genetic structure
of species.
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CHAPTER 6
Land Clearing and Parasite Load: Populations with High Genetic Variation
have Greater Parasite Abundance in the Ornate Dragon Lizard,
Ctenophorus ornatus.

Preamble
This chapter examines the relationship between genetic variation and parasite load
and specifically addresses how habitat modification, through land clearing, affects this
relationship. This chapter has been submitted to the Biological Journal of the Linnean
Society and a resubmission has been requested.
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ABSTRACT
Increased susceptibility to disease is a major concern for threatened species. Small,
isolated populations are expected to have reduced genetic variation, which is thought
to translate into a loss of alleles involved in parasite resistance, increasing host
susceptibility to infection. Here, I examine the relationship between microsatellite
variation and ectoparasite abundance in natural populations of the ornate dragon
lizard, (Ctenophorus ornatus). The ornate dragon is a granite outcrop‐dwelling species
with highly variable levels of genetic variation and connectivity among populations,
partially due to land clearing for agriculture. There was no association between
heterozygosity and parasite abundance among individuals. However, at the population
level, parasite abundance was positively associated with both allelic richness and gene
diversity. These results suggest that demographic processes are more influential than
genetic variation in determining parasite abundance in C. ornatus and highlight the
importance of isolation in preventing the transmission of parasites.

INTRODUCTION
Parasites and disease are an emerging threat to conservation efforts of both plants and
animals (Daszak, 2000). There is also increasing evidence that disease outbreaks can
have catastrophic effects on remnant populations of endangered species (Kat et al.,
1995, Daszak, 2000, Dobson & Lyles, 2000, Leroy, 2004, Gillespie & Chapman, 2008)
and that these outbreaks are often assisted by anthropogenic interference (Holmes,
1996, Lafferty & Gerber, 2002). The spread of infectious disease in threatened
populations can be facilitated by, introduced species, the loss and fragmentation of
habitat, climate change and pollution (Lafferty & Gerber, 2002). These processes can
directly affect the interaction between hosts and parasites (Lafferty & Kuris, 1999,
Randolph & Storey, 1999, Kutz et al., 2004, Jokela et al., 2005) or can act by influencing
genetic resistance to parasites (Coltman et al., 1999, Cassinello et al., 2001).
Threatened populations tend to be small and isolated (Keyghobadi, 2007),
characteristics that reduce genetic variation through increased inbreeding and genetic
drift (Allendorf & Luikart, 2007). Such reductions in genetic variation may increase
susceptibility to parasites (Coltman et al., 1999, Cassinello et al., 2001). Genetic
variation is the driving force of evolution enabling populations to adapt to changing
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environments (Lande & Shannon, 1996). Therefore, the co‐evolutionary relationship
between hosts and parasites, where both need to adapt to maintain resistance or
virulence to one another (Moritz et al., 1991), is likely to undergo considerable
changes when host genetic variation is lost (Altizer et al., 2003). This is especially
relevant when alleles directly (Coltman et al., 1999), and indirectly, involved in parasite
resistance are lost (Luong et al., 2007). In addition, small, isolated populations tend to
have high levels of inbreeding and genetic drift, which not only reduce population
genetic variation, but also create highly homozygous individuals (Allendorf & Luikart,
2007). These individuals are therefore more likely to express deleterious recessive
alleles (Allendorf & Leary, 1986) and have less chance of possessing alleles involved in
parasite resistance. In this manner, a loss of genetic variation can directly diminish
parasite resistance and reduce overall fitness, increasing the abundance of parasites.
An increase in parasite abundance is thus expected in populations that exhibit low
genetic variation. Yet recent studies both support (e.g. Coltman et al., 1999, Acevedo‐
Whitehouse et al., 2003, Acevedo‐Whitehouse et al., 2006, Whiteman et al., 2006,
Ortego et al., 2007) and refute (e.g. Trouvé et al., 2003, Field et al., 2007, Luikart et al.,
2008) this hypothesis. This may be due to variation in the numbers of neutral markers
used to assess genetic variation and its interaction with parasites.
Neutral markers can accurately inform about relationships with parasites if they
provide a picture of genome‐wide variation (Hansson & Westerberg, 2002, Ortego et
al., 2007). When there is variation in the levels of inbreeding within a population,
genotypes become associated with one another in a non‐random manner, driving the
variation at neutral (non‐coding) marker loci (David, 1998, Hansson & Westerberg,
2002). Inbreeding is more likely to occur in small and isolated populations (Allendorf &
Luikart, 2007). Thus when only a few neutral markers are employed, genome‐wide
variation can only be accurately measured in extremely small populations that exhibit
strong inbreeding (Balloux et al., 2004, Slate et al., 2004). Here, I examine levels of
genetic variation, across 22 microsatellite markers, and parasite abundance both
within and between populations of the ornate dragon lizard, Ctenophorus ornatus. The
ornate dragon is an ideal species for addressing the issues outlined above because
populations vary greatly in genetic variation, partially as a result of the detrimental
effects of land clearing on gene flow and genetic variation (Chapter 4). Ctenophorus
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ornatus is also situated in both remnant native vegetation and cleared agricultural
landscapes, enabling an evaluation of the relationship between genetic variation and
parasite abundance as well as an assessment of the effect of land clearing on this
relationship.
The ornate dragon is a small (20 g) agamid lizard endemic to the south‐west of
Western Australia, an area that has undergone extensive clearing for agriculture over
the past 150 years (Saunders, 1989). This region is made up of approximately 140 000
km2 of exotic grasses and cereal crops with only small isolated pockets of native
woodlands, scrub, heath and thicket persisting throughout the region (Saunders,
1989). The ornate dragon is found in both these environments (remnant fragments
and cleared agricultural land), exclusively inhabiting granite outcrops (Storr et al.,
1983). By their nature, the granite outcrops enable the examination of numerous
discrete groups of individuals in both environments (Chapter 4). In this study I test for
relationships between genetic variation and the abundance of trombiculid mites, a
common ectoparasite of lizards among individuals and populations of C. ornatus. I also
compare these relationships between populations that are surrounded by agricultural
landscapes and those that remain in native bushland.

METHODS
Study species
The ornate dragon, a diurnal, polygynous agamid lizard with an average life span of
three years (Bradshaw, 1965), is highly adapted to life on granite outcrops (Bradshaw,
1965, Withers, 2000). The lizards are extremely flat, with severely depressed skulls,
and pectoral and pelvic girdles (Bradshaw, 1965, Wilson & Knowles, 1988). This dorso‐
ventral flattening enables them to use thin cavities under exfoliating slabs of granite as
shelter from extremes of temperature and predation (Bradshaw, 1965). Like most
reptiles, C. ornatus is infected by several ectoparasites, the most common of which is a
small (approx 0.5mm) red trombiculid mite. Infestation by mites in lizards can cause
skin lesions, inflammation, blood loss (Goldberg & Bursey, 1991, Goldberg & Holshuh,
1992) and reduce body condition (Godfrey et al., 2010). Mites can also act as vectors
for haemoparasites such as haemogregarines (e.g. Lewis & Wagner, 1964, Allison &
Desser, 1981, Smallridge & Paperna, 2000), protozoans (e.g. Bonorris & Ball, 1955) and
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bacteria (Camin, 1948), which can have significant impacts on lizard health. In addition,
ectoparasite infection can have negative impacts on metabolism (Klukowski & Nelson,
2001), growth rates, condition, stress (Clobert et al., 2000), activeness and home range
size (Main & Bull, 2000).
Sampling
Ornate dragons were collected from outcrops in the south‐west and north‐east of the
species distribution (Figure 6.1). Outcrops were located both in cleared agricultural
land and uncleared native bushland. In the cleared agricultural land only outcrops that
were fenced off from the surrounding paddocks or showed minimal degradation were
sampled. In total, 543 lizards from 27 outcrops ranging in size from 0.10 ha to 149.94
ha (mean = 14.02 ha), with samples from 10 or more adult lizards (mean sample size =
20, range = 10 ‐ 41), were examined.
Lizards were captured by hand at first‐light, when they were still relatively inactive, by
lifting exfoliated granite slabs. If fewer than 10 adult lizards on a single outcrop were
captured by this method, the outcrop was re‐sampled during the afternoon, using nets
to catch additional lizards. The sex of each lizard was recorded and its snout‐vent
length (SVL) measured using Mitutoyo digital callipers. As juveniles are likely to have
lower levels of parasitism compared with adults (Reardon & Norbury, 2004) only adults
(classed as individuals with a SVL greater than 69 mm (Baverstock, 1972)) were used in
this study. To estimate ectoparasite abundance, I inspected each lizard thoroughly and
counted the number of mites present, paying close attention to the tail and the skin
folds around the neck. Finally, each lizard was toe‐clipped to provide a tissue sample
for genetic analysis and then returned to its outcrop. Toe‐clips were stored in 100%
ethanol prior to DNA extraction. In lizards, toe and tail clipping is commonly used for
identification and DNA analysis (Olsson, 1994, LeBas, 2001, Berry et al., 2005) and C.
ornatus are known to lose toes as a result of predation and rock‐associated injuries (N.
LeBas. pers. obs.).
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Figure 6.1: Distribution and sampled outcrops of C. ornatus. Shaded areas on the inset
map denote the distribution of C. ornatus in Western Australia. Sampled outcrops in
uncleared areas (nature reserves) are shown by closed circles and those in cleared
agricultural landscapes by open circles. Outcrops are clustered into two regions, north‐
east wheatbelt (NEW) and south‐west (SW).

Genetic analysis
DNA was extracted for PCR using the standard salting out method described in
Sunnucks & Hales (1996) with the exception of the incubation stage which was carried
out overnight at 56°C. The microsatellite analysis was carried out according to Chapter
2. Two loci (Co6A6 and Co9C11) are described in LeBas & Spencer (2000) and the
remaining 20 in Chapter 2. An Applied Biosystems 3730 capillary sequencer and
Genemapper 3.7 software (Applied Biosystems, Foster City, California) were used to
score alleles.
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In a previous study (Chapter 3) it was determined that outcrops form discrete
populations. Therefore, each sampled outcrop was treated as an independent unit for
all analyses. The program FreeNa (Chapuis & Estoup, 2007) was used to estimate null
allele frequencies for each locus, based on the expectation maximization algorithm
(Dempster et al., 1977). This program creates a data set corrected for null alleles and
uses it to calculate global and pair‐wise FST values across all loci and for each locus. As
there was no difference (corrected FST = 0.125, 95% CI = 0.111‐0.140, uncorrected FST =
0.129 95% CI 0.114‐0.144) between the corrected FST values and the uncorrected
values, all loci were retained for the remaining analyses.
The presence of linkage disequilibrium (LD) was tested using FSTAT 2.93 (Goudet,
2001). There was no evidence of LD across all outcrops, but when each was assessed
individually, two pairs of loci were found to be in LD at α = 0.01. One interaction
(CoD115 X CoD114) was present only once in one outcrop (N) and the second (Co9C11
X CoC120) in three outcrops (SFR, Simpson and Walton). Because there was no
consistent pattern of LD across outcrops, all loci were retained for the remaining
analyses.
Heterozygosity‐heterozygosity correlation
To assess whether the 22 microsatellite loci reflect genome‐wide heterozygosity, and
hence are suitable to examine the relationship between genome‐wide variation and
parasite load, heterozygosity‐heterozygosity correlations (Balloux et al., 2004) were
conducted within each outcrop using the software package Rhh (Alho et al., 2010). Rhh
randomly divides the loci into two groups, calculates individual multi‐locus estimates
of heterozygosity for the two sets of loci, and estimates the heterozygosity‐
heterozygosity correlation between the two groups. This is repeated 1000 times and a
mean correlation is obtained. A positive significant mean correlation indicates that the
loci reflect genome‐wide heterozygosity. Hence any relationship between
heterozygosity and fitness is likely to be driven by inbreeding depression (Balloux et
al., 2004, Alho et al., 2010).
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Genetic variation
Genetic variation within each outcrop was measured using genotype data, from which
the average allelic richness (AR) and gene diversity (HE) were calculated with FSTAT
(Goudet, 2001). For each individual, the proportion of heterozygous loci (H) and
homozygosity by locus (HL) (Alho et al., 2010) were calculated. Both of these measures
were chosen to measure individual heterozygosity as it has been argued that HL
provides a more accurate indicator of heterozygosity when allele frequencies differ
between loci (Aparicio et al., 2006). This is because the contribution of each locus to
the heterozygosity value is weighted depending on its allelic variability.
Departures from Hardy Weinberg Equilibrium (HWE) within outcrops and each locus,
as well as each locus within outcrops, were tested using FSTAT (Goudet, 2001) and
sequential Bonferroni correction (Rice, 1989) was applied to all critical significance
levels used.
A bottleneck analysis was also run using BOTTLENECK 1.2.02 (Cornuet & Luikart, 1996) to
see whether any outcrops had recently undergone severe effective population size
reductions, increasing the level of inbreeding and reducing genetic variation.
BOTTLENECK was run for 10000 simulations with 95% SSM and 5%TPM (12% variance).

A Wilcoxon test was used to test for significant heterozygosity excess in relation to the
number of rare alleles (Cornuet & Luikart, 1996).
Heterozygosity and parasite abundance among individuals
To test for a relationship between parasite abundance and heterozygosity among
individuals, data from all outcrops were analysed together in a single analysis. In this
combined analysis, generalised linear mixed models (GLMM) were constructed using
SPSS v19. This type of model can accommodate a combination of fixed and random
variables, as well as non‐normally distributed data (McCulloch & Neuhaus, 2005). The
distribution of parasites among individuals is often clustered, with some individuals
being highly parasitised and others with minimal, if any, parasites. Parasite abundance,
therefore, tends to fit a negative binomial distribution (Rekasi et al., 1997). This was
true for parasite abundance at the individual level in C. ornatus, so a negative binomial
error structure with a log link was adopted for this model. To account for any variance
in parasite abundance due to outcrop specific differences as well as regional
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differences (outcrops were clustered into two distinct geographical regions, SW and
NEW) outcrop and region were included as random factors. Fixed factors used in the
model included, the location of the individual in a cleared or uncleared landscape (land
type), outcrop size, sex, snout‐vent‐length (SVL) and H (or HL). The model was initially
fitted with all fixed terms and first‐order interactions between fixed terms. Non‐
significant first‐order interactions were progressively eliminated from the model until
only significant interactions and main effects remained. F‐tests were used to test for
significance.
This combined analysis determines if there is an overall relationship among individuals
across all outcrops. To identify whether there was a significant relationship between
heterozygosity and parasite abundance within some outcrops and not others, I
examined each outcrop separately using generalised linear models (GLM). These
models also had a negative binomial error structure with a log link and contained the
same factors as the combined analysis, but with removal of the outcrop level factors,
such as outcrop, region, land type and outcrop size. F‐tests were used to test for
significance.
Genetic variation and parasite abundance among outcrops
At the population level, GLMs were constructed in SPSS, with the mean number of
parasites (square root transformed) for each outcrop taken as the response variable. A
normal error structure was adopted for the model. The use of a GLM for this analysis
enabled region to be incorporated as a random factor in the model. This is essential as
region and land type are not fully crossed, so region cannot be included as a fixed
factor. For each outcrop, fixed factors included, land type, outcrop size, sex ratio,
mean SVL and allelic richness or HE. The model was initially fitted with all fixed
explanatory terms including first‐order interactions, which were progressively
removed until only significant interactions and terms remained. F‐tests were used to
test for significance.
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RESULTS
Heterozygosity‐heterozygosity correlations
Of the 27 outcrops, 19 had a positive mean correlation (range = ‐0.393 – 0.648, mean =
0.115) and seven of these were significant. Across all outcrops, a meta‐ analysis
revealed a positive relationship between loci (r = 0.122, 95% CI = 0.038 – 0.204, t =
2.966 P = 0.006), suggesting that the 22 loci used in this study reflect genome‐wide
heterozygosity.
Genetic variation
Estimates of genetic variation were variable among outcrops (Table 6.1). AR ranged
from 3.39 to 6.79 (mean = 5.61); and HE from 0.58 to 0.85 (mean = 0.79). After
correction for multiple comparisons, eight of the 27 outcrops departed from HWE with
a deficit of heterozygotes. Also, two loci (CoB111 and CoD108) deviated from HWE
with deficits of heterozygotes in more than ten outcrops. These deviations from HWE
may be due to null alleles. The presence of null alleles for each locus within each
outcrop was tested with MICROCHECKER (Van Oosterhout et al., 2004). Potential null
alleles were identified at both these loci (CoB111 and CoD108). Following their
removal from the data set, all outcrops were found to conform to HWE. However, a
reanalysis of the data without these loci did not alter the results; thus, all loci were
retained in the subsequent analyses.
No evidence of recent reductions in effective population size were found in any
outcrops using the BOTTLENECK program and following Bonferroni correction (range P =
0.01– 0.98). Of the 27 outcrop only two, Simpson (P = 0.01), and Dryandra (P = 0.04)
had significant bottlenecks without Bonferroni correction. It therefore does not seem
likely that the correction was overly conservative in this case.
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Table 6.1: Sample sizes and estimates of genetic variation within outcrops. Gene
diversity (HE), allelic richness (AR) and inbreeding coefficient (FIS) are means calculated
across all loci, given with their standard error. Significant departures from HWE are
indicated by a *.
Outcrop

Region

Land Type

Sample Size

HE

AR

FIS

SW

CL

12

0.795

5.6

0.062

Baladjie

NEW

R

23

0.735

5.0

0.139*

Boco

NEW

R

37

0.809

5.8

0.122*

Dryandra

SW

R

10

0.731

4.3

0.098

Eagle

SW

R

29

0.811

6.0

0.033

Elach

NEW

R

14

0.781

5.7

0.165*

Falcon

NEW

R

35

0.798

5.8

0.121*

SW

CL

14

0.789

5.6

0.056

Geer B

NEW

R

10

0.778

5.2

0.059

Geer C

NEW

R

12

0.819

5.9

0.153*

Goanna

SW

R

19

0.843

6.3

0.065

LS

SW

CL

19

0.770

5.2

0.053

N

SW

R

41

0.852

6.8

0.052

P

SW

R

12

0.852

6.7

0.108

Q

SW

R

13

0.803

6.1

0.057

R

SW

R

14

0.833

6.1

0.047

RNR

SW

CL

16

0.714

4.8

0.019

S

SW

R

13

0.833

6.1

0.019

SFR

SW

CL

32

0.584

3.4

0.028

Simpson

SW

CL

24

0.753

4.7

0.011

T

SW

R

25

0.841

6.2

0.050

Tammar

SW

R

20

0.821

6.1

0.038

V

SW

R

21

0.849

6.6

0.096*

Walton

SW

CL

19

0.746

4.7

0.014

Y

SW

R

11

0.808

5.7

0.072

NEW

R

11

0.841

6.4

0.148*

SW

CL

35

0.782

5.7

0.078*

BBQ

FR1

Yanney
Z
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Heterozygosity and parasite abundance among individuals
In the combined analysis where all outcrops were assessed simultaneously, H and HL
gave almost identical results (except in opposite directions because HL represents
homozygosity and H, heterozygosity). Therefore only the results for H are presented.
Significant linear effects on parasite abundance were seen for land type (cleared and
uncleared) and sex (Table 6.2). Mean parasite abundance was greater for individuals in
uncleared areas (estimated marginal means (EMM): reserve = 22.37 (95% CI = 16.47 –
30.38), cleared land = 10.92 (95% CI = 6.87 – 17.36)), and males (EMM: males = 18.57
(95% CI = 13.56 ‐ 25.42), females = 13.16 (95% CI = 9.63 – 17.98)). The linear term H
was non‐significant (Table 6.2).
When outcrops were examined separately, none showed a significant relationship
between parasite abundance and H, following Bonferroni correction (range P = 0.02 ‐
0.99). The slopes of these relationships were also variable, ranging from ‐6.85 to 30.94
(mean = 1.149).
Table 6.2: Final generalised linear mixed model for the combined analysis examining
the relationship between heterozygosity and parasite abundance among individuals.
Factors with significant effects are indicated by a *.

Intercept
Land type
Outcrop size
Sex
SVL
H

Estimate

F

d.f.

P

2.171
‐0.717
‐0.324
‐0.344
0.025
0.728

5.748
6.390
2.597
5.343
3.516
1.289

1,537
1,537
1,537
1,537
1,537
1,537

0.188
0.012*
0.108
0.021*
0.061
0.257

Genetic variation and parasite abundance among outcrops
At the population level (i.e. collapsing the parasite abundance data down to mean
values for each outcrop) the genetic terms, HE and AR, were significantly and positively
associated with parasite abundance (Table 6.3). Outcrops that had greater genetic
variation also had higher parasite abundance. None of the other factors, land type
(cleared or uncleared), outcrop size, sex ratio or mean SVL, had a significant effect on
parasite abundance.
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Table 6.3: Final generalised linear models for parasite abundance at the population
level. Region is not reported as it was incorporated into the model as a random factor.
Factors with significant effects are indicated by a *.

Model using HE
Intercept
Land type
Outcrop size
Sex ratio
Mean snout‐vent length
HE
Model using allelic
richness
Intercept
Land type
Outcrop size
Sex ratio
Mean snout‐vent length
Allelic richness

Estimate

F

d.f.

P

‐15.323
‐0.607
‐0.712
0.032
0.159
12.535

4.083
0.734
1.569
0.003
1.142
4.847

1,21
1,21
1,21
1,21
1,21
1,21

0.364
0.401
0.224
0.955
0.297
0.039*

‐6.945
‐0.550
‐0.874
0.227
0.121
0.943

4.109
0.582
2.601
0.173
0.710
4.931

1,21
1,21
1,21
1,21
1,21
1,21

0.635
0.454
0.122
0.683
0.409
0.038*

DISCUSSION
The ornate dragon resides in discrete outcrops separated by unsuitable intervening
habitat. The vegetation that lies between outcrops has differing effects on gene flow,
with cleared land dramatically reducing genetic connectivity (Chapter 4). The genetic
isolation of populations is likely to impact on the ability of individuals and ultimately
populations to resist perturbations from parasites. In this study, I show that the
abundance of the ectoparasitic trombiculid mite that infests the ornate dragon was
not affected by genetic variation at the individual level. However at the population
level, parasite abundance was positively associated with both allelic richness and gene
diversity.
Heterozygosity and parasite abundance among individuals
At the individual level, there was no consistent relationship between heterozygosity
and parasite abundance across all outcrops. Nor was there evidence of such a
relationship within any particular outcrop. This runs against the expectation that a loss
or reduction in genetic variation is likely to result in an increased susceptibility to
parasites (Allendorf & Leary, 1986, Moritz et al., 1991, Coltman et al., 1999, Luong et
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al., 2007). Often, the absence of relationships between genetic variation and fitness
related traits such as parasite abundance, have been attributed to the use of too few
neutral markers, with a poor ability to summarise genome‐wide heterozygosity
(Hansson & Westerberg, 2002, Ortego et al., 2007). In this study, however, 22 markers
were used that predicted a significant level of genome‐wide heterozygosity. This is a
large number in comparison to many other studies of these relationships (Balloux et
al., 2004, Ortego et al., 2007). Despite this number of markers, no effects of
heterozygosity on parasite load were detected.
An alternative explanation for the variable patterns found in studies of heterozygosity‐
fitness relationships is that neutral genetic markers, such as microsatellites, may not
be good predictors of adaptive variation in parasite resistance (Meyers & Bull, 2002,
van Tienderen et al., 2002). It has also been proposed that such relationships are more
difficult to detect when there is little variance in heterozygosity (David, 1998, Hansson
& Westerberg, 2002, Coltman & Slate, 2003, Balloux et al., 2004). In other words, if
inbreeding is rare, there are few or no highly homozygous individuals in which the
effects of inbreeding are most pronounced. Relationships between HE and parasites
should then be more easily detected in small populations with high levels of inbreeding
(Chapman et al., 2009). The often small and isolated outcrops of C. ornatus would
therefore seem to be an ideal system in which to look for these relationships. This is
because compared with individuals from outcrops in uncleared landscapes, those
within outcrops in cleared landscapes have lower heterozygosity and are more related
to one another than to individuals in neighbouring outcrops (Chapter 4). Further,
significant positive heterozygosity‐heterozygosity correlations were identified in seven
outcrops. Thus sufficient variation to detect a relationship between parasites and
heterozygosity was present, yet no relationships were found in these outcrops.
Therefore, in this system, an absence of sufficient variation in heterozygosity as the
cause for the lack of a relationship between heterozygosity and parasites would be
surprising. On the other hand, the outcrops of C. ornatus examined in this study were
not shown to have experienced significant, recent reductions in effective population
size which would promote inbreeding. Therefore, if there is a relationship between
individual genetic variation and parasitism in these lizards, it is not strong enough to be
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detected with the numerous microsatellites used and the variation in heterozygosity
seen across these relatively isolated populations.
Genetic variation and parasite abundance among outcrops
At the population level, the relationship between genetic variation and parasite
abundance was positive. This finding is unexpected given that susceptibility to
parasites is expected to increase when genetic variation is lost (Coltman et al., 1999,
Acevedo‐Whitehouse et al., 2003, Acevedo‐Whitehouse et al., 2006, Whiteman et al.,
2006, Ortego et al., 2007). However, the nature of host‐parasite co‐evolution is
believed to be cyclical with parasites preferentially attack common host alleles and
driving selection for rare alleles within the host population (Jaenike, 1978, Hamilton,
1980, Dybdahl & Lively, 1998). At this point the host population is considered to be in a
“resistant phase” and parasite numbers are expected to be low. Eventually the
parasite adapts to the new common alleles and the cycle continues (Dybdahl & Lively,
1998, Dybdahl & Storfer, 2003). If this is occurring within C. ornatus, it could be that
several genetically depauperate outcrops are also in resistant phases creating an
overall positive relationship between genetic variation and parasite abundance.
An alternate explanation for this unexpected result is that population isolation reduces
parasite infection (Carlsson‐Graner & Thrall, 2002, Altizer et al., 2007, Gibson et al.,
2010). When immigrants transport new parasite individuals into a population, they
introduce genetic variation into both the host and parasite populations. Thus a positive
correlation between the genetic variation of parasites and hosts could be expected
(Burdon et al., 1989, Gompper & Williams, 1998, Carlsson‐Graner & Thrall, 2002).
Further, because parasites tend to have shorter generation times and higher mutation
rates than their hosts, parasites are likely to suffer the negative genetic consequences
of isolation long before their hosts and may even become extinct (Burdon et al., 1989,
Gompper & Williams, 1998). Indeed, one outcrop situated in a cleared landscape was
found to have no parasites, suggesting extinction. Because lizard populations on
isolated outcrops have reduced genetic variation (Chapter 4), connectivity may explain
why outcrops with low genetic variation were less infected with mites than those with
higher genetic variation.
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Land clearing and parasite abundance
Outcrops of C. ornatus separated by cleared agricultural areas have previously been
shown to be more isolated and have less genetic variation than outcrops in a
neighbouring nature reserve (Chapter 4). If outcrop isolation influences parasite
abundance, then outcrops in cleared areas should have fewer parasites then those
uncleared areas. While this relationship was seen among individuals, there was no
effect of land type (cleared or uncleared) on parasite abundance between outcrops.
This demonstrates that land type itself, is not causing the decline in parasite numbers,
which might be expected if there was some microhabitat requirements of the mites.
Rather, this finding suggests that the effects of isolation and effective population size
encapsulated in the genetic measures of host allelic richness and gene diversity are
influencing parasite abundance. Further, although land clearing decreases gene flow
over a given distance, granite outcrops also vary in their geographical isolation, with
some having little or no surrounding granite. The presence of suitable habitat, such as
granite, surrounding an outcrop is expected to enhance gene flow. Hence, some
outcrops examined in this study may be isolated, but not situated in cleared land,
resulting in an overall absence of a land type effect between outcrops.
Sex and parasite abundance
It was also found that males had significantly more parasites than females. There may
be numerous behavioural reasons for this finding. In other lizards, males often have
increased movements and disperse more readily between populations than females
(e.g. Olsson et al., 1996, Gardner et al., 2001, Johansson et al., 2008, Dubey & Shine,
2010). Males are also involved in aggressive interactions with other males and
copulate with numerous females (Baird et al., 1996, Thompson et al., 1999, Kerr & Bull,
2006). Such behaviours may increase exposure to parasites compared with females
(Shah, 2001, Klukowski, 2004, Curtis & Baird, 2008). However, evidence suggests that
sex biased dispersal is not common in C. ornatus (LeBas, 2002, Chapter 4) and that
both males and females aggressively defend territories and have multiple mates
(LeBas, 2001). Further, females tend to be found sheltering together with other
females and juveniles, whereas males are typically found alone or with a single female
(N. LeBas & E. Levy pers. obs.). Thus it seems that males and females may experience
similar levels of exposure to parasites through contact with other individuals.
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Alternatively, increased levels of parasitism in males may be due to the immune
suppressive effects of testosterone, which are known to increase the infestation of
trombiculid mites in lizards (Fuxjager et al., 2011). A recent meta‐analysis of studies
investigating the impact of testosterone on immune function found males of many
species, and in particular reptiles, had high ectoparasite loads associated with high
levels of testosterone (Roberts et al., 2004).
Conclusions
The results of this study suggest that while there does not seem to be a strong
relationship between genetic variation and parasite abundance at the individual level,
populations of C. ornatus with high genetic variation have higher mean parasite
abundance than populations with lower genetic variation. This may be a consequence
of connectivity maintaining both larger parasite populations and higher genetic
variation. There are two sides to this finding. First, isolated populations that may be
genetically vulnerable seem to be spared the parasite infestation levels seen in more
genetically diverse populations and this may benefit their long term prospects. Second,
without the fitness costs of high parasite loads (e.g. Clobert et al., 2000, Main & Bull,
2000, Klukowski & Nelson, 2001), individuals in these isolated genetically depauperate
populations may have a higher survival than would be otherwise expected. However,
such populations may also, in the long term, be more susceptible to novel parasites or
genetic variants that arrive in the population. This is because it is known that isolated
C. ornatus populations lose neutral genetic variation (Chapter 4) so they may well lose
important alleles involved in parasite resistance if these are not under selection
(Coltman et al., 1999, Luong et al., 2007). Therefore the introduction of novel parasites
has the potential to be more damaging in isolated populations than in more connected
populations that have greater genetic variation for parasite resistance. This study
reinforces the notion that it is important for conservation managers to assess the
biology of parasites and disease prior to reconnecting isolated and genetically
vulnerable populations or carrying out translocations and reintroductions.
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CHAPTER 7
General Discussion
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Habitat degradation and modification for agricultural purposes has become one of the
leading causes of species decline worldwide (Groombridge, 1992). The loss of suitable
habitat has the most drastic effect on population persistence, however, even when
fragments of suitable habitat are retained, remnant populations are still vulnerable
(Fahrig, 2003). If the altered environment between populations is not conducive to
dispersal, and therefore gene flow, populations can become isolated and suffer from
loss of genetic variation, reducing their evolutionary potential (Bender et al., 1998). In
light of this, there has been a dramatic increase in the amount of research
investigating the genetic effects of landscape changes (Keyghobadi, 2007). However,
because loss and fragmentation of habitat typically occur together, it is difficult to
discern the specific effects of fragmentation on patterns of gene flow and genetic
variation.
This thesis provides a robust examination of how contemporary changes to landscapes
affect population genetic structure, genetic variation and parasite abundance. These
effects were investigated in the ornate dragon lizard, Ctenophorus ornatus, which is
found in both modified and natural landscapes but has experienced minimal habitat
loss. Thus, the effects of habitat loss on patterns of genetic variation are also
minimised. Further, this study makes use of a large number of replicate populations
(up to 52) and molecular markers (22 microsatellite loci). Such levels of replication are
rare among genetic studies, particularly those that compare landscape features over
broad scales (Chapter 5) or examine the relationship between genetic variation and
fitness (Chapter 6).
An initial evaluation of the phylogeographic structure of C. ornatus confirmed that the
northern populations formed a distinct clade that has been genetically isolated from
the southern populations since the late Miocene to early Pliocene (Chapter 3). This is
in line with estimates of divergence times of species (Melville et al., 2008) and lineages
(Edwards et al., 2008) in other vertebrates in the south‐west of Western Australia.
However, whether the two clades correspond to separate species is still unresolved
because although haplotype divergences were less than half (4.4%) those between C.
ornatus and its closest relative C. caudicinctus (9.5%), levels of haplotype divergence in
a mitochondrial genome segment (including ND1, ND2 and CO1 genes) between five
other Ctenophorus species were also 50% less than that between C. ornatus and C.
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caudicinctus (Melville et al., 2001). In light of these findings all remaining analyses
were conducted on populations from the larger southern clade only.
The ornate dragon was found to have high levels of population genetic structure and
strong regional separation of outcrop populations. Patterns of isolation by distance
were also evident between and within regions (Chapter 3). Together these results
suggest gene flow is limited within regions as well as between regions, but that there
are no complete barriers to gene flow, with distance posing a strong limitation on gene
flow. A more detailed examination of the effect of the landscape between populations
on gene flow supports this finding, with no landscape feature being a more important
determinant of genetic divergence than geographical distance (Chapter 5).
In contrast, at a much finer scale (< 5 km) land clearing between outcrop populations
seems to be responsible for reducing gene flow and enhancing population genetic
structure (Chapter 4). This confirms the findings of previous studies that have
identified land clearing and habitat fragmentation as a major cause of increased
genetic structure and population isolation, particularly in reptiles (e. g. Stow et al.,
2001, Berry et al., 2005, Hoehn et al., 2007). Importantly, however, in C. ornatus my
results demonstrate that habitat modification between remnant populations can have
a significant negative impact on population genetic health and that this is most likely
largely independent of the effects of habitat loss.
Studies on the effects of landscape features, especially contemporary landscape
features such as land clearing, on genetic structure at different spatial scales are rare.
However, there is some evidence that landscape has varying effects on genetic
structure at different spatial scales. For example, Lee‐Yaw et al. (2009) found that
landscape features important in determining genetic structure at a fine‐scale in the
wood frog (Rana sylvatica) did not influence genetic structure at a regional scale.
Similarly, Castric et al. (2001) found that landscape features that affected fine‐scale
population structure in the brook charr (Salvelinus fontinalis) had only minor impacts
on broad‐scale patterns of genetic structure. Such differences may result from
influences on gene flow at broad‐scales masking fine‐scale effects (Lee‐Yaw et al.,
2009).

91

The time since landscape features emerged is also important to take into consideration
as it has been shown that the there can be a temporal‐lag between the time at which
habitat fragmentation occurred and when its impacts are observed in the population
genetic structure (e.g. Holzhauer et al., 2006, Spear & Storfer, 2008). In C. ornatus I
found that genetic variation within outcrop populations situated in cleared landscapes
were significantly lower than those in uncleared areas, but only in the region that had
the longest history of land clearing (Chapter 5). It therefore seems likely that the
discrepancy between the effects of land clearing on population genetic structure at
fine and broad scales in C. ornatus may be caused by a time‐lag effect. This is
important for the management of fragmented populations because if the effects of
landscape changes are not evident in the short‐term, populations at risk may not be
identified until the detrimental effects of land clearing are severe.
Reduced genetic variation within outcrop populations as a result of land clearing
between outcrop populations did not correspond to an increased abundance of an
ectoparasitic trombiculid mite on C. ornatus. Instead, the opposite relationship was
seen with populations high in genetic variation also having high parasite abundance
(Chapter 6). Recent evidence suggests that parasite abundance may be reduced in
isolated populations compared to more connected populations (Carlsson‐Graner &
Thrall, 2002, Altizer et al., 2007, Gibson et al., 2010). This is because parasite
populations are subjected to the same genetic effects of isolation as host populations,
but as parasites tend to have shorter generation times and higher mutation rates, the
detrimental effects of isolation are likely to be more pronounced (Burdon et al., 1989,
Gompper & Williams, 1998). My finding that there was no effect of land clearing on
parasite abundance, demonstrates that land clearing itself is not causing the decline in
parasite numbers, which might be expected if there was some microhabitat
requirement of the mites. Rather, my results suggest that the effects of isolation
encapsulated in the genetic measures of host genetic variation are influencing parasite
abundance.
Combined, my thesis research findings highlight the importance of population
connectivity in maintaining genetically healthy populations of C. ornatus. More
importantly, this thesis demonstrates that even if populations seem to have been
spared the effects of habitat modification because specific habitats remain largely
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unchanged, the alteration of the environment between populations can have
significant detrimental effects on genetic structure and variation. However, care
should be taken when deciding upon the genetic effects of landscape changes as these
may take time to become apparent and can vary between regions and across spatial
scales. In addition, the introduction of novel parasites has the potential to be more
damaging in isolated populations than in more connected populations that are likely to
have greater genetic variation for parasite resistance. Hence, it is vital that the biology
of parasites and disease is considered prior to reconnecting or translocating individuals
between isolated populations to avoid introducing novel parasites into genetically
depauperate populations.

FUTURE RESEARCH
To fully comprehend the impacts of land clearing on genetic structure in the C. ornatus
system, more research is needed into the dispersal requirements, constraints and
associated behaviours of the species. Combined with the findings of this thesis, this
would provide an understanding of how and why land clearing reduces gene flow. In
addition, investigating whether land clearing has similar genetic effects on other
granite outcrop endemic species would enable a broader understanding of how land
clearing is affecting the granite outcrop network, the species that rely on the shelter
and resources they provide, and how granite outcrops can best be managed to ensure
the persistence of this habitat.
The development of a map of granite outcrops in south‐west Western Australia would
enable a reassessment of the impact the presence or absence of granite has on the
broad scale patterns of genetic structure in C. ornatus. The lack of such a map made
the influence of granite outcrops on broad scale genetic structure difficult to
determine and may be the reason why a significant effect was not detected despite
the expectation that the presence of granite outcrops should significantly decrease
divergence between outcrops. A map of granite outcrops may also reveal a barrier to
gene flow that coincides with the gap in the species distribution, explaining the
maintenance of the divergence between the northern and southern lineages. Further,
expanding the phylogenetic study to include more species from the genus Ctenophorus
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will help to better understand the divergence of the 12s rRNA gene between species
and lineages.
It would also be of benefit to investigate whether other parasites infest C. ornatus and
whether their abundance shows similar patterns to those of the mite examined in this
thesis. This would determine whether the relationship between genetic variation and
mite abundance observed in C. ornatus reflects general or specific responses to habitat
modification. Another avenue for future research would be to assess the relationship
between variation in immune function genes such as those of the MHC and parasite
abundance. This would provide more specific information about how genetic variation
involved in immunity and parasite resistance affects parasite abundance, rather than
the broader genome‐wide approach presented in this thesis.
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Abstract We describe the isolation and development of
20 polymorphic microsatellite loci for the ornate dragon
lizard Ctenophorus ornatus. Characterization of these loci
in 29 individuals from a single population yielded between
five and twenty alleles per locus. Expected heterozygosities
ranged from 0.32 to 1.00 and only one locus deviated from
Hardy–Weinberg expectations. There was no evidence of
linkage disequilibrium between any pair of loci.
Keywords Ornate dragon lizard  Microsatellite 
Population genetics  Ctenophorus ornatus

The ornate dragon lizard, Ctenophorus ornatus, is an agamid
lizard which exclusively inhabits granite outcrops in
southern Western Australia (Storr et al. 1983); a biodiversity
hotspot that is threatened due to extensive land clearing for
agriculture (Saunders 1989). The unsuitability of granite
outcrops for agriculture has ensured that these habitat
islands have largely been spared from direct disturbance
(Yates et al. 2007). However, agricultural and urbanisation
practices over the past 150 years have vastly altered the
surrounding habitat, causing outcrops and the populations of
plants and animals they support to become completely isolated from each other. These now isolated populations are
more prone to the detrimental effects of genetic drift and
inbreeding and therefore more likely to undergo localised
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extinction. In fact, several populations of C. ornatus in the
earliest cleared areas may have recently become extinct
(Gibb and LeBas pers. obs.). A comprehensive examination
of the population genetics of this species using polymorphic
microsatellite markers is therefore timely and necessary for
the effective management of this species.
Previous work on C. ornatus has focussed primarily on
sexual selection (LeBas and Marshall 2000; LeBas 2001;
LeBas and Marshall 2001; LeBas 2002) and in order to
examine the genetic mating system of this lizard, seven
polymorphic microsatellite markers were developed (LeBas
and Spencer 2000; LeBas 2002). Here, we report the development of an additional 20 microsatellite markers that will
be used to explore patterns of gene flow, genetic variation
and inbreeding, along with their interaction with sexual
selection in C. ornatus. These data are necessary for identifying isolated and/or genetically depauperate populations
that are vulnerable to extinction threats, as well as designing
a management plan for conserving genetic variation within
this species.
Microsatellites were isolated from a C. ornatus DNA
library created by Genetic Information Services. Methods
for the construction and enrichment of the DNA library are
outlined in (Jones et al. 2002). Four libraries were constructed by partially restricting genomic DNA with a cocktail of seven blunt-end cutting enzymes (RsaI, HaeIII,
BsrB1, PvuII, StuI, ScaI, EcoRV). Fragments in the size
range of 300–750 bp were adapted and subjected to magnetic bead capture (CPG, Inc.). Captured molecules were
amplified, adapters removed by digestion with HindIII and
ligated into the HindIII site of pUC19. Recombinant molecules were electroporated into Escherichia coli DH5alpha.
Recombinant clones were randomly selected for sequencing
and enrichment levels were expressed as the fraction of
sequences that contained a microsatellite. Sequences were
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Table 1 Characteristics of 20 microsatellite loci in the ornate dragon
lizard, Ctenophorus ornatus (n = 29). Listed for each locus are the
primer sequences, repeat motif, annealing temperature (Ta), number
Locus

CoA1

of alleles (Na), the size ranges of the alleles, the observed (Ho) and
expected (He) heterozygosities and the probability value from Hardy–
Weinberg test (P)

Primer sequence (50 –30 )

Repeat
motif

Ta (°C)

Na

Size
range
(bp)

Ho

He

P

GenBank
accession
no.

F: GTCCCAAACCCACTATTTTC

(GT)21

57

10

252–294

0.86

0.79

0.881

GU817019

(TG)22

57

9

269–295

0.64

0.85

0.004

GU817026

(AAC)7

57

5

257–277

0.68

0.60

0.859

GU817020

(AAC)13

56

7

199–238

0.86

0.80

0.867

GU817021

(AAC)19

57

17

199–260

0.93

0.92

0.672

GU817022

F: AAATCCCAAGAAATGCTATGTC
R: CAGGAGGAAAAAGAGACAGTTC

(AAC)19

57

8

196–267

0.79

0.79

0.617

GU817027

F: GTAGCCACCTTCTGTGTCAC

(GTT)23

57

9

199–291

0.57

0.74

0.020

GU817028

(ATC)6

56

5

129–141

0.55

0.54

0.666

GU817023

(ATC)19

57

11

237–275

0.93

0.89

0.851

GU817038

(ATG)20

56

9

165–210

0.86

0.84

0.687

GU817029

(ATC)13

56

8

216–246

0.83

0.82

0.650

GU817030

(TCA)18 (ACA)11

57

15

201–260

1.00

0.91

1.000

GU817031

R: GGGCTCACTGAACTACAGC
CoA107

F: TCCAGCACTGTAATGAAAGAG
R: TGGTCTCACCATAGTTACTGC

CoB5

F: TGGGAAAGATCATAATGTTGG
R: TTGGATTACCAGGTGTCTCAC

CoB11

F: CTGCTTCACCCTTCCTGT
R: CCCTCTTCTCTGGTTCACTC

CoB12

F: CGTACAGCAGGTCATTGTAATC
R: ATGCCTTCTTTCTATGCAGTTC

CoB108
CoB111

R: AACATTCACGTACCCTTATAGC
CoC8

F: GATCAGCGGATGATTCTCAC
R: GCTGCCGTAAGTCAGAACTG

CoC11

F: TGATGTGCCTGTTGAGTCTAC
R: CCTGTTTGTCTTGTCCAGTTC

CoC107

F: TCCACCAGAAGAAATACCTAGC
R: CAACCTCACTGAAGCATGTAAG

CoC109

F: ACACGACAGGAGGAAAGTC
R: GGAAAACGGTCACCATAAG

CoC115

F: TTGTGCTAAGCCTGAAGAAGC
R: CCTGTGAGTTGCCAGAGGTAG

CoC120

F: CATTTGAAGGGAGAATATGGA

(AGA)27 (CGA)4 (AGA)2

57

14

167–230

0.89

0.91

0.517

GU817032

CoD3

R: AAAGCGTAGCAGGAGAAGG
F: TAAAGGGAACTGGCTATTTACA

(GATA)25

57

10

217–297

0.89

0.88

0.667

GU817024

(GATA)26

57

15

238–298

0.76

0.91

0.008

GU817025

(GATA)29

57

20

183–294

1.00

0.94

1.000

GU817033

(GATA)16 (CATA)12

57

7

171–231

0.32

0.82

0.001

GU817034

(GTCT)4 (ATCT)21

57

10

249–293

0.81

0.85

0.416

GU817035

(ATCT)31

57

20

210–350

0.93

0.93

0.675

GU817036

(TAGA)7

57

14

231–315

0.89

0.89

0.618

GU817037

R: TCTTCAGTGTTGTCACATGAAC
CoD10

F: CCCAGAGAGTGCTCTAGCA
R: CACCAGTCTTAATGGAGTTTGA

CoD106

F: AGGGGCTTGGAACTGATG
R: ATTTGGGCTGGTGAGTGG

CoD108

F: GTGTGGGTGGCGTAGTAGG
R: AACGGAGTGCTTGTCTTGC

CoD111

F: CTTTGGTCCTCTGTCTGTCTG
R: TCAACTGTGGGTCCTGATG

CoD114

F: CAAGTTGAGTCACTGGAGCTAC
R: CTCAGAGTGGCTGCATAGAC

CoD115

F: AAGACTGAAGGATGCCTAATC
R: TGCCTGATGTCTGCTATACA

obtained on an ABI PRISM 377, using ABI PRISM Taq dye
terminator cycle sequencing methodology. The CA library
produced 24 microsatellites from 25 clones, the AAC library
produced 22 microsatellites from 25 clones, the ATG library
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produced 20 microsatellites from 23 clones and the TAGA
library produced 22 microsatellites from 25 clones. Polymerase chain reaction (PCR) primers were developed
for 69 of the microsatellite-containing clones using the
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DesignerPCR version 1.03 (Research Genetics, Inc.) software package.
Genomic DNA for PCR was extracted from individual
C. ornatus toe or tail tissue using the standard salting out
method described in (Sunnucks and Hales 1996) with the
exception of the incubation stage which was carried out
overnight at 56°C. PCR reactions of 13 ll contained
*10 ng DNA, 19 reaction buffer (Invitrogen’s Platinum
PCR Super-Mix: 22 U/ml complexed recombinant Taq
DNA polymerase with Paltinum Taq antibody, 22 mM Tris–
HCl (pH 8.4), 55 mM KCl, 1.65 mM MgCl2, 220 lM
dGTP, 220 lM dATP, 220 lM dTTP, 220 lM dCTP) and
3.3 lM of each primer (forward primer fluorescent labelled). PCR amplifications were carried out in an Eppendorf
thermal cycler and consisted of an initial denaturation at
94°C for 2 min followed by 30 cycles of 45 s at 94°C; 45 s at
annealing temperature (see Table 1) and 45 s at 72°C and a
final elongation step at 72°C for 5 min. The products from
each PCR (1.5 ll) were analysed on an ABI 3730 Sequencer, sized using GeneScan-500 LIZ internal size standard
and scored using GeneMapper version 3.7 (Applied Biosystems) software. Levels of genetic diversity were assessed
by genotyping 29 adult C. ornatus collected from Tutanning
Nature Reserve, Western Australia (32° 320 S, 117°180 E).
The FSTAT 2.93 software package (Goudet 2001) was used
to calculate basic descriptive statistics as well to test for
conformity to Hardy–Weinberg expectations and linkage
disequilibrium between all pairs of loci. Significance levels
were adjusted to the number of simultaneous tests using
sequential Bonferroni correction (Rice 1989).
Consistent polymorphic genotypes were produced
within the expected size range in 20 of the 69 microsatellite-containing clones for which PCR primers were
developed. The number of alleles at these loci ranged from
5 to 20, and the observed and expected heterozygosities
ranged between 0.32 and 1.00 and between 0.54 and 0.94,
respectively (Table 1). Significant deviation from Hardy–
Weinberg expectations was detected at only one locus
(CoD108). The Cervus version 3.0.3 software package
(Marshall et al. 1998) was used to estimate a null allele
frequency of 0.4273 at this locus. There was no evidence of
linkage disequilibrium between any pairs of loci.
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Abstract
Species inhabiting ancient, geologically stable landscapes that have been impacted by agriculture and urbanisation are
expected to have complex patterns of genetic subdivision due to the influence of both historical and contemporary gene
flow. Here, we investigate genetic differences among populations of the granite outcrop-dwelling lizard Ctenophorus
ornatus, a phenotypically variable species with a wide geographical distribution across the south-west of Western Australia.
Phylogenetic analysis of mitochondrial DNA sequence data revealed two distinct evolutionary lineages that have been
isolated for more than four million years within the C. ornatus complex. This evolutionary split is associated with a change in
dorsal colouration of the lizards from deep brown or black to reddish-pink. In addition, analysis of microsatellite data
revealed high levels of genetic structuring within each lineage, as well as strong isolation by distance at multiple spatial
scales. Among the 50 outcrop populations’ analysed, non-hierarchical Bayesian clustering analysis revealed the presence of
23 distinct genetic groups, with outcrop populations less than 4 km apart usually forming a single genetic group. When a
hierarchical analysis was carried out, almost every outcrop was assigned to a different genetic group. Our results show there
are multiple levels of genetic structuring in C. ornatus, reflecting the influence of both historical and contemporary
evolutionary processes. They also highlight the need to recognise the presence of two evolutionarily distinct lineages when
making conservation management decisions on this species.
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The diversity of flora in this region has therefore largely been
attributed to the climatic fluctuations of the late Pliocene and
Pleistocene [14–19]. By contrast, the onset of aridification of the
late Miocene/early Pliocene has been suggested to have driven
diversification in myobatrachid frogs [20,21] and heath dragons
[22]. The stability of this ancient landscape therefore promotes
complex evolutionary histories, especially in comparison to
lineages whose current distributions have arisen more recently,
for example, since the Last Glacial Maximum [23].
The ornate dragon is a small (20 g) agamid lizard endemic to
south-west Western Australia. It has an allopatric distribution,
where the majority of the species can be found south of Jibberding
through to Esperance and its offshore islands, and a smaller pocket
of populations persist north of Paynes Find to Meka and
Sandstone [24] (Figure 3.1). The two groups are separated by
little more than 100 km. The populations in the northern pocket
are phenotypically distinct from their southern counterparts. In
the south, dorsal colouration of the lizards ranges from almost
black to a deep brown, and males have a distinctive series of white
blotches running along their back. In the northern pocket, these
blotches are replaced by a solid white vertebral stripe, and the
dorsal colour becomes a reddish-pink [24]. The spectral reflectance of the dorsal pattern and colouration of these lizards closely
matches that of the granite, making lizards less visible to aerial
predators [25]. Such phenotypic divergence is suggestive of strong

Introduction
The south-west of Western Australia is renowned for its extreme
endemism, high species diversity and its threatened environments
[1,2]. This region is home to more than 5500 native plant species
[1], of which 80% are endemic [3], 450 vertebrate species [1], and
numerous ancient, endemic lineages of invertebrates [e.g. 4,5–7].
The diversity of taxa already recognised in the south west of
Western Australia, based on prior species concepts, is nevertheless,
likely to underestimate the levels of variety and evolutionarily
significant diversity that is present. The issue of identifying species
level subdivision is notoriously difficult [8], and with the increasing
detail of molecular genetic studies, there has recently been
increasing weight given to species as emergent properties of
metapopulations and a more continuous notion of subdivision [9–
11]. Alongside this is the concept of evolutionarily significant units
in the context of conservation [12]. Clearly, from both a
phylogenetic and a conservation perspective, it is important to
identify both where subdivisions are deep enough to represent
distinct species, but also where the phylogenetic and phenotypic
clustering of metapopulations reveal evolutionarily significant
diversity [9].
The levels of diversity, however they are delineated, have
evolved in a region that is topographically subdued and in the
relative absence of major vicariant forces typically used to explain
speciation, such as, glaciation, tectonic or volcanic activity [13].
PLOS ONE | www.plosone.org
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selection and local adaptation, possibly enhanced by a lack of gene
flow across the 100 km gap between the two groups.
The ornate dragon lizard is a habitat specialist, restricted to
granite outcrops, which act as a terrestrial island system, creating
discrete habitat patches that are highly variable in size and
distance to the nearest outcrop [26]. We have previously shown
that over a small spatial scale (five km), C. ornatus exhibits
significant genetic structuring at distances greater than 2 km [27].
In this study, we use mitochondrial DNA (mtDNA) sequence and
microsatellite data to examine the evolutionary relationships and
genetic structure among C. ornatus populations across the species’
range. Our specific aims are 1) to determine whether the
phenotypically northern populations are genetically differentiated
to the southern populations and 2) examine the spatial scales over
which populations become genetically distinct and whether these
spatial sales vary among geographical regions.

lizard was toe-clipped to provide a tissue sample for genetic
analysis and then returned to its outcrop. Toe-clips were stored in
100% ethanol prior to DNA extraction. In lizards, toe and tail
clipping is commonly used for identification and DNA analysis
[28–30], and C. ornatus are known to lose toes as a result of
predation and rock-associated injuries (LeBas pers. obs.).

Ethics Information
This study was performed in strict accordance with the Australian
Code of Practice for the Care and Use of Animals for Scientific Purposes. All
field collection and handling practices were approved by the
Animal Ethics Committee at the University of Western Australia
(ref: RA/3/100/781).

DNA Extraction, Genotyping and Sequencing
DNA was extracted for microsatellite and mitochondrial
analysis using the standard salting out method described in
Sunnucks & Hales [31] with the exception of the incubation stage
which was carried out overnight at 56uC. The microsatellite
analysis was carried out according to Levy et al. [32]. Two loci
(Co6A6 and Co9C11) are described in LeBas & Spencer [33] and
the remainder in Levy et al. [32]. An Applied Biosystems 3730
capillary sequencer and Genemapper 3.7 software (Applied
Biosystems, Foster City, California) were used to score alleles.
A subset of 30 outcrops, selected to represent each region, were
used for the mitochondrial DNA analysis. For each outcrop, DNA
from five adult females was sequenced. DNA from two closely
related species, Ctenophorus caudicinctus and Ctenophorus reticulatus [34]
were also sequenced. Tissue samples from these species (one to two
individuals per species) were collected from the northern pocket of

Methods
Sample Collection
Ornate dragons were collected from outcrops throughout the
species distribution (Figure 1). Outcrops were located both in
cleared agricultural land and uncleared native bushland. In total,
52 outcrops ranging in size from 0.1 ha to 175.2 ha
(mean = 20.1 ha), with no less than 10 lizards (mean sample
size = 23, range = 10–46), were included in this study. Outcrops
were clustered into five geographic regions, Northern Pocket (NP),
North-Eastern Wheatbelt (NEW), South-Eastern Wheatbelt
(SEW), South-West (SW) and Southern (S) (Figure 1).
Lizards were captured by hand at first-light when they were cold
and still relatively inactive by lifting exfoliated granite slabs. Each

Figure 1. Distribution and sampling locations of C.ornatus. The distribution is shown by the grey shading in the inset map of Western
Australia. Sampling locations for NP are indicated by crosses, NEW by open circles, SEW by triangles, S by closed circles and SW by squares.
doi:10.1371/journal.pone.0046351.g001
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Table 1. Levels of mtDNA variation within each of 30
outcrops.

Outcrop

Region

Haplotype(s) h

p

D

P

N

SW

1

0.0000

0.00

1.000

0.00

S

SW

01, 02

0.40

0.0008

20.97

0.198

Eagle

SW

01, 02, 03, 04 0.90

0.0019

20.41

0.434

Tammar

SW

01, 02

0.0014

1.89

0.972

0.67

T

SW

1

0.00

0.0000

0.00

1.000

BBQ

SW

01, 02

0.40

0.0008

20.97

0.201

RNR
Simpson

SW
SW

5
5

0.00
0.00

0.0000
0.0000

0.00
0.00

1.000
1.000

2Roo

SW

5

0.00

0.0000

0.00

1.000

Walton

SW

5

0.00

0.0000

0.00

1.000

SFR

SW

5

0.00

0.0000

0.00

1.000

Z

SW

5

0.00

0.0000

0.00

1.000

X

SW

06, 07

0.40

0.0004

20.82

0.307

Y

SW

8

0.00

0.0000

0.00

1.000

Legrande

S

9

0.00

0.0000

0.00

1.000

Middle

S

10

0.00

0.0000

0.00

1.000

DD

SEW

11

0.00

0.0000

0.00

1.000

Spurr

SEW

13

0.00

0.0000

0.00

1.000

H

SEW

11

0.00

0.0000

0.00

1.000

K

SEW

12

0.00

0.0000

0.00

1.000

D

SEW

11

0.00

0.0000

0.00

1.000

G

SEW

11

0.00

0.0000

0.00

1.000

Geer C

NEW

14

0.00

0.0000

0.00

1.000

Elach

NEW

14

0.00

0.0000

0.00

Table 2. Characteristics of 52 outcrops and levels of
microsatellite DNA variation for each outcrop.

1.000

Boco

NEW

14

0.00

0.0000

0.00

1.000

Falcon

NEW

14

0.00

0.0000

0.00

1.000

Moon

NEW

14

0.00

0.0000

0.00

1.000

Foggy

NEW

14, 15, 16

0.70

0.0048

1.33

0.902

Granites

NP

17

0.00

0.0000

0.00

1.000

UFO

NP

17, 18

0.67

0.0007

0.00

0.988

The haplotypes found in each outcrop are given along with the haplotype
diversity (h), nucleotide diversity (p), and Tajima’s D with its associated P-value.
doi:10.1371/journal.pone.0046351.t001

the C. ornatus distribution in 2000. Doublestranded PCR amplifications were executed with 25 ul of 1 6 buffer (Invitrogen),
2 mM MgCl2, 0.3 mM each dNTP, 0.4 uM of each primer, 1 U
of Platinum Taq and approximately 20 ng of DNA. A segment of
about 900 base pairs (bp) from the 12S rRNA gene was amplified
with primers Co12SaF 59GGCCCAGGACTCAAGATAACA -39
and Co12SaR 59TCGGCAAGTTCGTTAGGCT-39 with the
following sequencing conditions: initial denaturation at 95uC for
5 min followed by 35 cycles of 45 s at 94uC, 1 min at 56uC and
1 min at 72uC with a final elongation step at 72uC for 10 min.
PCR product was run on 1.5% agarose gel for 30 min at 100 V.
Samples were sequenced by AGRF (Australian Genome Research
Facility) on the Applied Biosystems 3730 6l DNA Analyzer
platform.
DNA sequence data were edited using SEQUENCHER v
4.10.1 (sequence analysis software, Gene Codes Corporation, Ann
Arbor, MI USA http://www.genecodes.com). Sequences were
then aligned individually using MEGA v5 [35] and all alignments
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Outcrop

Outcrop size
Region (ha)
Sample sizeHE

AR

FIS

2Roo

SW

2.1

20

0.73

2.8

0.07

ABC

SEW

35.6

19

0.82

3.1

0.13*

BBQ

SW

4.2

20

0.79

3.0

0.06

Baladjie

NEW

32.5

31

0.74

2.8

0.15*

Bering

NEW

11.1

15

0.84

3.1

0.09

Boco

NEW

27.5

43

0.81

3.1

0.13*

D

SEW

8.0

46

0.79

3.0

0.14*

DD

SEW

5.7

25

0.83

3.2

0.09*

Dryandra

SW

2.3

20

0.72

2.7

0.06

Eagle

SW

5.1

29

0.81

3.1

0.03

EF

SEW

7.6

16

0.78

3.0

0.09

Elach

NEW

59.5

29

0.78

3.0

0.16*

Falcon

NEW

13.7

45

0.79

3.0

0.13*
20.09

FF

SW

2.9

14

0.43

1.8

Foggy

NEW

7.3

25

0.69

2.6

0.11*

FR1

SW

9.2

14

0.79

3.0

0.06

G

SEW

56.6

23

0.82

3.1

0.11*

Geer A

NEW

1.1

10

0.80

3.0

0.11

Geer B

NEW

2.5

17

0.78

2.9

0.08

Geer C

NEW

17.1

15

0.82

3.1

0.17*

Gecko

SEW

3.2

13

0.67

2.6

0.05

Goanna

SW

0.1

20

0.84

3.2

0.06

Granites

NP

6.7

12

0.70

2.6

0.21*

H

SEW

16.1

32

0.78

3.0

0.098*

HM

SW

5.6

14

0.74

2.8

0.05

WE

SEW

43.7

23

0.78

2.9

0.13*

J

SEW

7.8

20

0.84

3.2

0.10*

K

SEW

43.7

36

0.82

3.2

0.09*

Legrande

S

1.6

27

0.46

2.0

0.04

LS

SW

3.0

22

0.77

2.9

0.06

Middle

S

175.2

10

0.43

1.9

0.25

Moon

NEW

1.3

13

0.83

3.1

0.16*

N

SW

6.3

45

0.85

3.3

0.05

P

SW

1.1

17

0.85

3.2

0.09

Q

SW

0.3

14

0.81

3.1

0.04

R

SW

1.1

15

0.83

3.1

0.04

RNR

SW

5.9

25

0.72

2.7

0.01

S

SW

0.7

23

0.82

3.1

0.02

SFR

SW

5.1

41

0.60

2.3

0.04

Simpson

SW

3.1

24

0.75

2.8

0.01

Spurr

SEW

4.4

33

0.83

3.1

0.11*

T

SW

2.1

25

0.84

3.2

0.05

Tammar

SW

3.9

24

0.81

3.1

0.03

UFO

NP

136.0

20

0.82

3.2

0.21*

V

SW

1.1

21

0.85

3.2

0.10*

W

SW

0.5

12

0.79

3.0

0.04

Walton

SW

4.7

25

0.75

2.8

0.02

WM

SW

3.3

22

0.64

2.5

0.05
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Markov Chain Monte Carlo sampling approach. The program
jMODELTEST 0.1.1 [40] was used to determine the most
appropriate model for the analyses using the Akaike Information
Criterion. The GTR+G model and default priors for Markov
chain Monte Carlo were adopted for the MRBAYES analysis
using unique haplotypes. Four chains were run simultaneously for
400 000 generations in two independent runs, sampling trees every
100 generations. After this number of generations, the final
standard deviation of split frequencies had reduced to less than
0.01 and the PSRF was 1.0 for all parameters, suggesting
convergence had been reached. A burnin of 1000 trees was
carried out for each independent run. A consensus tree with nodal
posterior probability support was obtained and rooted with the
closely related C. caudicinctus and C. reticulatus.
Pairwise genetic distances (p-distance) between and within
species and each major clade were calculated in MEGA 5 [35].
Divergence times between major clades were estimated based on
divergence times between C. ornatus and C. caudicinctus from
Melville et al. [34]. Genetic structure among geographic regions
was assessed using the Analysis of Molecular Variance (AMOVA)
approach [41] implemented in ARLEQUIN [37]. AMOVA
calculations were based haplotype frequencies and pairwise
differences among haplotypes.
Microsatellite data. The program FreeNa [42] was used to
estimate null allele frequencies for each locus, based on the
expectation maximization algorithm [43]. This program creates a
data set corrected for null alleles and uses it to calculate global and
pairwise FST values across all loci and for each locus. As there was
no difference (corrected FST = 0.15 95% CI = 0.14–0.17, uncorrected FST = 0.16 95% CI = 0.14–0.17) between these corrected
FST values and the uncorrected values, the original data set was
used for all remaining analyses.

Table 2. Cont.

Outcrop

Outcrop size
Region (ha)
Sample sizeHE

AR

FIS

X

SW

78.0

17

0.79

3.0

0.07

Y

SW

11.3

19

0.81

3.1

0.09*

Yanney

NEW

149.9

20

0.84

3.2

0.15*

Z

SW

5.3

36

0.78

3.0

0.08*

Gene diversity (HE), allelic richness (AR) and inbreeding coefficients (FIS) are
means across all loci. Significant departures from HWE are indicated by an
asterisk.
doi:10.1371/journal.pone.0046351.t002

were checked by eye. Haplotype sequences have been lodged in
GenBank (accession number: JQ627637).

Data Analyses
Mitochondrial sequence data. Departures from neutrality
for each outcrop were assessed using Tajima’s [36] D statistic, as
implemented in ARLEQUIN v3.1 [37]. The nucleotide diversity
(p), haplotype diversity (h) and number of polymorphic sites (S)
within each outcrop were also calculated in ARLEQUIN [37].
The relationship between haplotypes and their geographic
distribution was explored with haplotype networks. TCS 1.21
[38] was used to create maximum parsimony networks with 95%
connection limits and the geographic distribution of haplotypes
was overlayed on the networks. Bayesian analyses implemented in
MRBAYES 3.1.2 [39] were used to assess overall phylogenetic
structure of the 12s rRNA gene in C. ornatus. MRBAYES calculates
Bayesian posterior probabilities using a Metropolis-coupled,

Figure 2. Maximum parsimony haplotype network. Each haplotype is shown as an oval, the size of which indicates the number of individuals
with that haplotype (haplotypes within each outcrop are given in Table 2). Mutational steps connecting haplotypes are represented by dashes
between haplotypes. NP is shown in grey, NEW in yellow, SEW in red, S in blue and SW in green.
doi:10.1371/journal.pone.0046351.g002
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Figure 3. 12S phylogenetic tree constructed with MRBAYES. Numbers on branches indicate posterior probabilities and regions are indicated
on the right.
doi:10.1371/journal.pone.0046351.g003

000 MCMC iterations with a thinning of 100 and a burnin of
1000. The most likely number of clusters was chosen as the modal
K (from each independent run) with the highest posterior
probability.
Analyses involving STRUCTURE are typically assessed using
the DK method as simulations have shown this method to be
the most accurate estimator of the true number of populations
(K) [50]. However, this method also only detects the uppermost
layer of structure. Therefore the most likely K was calculated as
suggested by Pritchard et al. [51]. We also used the hierarchical
approach of Coulon et al. [52] to infer the number of clusters
within the data set. The hierarchical analysis was run until
clusters consisted of single outcrops, or K was equal to one.
STRUCTURE runs were based on a model that assumed
admixture of ancestry and independent allele frequencies. The
assumption of independent allele frequencies in the model
reduces the risk of overestimating K when allele frequencies are
likely to vary significantly between samples [51]. Ten independent runs were performed for each value of K (from one to one
more than the maximum number of outcrops) with a burnin of
10 000 followed by 100 000 MCMC iterations.
The significance of hierarchical partitioning of genetic structure
among geographic regions was examined using the Analysis of
Molecular Variance (AMOVA) approach [41] implemented in
ARLEQUIN [37].

The presence of linkage disequilibrium (LD) was tested for using
FSTAT 2.9.3 [44]. When each outcrop was assessed individually,
14 had up to two pairs of loci in LD. Because there was no
consistent pattern of LD across outcrops, all loci were retained for
the remaining analyses.
Microsatellite variation within each outcrop was measured using
allele frequency data, from which the average allelic richness,
inbreeding coefficient (FIS) and gene diversity (HE) were calculated. Genetic divergence between outcrops was estimated by
calculating pairwise h-values, an unbiased estimate of FST [45].
Estimates of genetic diversity within outcrops, departures from
Hardy Weinberg Equilibrium (HWE) and pairwise h-values were
all calculated using FSTAT [44]. To assess the spatial genetic
structure of outcrops, we analysed the correlation between genetic
divergence and geographic distance to test for patterns of isolation
by distance (IBD). An FST/(1– FST) matrix was compared with a
geographical distance matrix (log km) [46], using a Mantel test (10
000 permutations) calculated with the software package VEGAN
1.17-9 [47]. IBD was tested in this way across all outcrops as well
as within SEW, NEW and SW. As NP and S had only two
outcrops each, mantel tests were unable to be conducted for these
regions.
Population structure was also analysed with two Bayesian
assignment approaches implemented using the software programs,
STRUCTURE 2.3.1 [48] and GENELAND 3.1.5 [49]. Both
these programs group individuals into the most likely number of
clusters (K) that maximises the within cluster Hardy-Weinberg and
linkage equilibria. GENELAND differs from STRUCTURE in
that geographical information can be incorporated to produce
more accurate inferences of population structure based on the
spatial distribution of individuals.
For the GENELAND analysis, the coordinates (latitude and
longitude) of each outcrop were used to run the spatial model. The
uncertainty of coordinates was set at 0.4 km as this is the mean
diameter of sampled outcrops. Thus, on average, any individual
could have been collected within 400 m of the given coordinates.
The uncorrelated and null allele models were adopted for ten
independent runs of K = 1 to 52. Each run consisted of 100
PLOS ONE | www.plosone.org

Results
Genetic Variation
Mitochondrial sequence data. Of the 145 C. ornatus samples sequenced for the 12s rRNA gene, 18 unique haplotypes were
identified with a mean nucleotide diversity (p) of
0.0003660.00017 and mean haplotype diversity (h) of
0.1460.05. All of the outcrops were found to follow a neutral
model of evolution (Table 1).
Microsatellite data. Estimates of microsatellite genetic
variation were variable among outcrops (Table 2), with AR
ranging from 1.8 to 3.3 (mean = 2.9) and HE from 0.43 to 0.85
5
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Figure 4. Bayesian population assignment for the southern clade generated using the software program GENELAND. Each region is
indicated by a different symbol: NEW by circles, SEW by triangles, S by diamonds and SW by squares. Within each region, each cluster is represented
by a different colour.
doi:10.1371/journal.pone.0046351.g004

all other regions forming two strongly supported clades (posterior
probability = 1.00, mean p-distance = 0.044) (Figure 3). Another
split separating the SW region from NEW, SEW and S regions
was also identified, but this was poorly supported (posterior
probability = 0.68, mean p-distance = 0.016) (Figure 3).
The pairwise genetic distances for all inter species comparisons
(C. ornatus, C. caudicinctus and C. reticulatus) ranged from 0.092 to
0.129. For all intra species and clade pairwise comparisons, pdistances ranged from 0.001 to 0.028. Pairwise p-distances
between haplotypes in the northern and southern clades were
intermediate to these, ranging from 0.041 to 0.047. The finding
that these p-distances were distinct and did not overlap with either
the intra or inter species p-distance ranges further suggests that
these groups are divergent evolutionary lineages, but are not
sufficiently divergent to be classified as separate species. Based on
divergence times between C. ornatus and C. caudicinctus from
Melville et al. [34], the two clades were estimated to have diverged
approximately 4.26 mya.

(mean = 0.77). The average inbreeding coefficient was 0.08
(range 20.09 to 0.25). After correction for multiple comparisons, 22 of the 52 outcrops departed from HWE with a deficit
of heterozygotes. Also, two loci (CoB111 and CoD108) deviated
from HWE with deficits of heterozygotes in more than ten
outcrops. These deviations from HWE may be due to null
alleles. The presence of null alleles for each locus within each
outcrop was tested with MICROCHECKER [53]. After the
removal of four loci (CoB111, CoD108, CoD3 and CoC107)
that were consistently suggested to have null alleles, all outcrops
were found to conform to HWE. However, a reanalysis of the
data without these loci did not alter the results; thus, all loci
were retained in the subsequent analyses.

Phylogenetic Analyses
Two distinct haplotype networks were created, separating the
outcrops from NP from all other regions (Figure 2). This indicates
that there was less than 95% confidence in the connection between
these two networks. Within the larger (southern) network, two
further groups were identified, haploytpes from the SW region and
those from all other regions. These two groups are separated by 13
mutational steps. Bayesian phylogenetic analyses of the 12S rRNA
gene were in accordance with the haploytpe networks with NP and
PLOS ONE | www.plosone.org

Population Genetic Structure
Due to the classification of NP as a clade distinct from the other
regions by the phylogenetic analyses and the low number of
outcrops (two) sampled from this clade, these outcrops were
6
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Figure 5. Bayesian population assignment for the southern clade generated using the software program STRUCTURE when K = 23.
Each column represents a single individual and the proportion of each individual genotype that assigns to a particular cluster is shown by a different
colour. Individuals are ordered according to their outcrop of origin. The symbol below each outcrop is the same as that used to represent the
GENELAND cluster (Figure 4) to which the outcrop belongs. C. ornatus samples from the SW region are shown in the upper portion of the plot and
those from the NEW, SEW and S regions, in the lower portion.
doi:10.1371/journal.pone.0046351.g005

removed from the remaining analyses. Thus, genetic structure
within the remaining 50 outcrops was analysed by STRUCTURE
and GENELAND for values of K from 1–50.
Significant subdivision among outcrops was evident across all
outcrops (FST = 0.16, 95% CI = 0.14–0.17) as well as within each
region (SEW: FST = 0.10 (95% CI = 0.09–0.12), NEW: FST = 0.13
(95% CI = 0.12–0.14), SW: FST = 0.14 (95% CI = 0.13–0.15), S:
FST = 0.50 (95% CI = 0.39–0.62)). Similarly, IBD was identified
across all outcrops (r = 0.39, P,0.001) as well as within each
region (NEW: r = 0.64, P = 0.001, SEW: r = 0.35, P = 0.004, SW:
r = 0.51, P = 0.002).
The GENELAND and STRUCTURE (where K was determined by the method suggested by Pritchard et al. [51]) analyses
revealed the most likely number of clusters to be 23. Both analyses
formed similar clusters with only minor variations (Figures 4 and
5). There was no overlap between regions with all clusters
consisting only of outcrops from within the same region. In
general, outcrops that were closely situated to another outcrop (less
than 4 km) were clustered together (Figures 4 and 5). Although
two clusters in NEW contained outcrops that were more than
4 km away from the next nearest outcrop (G is 8.4 km away from
D, and ABC is 23.8 km away from Gecko). Interestingly, there are
other outcrops in NEW situated similar distances or even closer to
neighbouring outcrops that are not assigned to the same cluster.
All clusters had a small amount of admixture, mostly with
neighbouring clusters. A few individuals had almost their entire
PLOS ONE | www.plosone.org

genome assigned to multiple clusters, and a single individual in
WM was assigned entirely to the next nearest cluster (Figure 5).
The hierarchical STRUCTURE analysis initially grouped all
outcrops within the southern clade into two clusters which
reflected the separation of regions by the phylogenetic analyses
(cluster 1 = SW, cluster 2 = NEW, SEW and S). The SW cluster
had more hierarchical structure than the eastern cluster, where
outcrops formed their own clusters after only two to three levels of
partitioning. Details of the levels of partitioning are given in
Figure 6. Partitioning conformed to regions and at all hierarchical
levels, clusters were formed from neighbouring outcrops. In
general, hierarchical clustering was in line with clustering patterns
from the GENELAND and STRUCTURE (where K was
determined by the method suggested by Pritchard et al. [51])
analyses. The hierarchical analysis gave a final K of 47, where
almost all outcrops formed independent clusters.
Hierarchical structuring was also found using AMOVA. A
significant portion of the mtDNA and microsatellite variance was
found among regions as well as among outcrops within each
region, though the regional differences were much higher for
mtDNA, especially when calculations were based on genetic
distances among haplotypes (Table 3).
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Figure 6. Partitioning of outcrops for the hierarchical STRUCTURE analysis. All outcrops were initially split into a western cluster (a), which
consisted of outcrops from the SW region, and an eastern cluster (b) formed from NEW, SEW and S outcrops. Each outcrop is represented by a single
square in the final level of the analysis. Each cluster is represented by a rectangle, the size of which corresponds to the number of outcrops within the
cluster.
doi:10.1371/journal.pone.0046351.g006

50% lower than the sequence divergence between C. ornatus and C.
caudicinctus [34]. Thus, the levels of sequence divergence found
within C. ornatus may be sufficient to recognise the major clades as
separate species. Therefore, whether there are two species
currently classed as C. ornatus remains uncertain and more work
is needed to clarify this situation. Nevertheless our study reveals
that the two major clades do represent independent evolutionary
lineages and, given that they also cluster by phenotype [24], care
should be taken to treat them as evolutionarily distinct in future
research and when making conservation management decisions.
In keeping with other phylogeographic studies on vertebrates in
south-west Western Australia, the two clades were estimated to
have diverged in the late Miocene to early Pliocene, approximately
4.26 mya. This time period coincides with the onset of aridity in
Australia [55]. Edwards et al. [21] suggested that the onset of
aridity during this time period isolated populations of the
Myobatrachid frog, Metacrinia nichollsi, restricting them to refugia,
and eventually causing the formation of separate lineages. This
may also be the case for C. ornatus, as granite outcrops are thought
to act as refugia during times of aridity [56]. If conditions in the
environment between outcrops were too harsh, dispersal may not
have occurred, causing outcrops to become isolated. However,

Discussion
Phylogenetic Analyses
The phylogenetic analysis was unable to resolve clearly whether
the two allopatric groups of populations of C. ornatus comprise
separate species. Each group was monophyletic, which is a
property of the species category under the phylogenetic species
concept [54]. However, the average pairwise sequence divergence
between the groups (4.4%) was half of the divergence between C.
ornatus and its most closely related species, C. caudicinctus (9.5%). In
addition, the ranges of pairwise sequence divergences between
major clades did not overlap with those within species/clades or
between species. This suggests that while the northern and
southern clades are independent lineages, they may not be
sufficiently diverged to be considered separate species. However,
the strength of this result is limited by the low number of 12S
sequences available for species in the genus Ctenophorus. In a
phylogenetic study based on all Ctenophorus species using sequences
from three protein coding genes (ND1, ND2 and CO1), Melville et
al. [34] found levels of sequence divergence between most species
to be similar or higher than that between C. ornatus and C.
caudicinctus. However, a few species exhibited divergences that were
PLOS ONE | www.plosone.org

8

October 2012 | Volume 7 | Issue 10 | e46351

Phylogeography and Genetic Structure of C. ornatus

likely to occur through the passive movement of eggs when rock
pools are dry. Thus, even though C. ornatus and B. longirostris
inhabit fragmented habitats, historical gene flow, though restricted, does take place.

there does not appear be a lower density of granite outcrops
between the northern and southern populations.
Another possible explanation for the divergence may be the
different types of vegetation in the two areas. The southern clade
extends only as far as the boundary between the South-West and
Eremean botanical provinces [57]. The vegetation around the
granite outcrops in the northern clade is mainly Acacia shrubland,
while in the south, eucalypt woodlands dominate [55,57]. Even
though C. ornatus is a granite outcrop specialist, they must travel
through the intervening environment to enable gene flow between
populations. It is therefore possible that different vegetation types
differentially affected gene flow. Levy et al. [27] established that
land clearing significantly reduced gene flow in C. ornatus, probably
because it creates more open, exposed habitats with little shelter.
Similarly, the sparser vegetation in the northern clade may have
restricted gene flow. Pairwise FST for outcrops separated by similar
distances (25–31 km) in the SW as those in NP (28.3 km) indicate
that this may be the case. Outcrops in SW (where land clearing
has been established for longer [57]) had similar or higher FST
(mean FST = 0.18) than that in NP (0.17), whereas in the less
cleared eastern regions, mean pairwise FST was lower (0.12) than
in the NP. Therefore, if gene flow was affected by more sparse
vegetation in the NP, dispersal between the clades could simply
have become too difficult. Further, each clade could have become
locally adapted to dispersing through different vegetation types,
making dispersal between the northern and southern clades too
difficult. A similar situation was identified in the heath dragon in
south-western Australia, where allopatric populations had diverged substantially due to geographical isolation and subsequent
adaptation to different habitats [22].
Within the southern clade, regional separation between
outcrops was seen, although the regions were not divergent
enough to be classified as separate clades. Further, the SW was
shown to be distinct from the eastern and southern regions (NEW,
SEW and S). This geographic pattern of genetic structure reflects
restricted gene flow throughout the southern clade with isolation
by distance (IBD) creating regional sub-clades. Branchinella longirostris, an anostracan endemic to freshwater shallow, ephemeral
rock pools on the tops of granite outcrops in Western Australia
showed a similar pattern of restricted gene flow [58]. Dispersal is

Contemporary Patterns of Genetic Variation
Patterns of IBD were identified within regions by the
microsatellite analyses. IBD occurs when the divergence between
populations increases linearly with increasing spatial distance
between populations [59]. Patterns of IBD are commonly found in
reptiles [e.g. 60,61,62] including those inhabiting landscapes
modified by agricultural practices [e.g. 28,63,64,65]. This pattern
suggests that in C. ornatus gene flow is present between outcrops,
but becomes restricted as the distance between outcrops increases.
In other words, outcrops within regions were not isolated from one
another by complete barriers to gene flow.
The AMOVA for both mitochondrial and nuclear DNA
showed there was significant genetic differentiation between
regions and among outcrops within each region. These results
are supported by the clustering analysis, which suggest there has
been no recent gene flow between regions within the southern
clade. On a finer scale, the three clustering analyses revealed
largely similar patterns with neighbouring outcrops clustered
together, for the GENELAND and non- hierarchical STRUCTURE approaches, or forming higher levels of structure within the
hierarchical STRUCTURE analysis, and distant outcrops forming
separate genetic groups. Thus, the genetic clustering patterns
within C. ornatus support the isolation by distance analyses with
distance between outcrops being important in determining levels
of gene flow.
The distance at which gene flow in C. ornatus becomes limited, is
difficult to determine as there are several conflicting pieces of
evidence to consider. The GENELAND and non- hierarchical
STRUCTURE analyses generally indicate that outcrops more
than 4 km apart are independent genetic groups. This is largely
consistent with the findings of Levy et al. [27] where outcrops
separated by more than 2 km were classed as single genetic
groups. It is interesting to note that in the few cases where outcrops
more than 4 km apart were assigned to the same genetic group,
they were mostly separated by native vegetation, which we have
shown to be more conducive to gene flow than cleared landscapes
[27]. When a hierarchical clustering analysis was performed,
almost every outcrop was assigned to an independent genetic
group. Such a result is not unexpected given that C. ornatus is
restricted to granite outcrops, and therefore likely to show degree
of genetic independence among populations from different
outcrops.
Within outcrops, gene diversity was similar to that observed in
other reptiles [e.g. 28,64–68]. Genetic variation is maintained by
large population sizes and/or gene flow among populations, but
these also reduce genetic divergence between populations [59].
Given that genetic divergences and genetic structure were also
high among outcrops, this suggests that gene flow over short
distances is sufficient to maintain gene diversity in C. ornatus.
However, over larger distances gene flow becomes restricted
causing outcrops to become divergent.

Table 3. Hierarchical analyses of molecular variance (AMOVA)
apportioned among regions, outcrops and individuals.

Source of variation

% Total
Variance

F-statistics

P

FCT = 0.036

,0.001

Microsatellites
Among regions

3.6

Among outcrops within regions13.2

FSC = 0.137

,0.001

Within outcrops

83.2

FST = 0.168

,0.001

,0.001

MtDNA (Haplotype frequencies)
38.3

FCT = 0.383

Among outcrops within regions49.4

FSC = 0.799

,0.001

Within outcrops

12.4

FST = 0.876

,0.001

91.2

wCT = 0.912

,0.001

7.2

wSC = 0.816

,0.001

1.6

wST = 0.984

,0.001

Among regions

Conclusions

MtDNA (Pairwise differences)
Among regions
Among outcrops within
regions
Within outcrops

The phylogeography and population genetic structure of
C. ornatus provide an insight into the patterns and potential
processes that have driven the evolution of biodiversity in the
south-west of Western Australia. The timing of divergence
between evolutionary lineages is in line with those in other
Western Australian vertebrates [21,22] and suggests that the onset

doi:10.1371/journal.pone.0046351.t003
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of aridity during the late Miocene and early Pliocene may have
caused the isolation of the northern portion of the species
distribution from the larger southern portion. At a finer spatial
scale, patterns of population genetic structure suggest that gene
flow within geographical regions is restricted by distance, though
there were indications that gene flow may be restricted by landclearing as well. Thus, both historical and contemporary processes
appear to influence population structure in C. ornatus. Finally, the
presence of two distinct evolutionary lineages also highlights the
need to consider intraspecific variation in future research and
when making conservation management decisions on this species.
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Abstract
An important question for the conservation of species dwelling in fragmented habitats is
whether changes to the intervening landscape create a barrier to gene flow. Here, we
make use of the spatial distribution of the granite outcrop-dwelling lizard, Ctenophorus
ornatus, to compare inferred levels of gene flow between outcrops in a nature reserve
with that between outcrops in the adjacent agricultural land. Genetic variation,
relatedness and subdivision were compared within groups of individuals from different
outcrops similar in size and distance apart at each site. In the agricultural land, we found
significantly lower genetic variation within outcrops and greater genetic differentiation
between outcrops than in the reserve. Further, the rate at which genetic divergence
between outcrops increased over geographical distance was significantly greater in the
agricultural land than in the reserve. We also found that individuals were more closely
related within outcrops but more distantly related between outcrops in the cleared land.
These effects occur over a small spatial scale with an average distance between outcrops
of less than five kilometres. Thus, even though land clearing around the outcrops leaves
outcrop size unchanged, it restricts gene flow, reducing genetic variation and increasing
population structure, with potentially negative consequences for the long-term persistence of the lizards on these outcrops.
Keywords: fragmented habitats, gene flow, genetic variation, isolation by distance, land clearing, ornate dragon lizard
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Introduction
Land clearing is a common feature of most agricultural
and urban environments and is largely responsible for
the fragmentation of continuous habitats (Bender et al.
1998). While small habitat patches are frequently
retained, they can be disconnected by vast tracts of
cleared and agricultural landscapes (Saunders et al.
1991; Bender et al. 1998). In these altered environments,
the replacement vegetation may not provide adequate
resources or protection from predation (Stow et al.
2001; Berry et al. 2005; Hoehn et al. 2007). This may
pose a significant obstruction to dispersal and subsequent interbreeding (gene flow) between remnant popuCorrespondence: Esther Levy, Fax: +618 6488 1029;
E-mail: elevy@cyllene.uwa.edu.au

lations (Bender et al. 1998). Gene flow is important for
maintaining genetic variation within populations and
reducing the level of genetic differentiation among populations (Madsen et al. 1999; Hinten et al. 2003; Bollmer
et al. 2005; Ditto & Frey 2007; Howeth et al. 2008).
However, land clearing also causes extensive habitat
loss, with remnant habitat patches only able to support
a limited number of individuals (Bender et al. 1998). As
small populations are more susceptible to the effects of
genetic drift and inbreeding, habitat loss can also be
responsible for significant reductions in genetic variation (Keyghobadi 2007).
Habitat fragmentation and loss tend to be inseparable
processes, and identifying the impact of each on population genetic variation is difficult. Indeed, most studies
use genetic variation as an indicator of levels of gene
flow (e.g. Driscoll & Hardy 2005; Hoehn et al. 2007;
 2010 Blackwell Publishing Ltd
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Taylor et al. 2007), but with the concurrent impact of
habitat loss, the extent of disruption to gene flow can
be overestimated. Alternatively, the effect of land clearing on gene flow may be underestimated. Driscoll &
Hardy (2005) found similar levels of genetic variation
within populations of the lizard Amphibolurus nobbi in
cleared areas and nature reserves. They also identified a
pattern of isolation by distance in the reserves, suggestive of limited dispersal, but not in the cleared land.
While this would seem to indicate dispersal is enhanced
in agricultural areas, it may also have resulted from
individuals relocating to other populations following
habitat loss, thereby increasing overall genetic variation.
Hence, teasing apart the effects of habitat fragmentation
and loss on genetic variation is necessary to identify the
true impacts of isolation, through intervening habitat
alteration, on dispersal and gene flow. Here, we examine the levels of genetic variation and population structure of the ornate dragon lizard, Ctenophorus ornatus, an
ideal species for addressing the aforementioned issues,
because they persist in discrete, replicate groups separated by both remnant vegetation and cleared landscapes.
The ornate dragon is a small (20 g) agamid lizard
endemic to the southwest of Western Australia, an area
that has undergone extensive clearing for agricultural
purposes over the past 150 years (Saunders 1989). This
region is made up of approximately 140 000 km2 of exotic grasses and cereal crops with only small isolated
pockets of native woodlands, scrub, heath and thicket
persisting throughout the region (Saunders 1989). The
ornate dragon is found in both of these environments
(remnant fragments and cleared agricultural land) and
exclusively inhabits granite outcrops (Storr et al. 1983)
that are unsuitable for agriculture and therefore have
been spared direct clearing and reductions in size
(Yates et al. 2007). These habitat islands in a ‘sea’ of
either agricultural land or native bush provide an ideal
opportunity to focus on the effect of land clearing on
gene flow among populations with habitats that are
unchanged in size and therefore have experienced minimal, if any, habitat loss. By their nature, the granite outcrops also enable the examination of numerous discrete
groups of individuals, similar in size and distribution
in both environments. In this study, we compare the
population genetic variation, structure and inferred
dispersal success of C. ornatus from a set of outcrops
in a nature reserve and a set of outcrops in the adjacent cleared land. If land clearing reduces gene
flow among outcrops, we expect that outcrops in the
cleared land will have reduced genetic variation and
more pronounced genetic structure than outcrops in the
reserve.

 2010 Blackwell Publishing Ltd

Materials and methods
Study species
The ornate dragon, a diurnal, polygynous agamid lizard with an average lifespan of 3 years (Bradshaw
1965), is highly adapted to life in the stark and often
harsh environment of the granite outcrop (Bradshaw
1965; Whithers 2000). These lizards are extremely flat
with severely depressed skulls, pectoral and pelvic girdles (Bradshaw 1965; Wilson & Knowles 1988). This
enables them to make use of thin cavities under exfoliating slabs of granite as shelter from temperature
extremes and predation (Bradshaw 1965). As exfoliating granite is generally absent from the surrounding
bush, the home range of these lizards is believed to be
restricted to the granite outcrop. They are almost
entirely insectivorous (Bradshaw 1971) with a diet largely consisting of flying insects (Bradshaw 1971; LeBas
& Marshall 2000). Ctenophorus ornatus is sexually
dimorphic and dichromatic for a range of traits, most
noticeably the black chest patch that becomes apparent
in males at the onset of the breeding season (LeBas &
Marshall 2000, 2001). The breeding season extends
from October to April with males exhibiting courting
behaviour similar to other Ctenophorus species (Bradshaw 1965; Carpenter et al. 1970). Both sexes are territorial, establishing new territories every year after
emergence from winter hibernation. For the duration
of the breeding season, males defend large territories
that often encompass several female territories (Bradshaw 1971; LeBas & Marshall 2001), yet females do
not exclusively mate with the male in whose territory
they reside (LeBas 2001). The ornate dragon is oviparous, laying an average of two to three eggs in egg
chambers dug by females in the bush at the edge of
the outcrop (Bradshaw 1971; Wilson & Knowles 1988).
Hatchlings and juveniles seem to be confined to particular areas on the outcrop, close to egg-laying areas,
where they are exempt from aggressive territorial male
behaviour (Bradshaw 1971). Dispersal occurs after the
breeding season with large numbers of juveniles
migrating to surrounding patches of granite. During
this time, movements of up to 500 m per day are common (Bradshaw 1971). Some of these juveniles return
to the outcrop in the following breeding season as sexually mature adults and compete with resident adults
for territories (Bradshaw 1971). Evidence from mark–
recapture studies over a period of 5 years suggests
that migration between nearby outcrops does occur
(LeBas unpublished data), presumably at the juvenile
stage with an intermediate stay on smaller granite
patches.
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Study site

Sampling

This study took place at Tutanning nature reserve
(32.541S, 117.325E) and an area in the adjacent agricultural land (32.626S, 117.486E), located approximately
180 km southeast of Perth, Western Australia (Fig. 1).
Lizards from 13 outcrops were sampled: seven outcrops
from within Tutanning reserve and six from outcrops in
the adjacent agricultural land (Fig. 1). In the cleared
agricultural land, only outcrops that were fenced off
from the surrounding paddocks or showed minimal
degradation were sampled. To control for the potential
effects of outcrop size and distance between outcrops
on genetic structure, only outcrops as similar as possible with respect to size and distance apart were selected
for sampling (average outcrop size: reserve = 26
034 m2 ± 9264 m2, cleared = 37 032 m2 ± 5592 m2; average distance apart: reserve = 3.68 km ± 0.48 km, cleared = 3.09 km ± 0.27 km). Another factor that may affect
population genetic structure at each site is the presence
of outcrops between those that were sampled. Even if
these outcrops are too small to support a stable population of C. ornatus, they may provide temporary refuges
during dispersal events. In this way, gene flow can be
facilitated between distant populations if small granite
patches are present between them. To account for this,
aerial photographs of both sites were examined and all
granite patches between sampled outcrops were identified. The pairwise distances between all patches and
outcrops and the total area encompassed by the outcrops at each site were measured. The number of granite patches was slightly greater in the cleared land
(reserve = 2.31 granite patches ⁄ km2 and cleared = 2.57
granite patches ⁄ km2), and the average pairwise distance
between all granite was greater in the reserve site
(reserve = 2.5 km and cleared = 1.8km).

Lizards were captured by hand at first light when they
were still relatively inactive by lifting exfoliated granite
slabs. If less than 15 lizards on a single outcrop were
captured by this method, the outcrop was resampled
during the afternoon until at least 20 lizards had been
caught. At this time, lizards are very active, so nets
were used to catch the additional lizards. Each lizard
was toe-clipped to provide a tissue sample for genetic
analysis and then returned to their outcrop. Toe clips
were stored in 100% ethanol prior to DNA extraction.
In lizards, toe and tail clipping is commonly used for
identification and DNA analysis (Olsson 1994; LeBas
2001; Berry et al. 2005), and C. ornatus are known to
lose toes as a result of predation and rock-associated
injuries (LeBas pers. obs.). As juveniles are likely to
aggregate in groups of closely related individuals (Bradshaw 1965), potentially creating a sampling bias, only
adult lizards were retained for use in the proceeding
analyses. The minimum number of adult samples from
any outcrop was 12. Final sample sizes for each outcrop
can be found in Table 1.

R5
R6

2 km

R7 R4
R1
R3
R2
C6
C1
C5
Perth
C4
C2 C3

Fig. 1 Location of reserve and cleared land sites in Western
Australia and outcrops sampled within these sites. Tutanning
Reserve is shaded in grey; all other areas are agricultural land.
Main roads are represented by solid bold lines and minor
roads by solid lines. Grey dashed lines are the locations of seasonal creeks.

Genetic analysis
DNA was extracted for PCR using the standard salting
out method described in Sunnucks & Hales (1996) with
the exception of the incubation stage that was carried
out overnight at 56 C. PCRs of 13 lL contained: 10 ng
DNA, 11 lL of Platinum PCR supermix (Invitrogen:
22 U ⁄ mL complexed recombinant Taq DNA polymerase
with Paltinum Taq Antibody, 22 mM Tris-HCl (pH 8.4),
55 mM KCl, 1.65 mM MgCl2, 220 lM dGTP, 220 lM dATP,
220 lM dTTP, 220 lM dCTP) and 3.3 lmol fluorescenttagged forward primer. PCR amplifications were carried
out in an Eppendorf Mastercycler and consisted of an
initial denaturation at 94 C for 2 mins followed by 30
cycles of 45 s at 94 C; 45 s at annealing temperature
(56 C or 57 C) and 45 s at 72 C and finally 72 C for
5 mins. Each individual was genotyped for 22 microsatellite loci using seven multiplex reactions. Two loci
(Co6A6 and Co9C11) are described in LeBas & Spencer
(2000) and the remainder in Levy et al. (2010). An
Applied Biosystems 3730 capillary sequencer and
Genemapper 3.7 software (Applied Biosystems, Foster
City, California, USA) were used to score alleles.

Data analysis
Genetic variation within outcrops. The program FreeNa
(Chapuis & Estoup 2007) was used to estimate null
allele frequencies for each locus and outcrop, based on
the expectation maximization algorithm (Dempster
 2010 Blackwell Publishing Ltd
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Outcrop

Sample size

Reserve outcrops
R1
41
R2
13
R3
14
R4
12
R5
29
R6
19
R7
20
Mean
21.1 ± 4.0
Cleared land outcrops
C1
16
C2
24
C3
15
C4
19
C5
12
C6
19
Mean
17.5 ± 1.7

Allelic richness

HE

7.8
6.9
6.8
7.6
6.6
7.1
6.8
7.1

±
±
±
±
±
±
±
±

0.4
0.5
0.5
0.5
0.5
0.4
0.4
0.2

0.845
0.832
0.825
0.847
0.802
0.839
0.809
0.828

±
±
±
±
±
±
±
±

0.023
0.019
0.023
0.025
0.027
0.018
0.025
0.007

0.800
0.803
0.788
0.747
0.775
0.791
0.792
0.785

±
±
±
±
±
±
±
±

0.016
0.037
0.023
0.020
0.015
0.026
0.025
0.007

0.056
0.034
0.049
0.117
0.036
0.064
0.021
0.054

±
±
±
±
±
±
±
±

0.026**
0.032
0.049
0.043**
0.037
0.032*
0.029
0.012

5.1
5.1
4.3
5.6
5.6
5.0
5.1

±
±
±
±
±
±
±

0.4
0.3
0.3
0.3
0.4
0.3
0.2

0.699
0.754
0.639
0.762
0.741
0.737
0.722

±
±
±
±
±
±
±

0.041
0.022
0.042
0.027
0.035
0.026
0.019

0.695
0.743
0.627
0.711
0.698
0.719
0.699

±
±
±
±
±
±
±

0.022
0.022
0.014
0.020
0.020
0.026
0.016

0.009
0.022
0.020
0.075
0.067
0.025
0.036

±
±
±
±
±
±
±

0.042
0.040
0.057
0.041*
0.063
0.025
0.011

HO

et al. 1977). This program creates a data set corrected
for null alleles and uses it to calculate global and pairwise FST values across all loci and for each locus. As
there was no difference (corrected FST = 0.097 95% CI
0.086–0.108, uncorrected FST = 0.100 95% CI 0.088–
0.113) between these corrected FST values and the
uncorrected values, the original data set was used for
all remaining analyses.
The presence of linkage disequilibrium (LD) was
tested for using FSTAT 2.93 software package (Goudet
2001). Seven pairs of loci (Co9C11 · CoC120, CoB11 ·
CoB108, CoD111 · CoA1, CoA107 · CoC11, CoD115 ·
CoB108, CoD115 · CoD114 and CoB12 · CoD10) were
found to be in LD across all outcrops (a = 0.01, Bonferroni-corrected). However, when each outcrop was
examined separately, only two pairs of loci remained in
LD [Co9C11 · CoC120 was in LD in three cleared land
outcrops (C2, C4 and C6) and CoD115 · CoD10 in one
reserve outcrop (R1)]. Detailed results of these tests can
be found in Table S2. In response, two loci (CoC120
and CoD115) were conservatively removed from all
further analyses.
Genetic variation within each outcrop was measured
using allele frequency data, from which average allelic
richness, inbreeding coefficient (FIS) and gene diversity
(HE) were calculated with FSTAT 2.93 (Goudet 2001).
Observed heterozygosity (HO) was calculated as the
mean proportion of heterozygous loci for each outcrop.
Departures from Hardy–Weinberg Equilibrium (HWE)
within outcrops were tested using FSTAT 2.93 (Goudet
2001), and sequential Bonferroni correction was applied
to all critical significance levels used (Rice 1989). Tests
for differences in genetic variation between the reserve
and cleared land outcrops were carried out using Kolmogorov–Smirnov tests.
 2010 Blackwell Publishing Ltd

FIS

Table 1 Means and standard errors for
estimates of allelic richness, gene diversity (HE), observed heterozygosity (HO)
and the inbreeding coefficient (FIS)
within reserve (R1–R7) and cleared land
(C1–C6) outcrops. Significant deviations
from Hardy–Weinberg Equilibrium are
indicated by **(a = 0.01) and *(a = 0.05)
with Bonferroni correction

Relatedness analyses. To compare the patterns of genetic
similarity within and across outcrops, Queller and
Goodnight’s asymmetric relatedness estimator (R) was
calculated for each possible individual pairwise comparison at each site using the excel add-in GENALEX
6.2 (Peakall & Smouse 2006). The means and standard
deviations were determined for all pairwise comparisons for each sex, both within and between outcrops for
each site. The 95% confidence intervals for these comparisons were calculated by bootstrapping 1000 times.
Population structure. The software program 2MOD 0.2
(Ciofi et al. 1999; Beaumont 2000) was used to examine
the demographic history of the outcrops at each site.
Here, a Markov Chain Monte Carlo (MCMC) simulation
approach is used in conjunction with Metropolis-Hastings sampling to explore whether a gene-flow or pure
drift model is most likely to have generated the
observed allele frequencies. A total of 100 000 iterations
of the MCMC search were carried out, and the first
10% of runs were discarded to remove potential effects
of the initial starting parameters. The Bayes factor was
calculated as the ratio of the likelihood probabilities of
both models. For each outcrop, M (the number of
migrants per generation) was calculated according to
the formula M = (1–F) ⁄ 4F for the gene-flow model, and
for the drift model, M = )log(1–F) where F is the probability that two genes share a common ancestor within a
population (Ciofi et al. 1999). The average M was determined across all outcrops at each site.
To estimate genetic divergence between outcrops,
pairwise h-values, an unbiased estimate of FST (Weir &
Cockerham 1984), were calculated over all loci with
FSTAT 2.93 (Goudet 2001). We assessed the spatial
genetic structure of outcrops at each site by analysing
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the correlation between genetic divergence and geographical distance. We compared an FST ⁄ (1–FST) matrix
with a geographical distance matrix (log km) (Rousset
1997), using a Mantel test (10 000 permutations) calculated with the software package IBDWS (Jensen et al.
2005). Confidence levels for the mean pairwise FST, the
slope and the coefficient of determination (R2) of the
linear regression between genetic and geographical distance were determined by bootstrapping over loci 1000
times.
Another way to assess spatial genetic structure is to
test for spatial autocorrelation (SA). SA examines the
correlation between individual genotypes at each location and those at neighbouring localities and then evaluates the correlation as a function of distance (Manel
et al. 2003). The software package SPAGeDI 1.3 (Hardy
& Vekemans 2002) was used to calculate Moran’s I for
all pairwise comparisons of individuals within a given
distance class. The same distance classes (a total of
eight classes at intervals of 1 km) were used in both
analyses to enable direct comparisons between the two
sites. Permutation tests (1000 permutations) and jackknifing across loci were conducted to establish confidence intervals and standard error margins for each
distance class.
Population structure was also analysed with two
Bayesian assignment approaches implemented using
the software programs STRUCTURE 2.3.1 (Pritchard
et al. 2000) and GENELAND 3.1.5 (Guillot et al. 2005).
Both these programs group individuals into the most
likely number of clusters (K) that maximizes the withincluster Hardy–Weinberg and linkage equilibria. GENELAND differs from STRUCTURE in that geographical
information can be incorporated to produce more accurate inferences of population structure based on the
spatial distribution of individuals.
The STRUCTURE and GENELAND analyses
involved two steps. First, all outcrops from both the
reserve and cleared land sites were analysed together.
Second, outcrops from each site were analysed separately. Analyses involving STRUCTURE were based on
a model that assumed admixture of ancestry and independent allele frequencies. The assumption of the
independent allele frequencies in the model reduces
the risk of overestimating K when allele frequencies
are likely to vary significantly between samples (Pritchard et al. 2009). Twenty independent runs were performed for each value of K (1– 17 for the combined
outcrops and 1–10 when reserve and cleared land outcrops were analysed separately) with a burnin of
10 000 followed by 100 000 MCMC iterations. The
most likely number of clusters (K) for each analysis
was determined using the method described by Evanno et al. (2005).

For the GENELAND analysis, the coordinates (latitude and longitude) of each outcrop were used to run
the spatial model. The uncertainty of coordinates was
set at 0.53 km as this is the maximum diameter of sampled outcrops. Thus, any individual could have been
collected within 0.53 km of the given coordinates. The
uncorrelated and null allele models were adopted for
twenty independent runs of K = 1–17 for the combined
outcrops and K = 1–10 when reserve and cleared land
outcrops were analysed separately. Each run consisted
of 100 000 MCMC iterations with a thinning of 100 and
a burnin of 1000. The most likely number of clusters
was chosen as the model K (from each independent
run) with the highest posterior probability.
Historic gene flow. Simulations were carried out to determine whether the disruption of gene flow would affect
genetic variation and population structure over the time
spans relating to this study. Following the method outlined in Lada et al. (2008), data sets were created using
EASYPOP 2.0.1 software (Balloux 2001) and the outputs
run through FSTAT and STRUCTURE. The simulations
were based on models where there was constant gene
flow among outcrops for 1000 generations after which
gene flow was continued, stopped or reduced to one
migrant per generation. The initial level of gene flow in
all models was the average number of migrants per
generation in the reserve site estimated from the actual
data using the 2MOD software program.
After the first 1000 generations, simulated genotypes
were sampled at 30 generation intervals for a total of 90
generations. Ninety generations reflects the time since
large-scale land clearing around the study area is
reported to have begun (Jarvis 1986). Population sizes
for the simulated data were set to 60 (30 males and 30
females) for all outcrops because this was the average
effective population size estimated by the program
LDNE (Waples & Do 2008). The simulations were based
on 20 loci with 20 alleles (the average number of alleles
at each locus), free recombination and maximum initial
variability. Microsatellites typically have mutation rates
around 0.001 (Ellegren 2000; Goudet et al. 2002) and are
generally believed to follow the SSM model of mutation
(Valdes et al. 1993). However, it has been suggested
that microsatellites may be more likely to adhere to
two-phased model of mutation (Di Rienzo et al. 1994).
Therefore, simulations were run using both mutation
models with a mutation rate of 0.001 for each gene-flow
model. The spatial migration model used had six populations with geographical coordinates the same as the
actual cleared land outcrops. Five simulated data sets
were created for each model at each time interval, and
a random subset of genotypes was selected for each
population, directly corresponding to the number of
 2010 Blackwell Publishing Ltd
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individuals sampled from that outcrop. Levels of
within-population genetic variation were estimated with
FSTAT 2.93, and population structure was examined
with STRUCTURE using the same parameters
employed for the observed data, except that only five
STRUCTURE runs were carried out for each value of K.

Results

not overlap, Fig. 2). In addition, cleared land individuals were significantly more related within outcrops and
less related between outcrops than those in the reserve
(Fig. 2). Males were significantly less related to each
other than females within outcrops in the cleared land,
but there was no significant difference in relatedness
between the sexes in the reserve (Fig. 2). Relatedness
between outcrops did not differ between the sexes in
both the cleared land and reserve (Fig. 2).

Genetic variation within outcrops
Estimates of genetic variation within each outcrop are
given in Table 1 and for each locus in Table S1. In all
cases, the mean values of genetic variation were higher
in the reserve than in the cleared land. Kolmogorov–
Smirnov tests revealed significant differences between
the reserve and cleared land outcrops in the allelic richness (Z = 1.797, P = 0.003), HE (Z = 1.797, P = 0.003)
and HO (Z = 1.797, P = 0.003). All but four outcrops,
three in the reserve and one in the cleared land, were
found to be in HWE after correction for multiple comparisons. All outcrops that deviated from HWE showed
a deficit of heterozygotes (Table 1). These deviations
may have been caused by high frequencies of null
alleles or the presence of fine-scale population structure
within these outcrops.

Relatedness analyses
In both the cleared land and reserve, individuals were
more related within outcrops than they were between
outcrops (95% confidence intervals of pairwise R did
0.30

Population structure
The 2MOD analysis revealed that allele frequencies
were most likely to have been generated by a migration–drift model in the reserve (gene-flow model:
P = 0.942, Bayes factor = 16.0) and by a mutation–drift
model in the cleared land (drift model: P = 0.999, Bayes
factor = 18000). A Bayes factor greater than 3 is considered substantial support for a model (Kass & Raftery
1995). Further, the average number of migrants was
considerably higher in the reserve outcrops (M = 7.090)
than in the cleared land (M = 0.062).
Significant subdivision among outcrops was evident
in both reserve (FST = 0.034, P = 0.001) and cleared land
(FST = 0.150, P = 0.001). There was also evidence of an
isolation-by-distance (IBD) relationship between genetic
divergence and geographical distance at both sites
(Mantel tests, P = 0.012 and P = 0.005 for the reserve
and cleared land, respectively). These relationships are
shown in Fig. 3. While there was no significant difference in the variance explained by each relationship (R2:
reserve = 0.343, 95% CI = 0.173–0.462; cleared = 0.303,
95% CI = 0.063–0.482), nonoverlapping confidence
intervals revealed there were significant differences in

0.25

0.3
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FST/(1-FST)

Mean relatedness
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0.00
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Reserve
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Fig. 2 Mean pairwise relatedness and 95% confidence intervals (as determined by bootstrapping) between individuals
within outcrops (open squares) and between outcrops (closed
squares).
 2010 Blackwell Publishing Ltd
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Fig. 3 Relationships between genetic divergence and geographical distance for reserve (closed circles) and cleared land (open
circles) outcrops (a log of 0.1 = 100 m and log of 1 = 10 km).
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the rate at which genetic divergence increased over distance and the average level of divergence between outcrops, with cleared land outcrops having a steeper
slope (reserve = 0.030, 95% CI = 0.023–0.038; cleared =
0.167, 95% CI = 0.085–0.256) and higher average pairwise FST values (reserve = 0.033, 95% CI = 0.031 –
0.036; cleared = 0.145, 95% CI = 0.136 – 0.154) than outcrops in the reserve.
The SA analysis revealed patterns of IBD similar to
the Mantel test (Table 2). Over short distances, there
was greater structure between cleared land outcrops
than between reserve outcrops. Reserve outcrops less
than three km apart had significant population structure, while cleared land outcrops lost population structure over distances between two and four km. At
greater distances (4–8 km), both sets of outcrops have
significantly negative structure (Table 2). For each distance class, Moran’s I is significantly different between
the two sites except at the intermediate distance classes
(2–4 km) (Table 2).
Analyses of population structure using STRUCTURE
revealed K = 9 when all outcrops were considered
simultaneously. An analysis of the same data set using
GENELAND gave a clear mode at K = 9 (range K = 7–
9). The reserve outcrops were grouped into three clusters, and each outcrop in the cleared land formed an
independent cluster. This clustering pattern was
repeated when the reserve and cleared land outcrops
were analysed separately. The STRUCTURE analysis
yielded K = 3 in the reserve and K = 6 in the cleared
land. Similarly, the GENELAND analysis revealed the
most likely number of clusters to be three (range K = 2–
5) in the reserve and six (range K = 4–6) in the cleared
land. The lower number of clusters compared to outcrops in the reserve was attributable to the grouping of
outcrops less than 2 km apart into single clusters,
namely R1–R4 formed a single cluster, R5 and R6
another cluster and R7 the final cluster. The level of
Table 2 Moran’s I for spatial autocorrelation. Significant spatial structure is denoted by*. Two standard errors calculated by
jackknifing are also given, and distance classes where there is
no overlap between sites are in bold
Distance Class (km)

Reserve

0
0.1–1
1.1–2
2.1–3
3.1–4
4.1–5
5.1–6
6.1–7
7.1–8

*0.048
*0.016
*0.007
*)0.020
*)0.007
*)0.014
*)0.025
*)0.019
)0.006

Cleared land
±
±
±
±
±
±
±
±
±

0.006
0.007
0.006
0.008
0.013
0.011
0.009
0.005
0.018

0.218 ± 0.028*
–
0.006 ± 0.022
)0.015 ± 0.013
)0.059 ± 0.018*
)0.088 ± 0.027*
)
–
–

admixture among outcrops was examined using STRUCTURE by setting K as the number of outcrops (seven for
the reserve and six for the cleared land). There was minimal evidence of admixture between the reserve and
cleared land outcrops (Fig. 4a), nor within the cleared
land. Two exceptions were a single individual in C5 that
clusters with C1 and an individual in C3 that clusters
with C5 (Fig. 4c). However, individuals with mixed
ancestry, which are indicative of admixture between outcrops, were clearly evident in the reserve (Fig. 4b).

Historic gene flow
The simulations show that reduced gene flow leads to
significant declines in genetic variation within outcrops
over time spans relevant to this study. When gene flow
was maintained at seven migrants per generation, mean
allelic richness and genetic diversity (HE) were relatively constant (Fig. 5). However, when gene flow was
reduced to one migrant per generation, both mean HE
and allelic richness decreased after 30 generations,
although they returned to previous levels by generation
60. When gene flow was reduced to zero, there was a
marked decline in genetic variation after 30 generations
and 60 generations, after which mean HE and allelic
richness remained constant (Fig. 5).
The simulations also show that reductions in gene
flow have drastic effects on population structure after
relatively few generations. STRUCTURE analyses of the
simulated data sets revealed that when gene flow was
stopped, K rapidly increased from an average K = 1.2
(range K = 1–2) to 4.4 (range K = 4–6) in just 30 generations. From then onwards, average K increased by one
every 30 generations (Fig. 5). A similar rapid increase
in K was evident when gene flow was reduced to one
migrant per generation. The average K increased from
1.2 (range K = 1–2) to 3.6 (range K = 1–5) in 30 generations. Thereafter, average K did not change significantly
(Fig. 5). In all cases, K was much greater in models
where gene flow had been reduced or stopped than
when it remained unchanged (Fig. 5). Note that both
mutation models produced similar results for both
genetic variation within populations and population
structure, so we have reported only the results for the
SSM model of mutation.

Discussion
A major consequence of land clearing is believed to be
a reduction in gene flow between remnant populations
(Keyghobadi 2007). Gene flow acts to overcome the
effects of random genetic drift, namely reduced genetic
variation and enhanced population divergence (Lacy
1987; Templeton et al. 1990; Allendorf & Luikart 2007).
 2010 Blackwell Publishing Ltd
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Therefore, if land clearing has obstructed gene flow in
C. ornatus, genetic variation within outcrops is expected
to be lower and population structure is more pronounced in the cleared land compared to the reserve.
The effects of genetic drift can also be enhanced by
diminished population size (Allendorf & Luikart 2007),
resulting in an overestimation of the impacts of reduced
gene flow on genetic variation. However, because
C. ornatus has experienced minimal habitat loss as a
result of land clearing, any differences in genetic variation and population structure between the cleared land
and reserve are likely to be due to reduced gene flow
between outcrops.
Consistent with our predictions, significantly lower
levels of genetic variation were identified within cleared
land outcrops compared to those in the reserve. Such a
loss of genetic variation suggests that gene flow
between the cleared land outcrops has not been sufficient to counter the effects of genetic drift. This was
supported by the Bayesian likelihood analyses that
show that genetic drift is the most influential evolutionary process in the cleared land and that gene flow predominates in the reserve.
In the cleared land, the lizards inhabiting each outcrop were more closely related to each other and less
 2010 Blackwell Publishing Ltd

related to individuals from other outcrops than in the
reserve. These results provide further evidence that dispersal between cleared land outcrops is less frequent
than in the reserve. Interestingly, females were more
closely related than males in the cleared land, but the
same pattern was not found in the reserve. Such a disparity in intra-sex relatedness could be caused by sexbiased dispersal in the cleared land but not the reserve,
with males more likely to embark on dispersal attempts
in the cleared land. Altered dispersal patterns of one
sex in fragmented landscapes have rarely been documented (but see Stow et al. 2001; Berry et al. 2005; Sumner 2005). In line with our findings in C. ornatus, the
rock-dwelling skink Egernia cunninghami was shown to
experience male-biased dispersal following habitat fragmentation (Stow et al. 2001). The authors suggest this
may be because of inbreeding avoidance within highly
related fragmented populations.
The mantel and spatial autocorrelation tests revealed
patterns of isolation by distance (IBD) in both the
reserve and cleared land. IBD occurs when gene flow is
restricted by distance, suggesting that some level of
gene flow is apparent at both sites. The rate of increase
in genetic divergence over distance and average
genetic divergence were both greater in the cleared
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land, implying that gene flow has been reduced among
these outcrops. This was supported by the Bayesian
clustering analyses that indicate the level of gene flow
in the cleared land was lower with only rare dispersal
events taking place between outcrops.
In the reserve, outcrops <2 km apart were grouped
into single clusters by the Bayesian clustering analyses,
whereas those in the cleared land formed discrete clusters. Further, there was a distinct lack of admixture
among clusters in the cleared land, suggesting that gene
flow is nearly absent between outcrops at this site.
However, two individuals sampled from the cleared
land had genotypes assigned to clusters different to
those assigned to the outcrops from which they were
taken, suggesting that migration between outcrops still
occurs. Evidence of individuals assigned to clusters
other than those they were sampled from was not
apparent in the reserve, where the inferred ancestry of
most individuals was a mixture of clusters. This implies
a high level of admixture between outcrops in the
reserve and a history of relatively uninterrupted, consistent gene flow, making the detection of recently dispersing individuals more difficult than in the cleared land.
Together, these results suggest that while dispersal is
still possible through the cleared landscapes, it is likely
to occur infrequently.
Previous studies on lizards have identified similar
patterns of reduced population genetic variation as well
as enhanced IBD and population structure in fragmented habitats (Stow et al. 2001; Berry et al. 2005). Yet,
studies on other species present inconsistent results. An
increase in genetic variation may be attributable to
recent fragmentation events and the redistribution of

individuals among remaining habitat fragments (Driscoll & Hardy 2005; Sumner 2005). Alternatively, speciesspecific habitat requirements and ⁄ or dispersal abilities
can play an important role in enabling or restricting
gene flow in altered environments (Ricketts 2001). This
is exemplified in a study of two coexisting arboreal
geckos, Oedura reticulata and Gehyra variegata by Hoehn
et al. (2007). Here, fragmented populations of O. reticulata
were found to have much greater genetic structure and
diversity between populations than G. variegata, but in
continuous populations, both species exhibited similar
levels of structure and diversity. The authors attribute
this to differences in dispersal abilities and habitat
requirements.
Reduced gene flow in the cleared site may be attributable to less successful dispersal attempts or a lower
rate of dispersal through the cleared land. Ornate dragons are highly adapted to an existence on granite outcrops, making use of exfoliated slabs of granite as
shelter to escape predation and the heat of the day
(Bradshaw 1965). While neither natural bush nor
cleared land provides the same resources, shelter might
be found in fallen logs, leaf litter and other debris in
natural bush, but not in sparse agricultural landscapes.
Cleared agricultural land in Western Australia is usually cropped on a cyclic basis with several years of
sheep grazing in between years with arable crops.
Crops and grass grow over the winter and spring when
lizards are least active, and by summer, the land is
characterized by expanses of stubble or very shortgrazed dry grass. The lack of shelter may therefore
have contributed to reduced dispersal and gene flow in
C. ornatus between the cleared land outcrops.
 2010 Blackwell Publishing Ltd
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The simulations revealed that the disruption of gene
flow could significantly affect genetic variation and
population structure over the time spans relating to this
study. However, while some genetic variation was initially lost and outcrops became more isolated as gene
flow between outcrops was reduced to one migrant per
generation, it was only when gene flow was completely
stopped that genetic variation declined and population
structure resembled that seen in the observed data.
Therefore, it would seem that in the cleared land, gene
flow has been negligible since fragmentation. While rare
migration events may still take place, it is unlikely they
would occur as frequently as one migrant per generation and hence may have been insufficient to counter
the effects of genetic drift. This suggestion is supported
by the Bayesian likelihood analyses that find genetic
drift the most likely process to have generated the
observed allele frequencies in the cleared land outcrops.
In the agamid lizard C. ornatus, it appears that land
clearing has caused a decline in genetic variation within
outcrops and increased between-population divergence
by reducing gene flow. While the period of isolation
may not have been long enough to have had devastating effects on persistence, a continued lack of connectivity between outcrops may eventually cause widespread
extinctions with perhaps only the largest and healthiest
populations surviving. Indeed, there appear to have
been local extinctions around the town of York (W.
Gibb & LeBas pers. obs.), one of the earliest cleared
regions in Western Australia. To prevent such extinctions, it might be necessary to re-establish gene flow
between outcrops in cleared land. More generally, these
results are concerning, because they suggest that in
other species with similar biology, seemingly healthy
populations may be at risk and that the problem of habitat fragmentation and loss may be more extensive than
previously thought.
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