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ABSTRACT

The genetic consequences of isolation on wildlife populations in
reserves is an important component of management strategies aimed at
long term conservation. In this study, seven island populations of the
sleepy lizard (T.rugosus) in South Australia were studied to establish
the genetic effects of isolation. These effects were assessed by
comparing genetic characteristics of the island populations with three

adjacent mainland populations.

Genetic relationships among the populations were examined using
mitochondrial DNA, allozyme electrophoresis and morphology? The
mitochondrial DNA analysis showed congruence with geographic proximity
suggesting a degree of endemism for the populations studied. However,
departures from congruence with geographic proximity were observed
using allozymes and morphology suggesting that evolutionary forces had
caused divergence among populations in these characters. Changes in
allele frequencies were observed among populations which appear to
result largely from random genetic drift in the island populations.
Alleles which were rare on.the mainland were not present in the island
populations. The divergence among populations was assessed using
Wright’'s F statistics on allozyme data and discriminant function
analysis of 20 morphological characters. Much greater divergence was
observed among the island populations than among those on the mainland
reinforcing the notion that evolutionary forces (e.g. genetic drift)
were greater among the insular populations. The data also indicate
that the between population component of diversity is more important

among the island populations than it is among those on the mainland.
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Levels of variation within the populations were measured using
allozyme elec;rophoresis and average levels of developmental
stability. Heterozygosity levels did not vary significantly among the
populations but, two measures of developmental stability (fluctuating
asymmetry and percent gross abnormalities) were significantly higher
in three of the island populations. It is not possible to rule out
environmental causes of the increased developmental instability, but
it appears more 1likely that they are caused by genetic drift and
inbreeding resulting from small populaﬁion size. The 1inability of
electrophoresis to detect these changes is probably a reflection of
the proportionately small sample of the genome represented by the

sample of allozymes used.

The results have several implications for conservation and
wildlife management. They emphasise the importance of considering
populations as the unit of conservation by demonstrating that the
intra-specific component of variation can be significant and that the
importance of this component will increase with the fragmentation and
isolation of populations. These results also suggest that
developmental stability may well be more useful in monitoring genetic
changes in wildlife populations than the conventional method of

allozyme electrophoresis.
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CHAPTER 1 GENERAL INTRODUCTION

1.1 CONSERVATION DEFINED

The term ‘conservation’ can be defined in a variety of ways. Camp
(1973: p7) describes conservation as ‘the maintenance of the
productive capacity of our land and water resources and their
development or improvement to meet future requirements’ while Passmore
(1974: p73), taking a similarly anthropocentric view, defines it as
‘the saving of natural resources for later consumption’. Usher (1973)
uses conservation in a less general sense by viewing it in terms of
biological management, stressing the need to sustain production of
natura£ resources in perpetuity. Within this definition, Usher
identifies six categories of resource, namely agriculture, forestry,
water, fisheries, recreation and wildlife. Usher (1986: pS5) further
refines his definition in relation to wildlife so that the
conservation of wildlife enables ‘the retention over time of a viable
and hence self perpetuating, nature resource’. This approcach to
conservation, while still viewing wildlife as a human resource,
emphasises the importance of maintaining wildlife in a viable long

term manner.

The importance of a long-term approach to wildlife conservation
was first discussed by Frankel (1974), who introduced the concept of
the ‘Time Scale of Concern’. Frankel argued that the time frame in
which wildlife management was viewed would influence the priorities
set for its conservation. He contended.that nature conservation
measures in their present form, although often supposedly aimed at the

long term, would usually only be effective in the short term, and that
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conservation on an evolutionary time scale is the only meaningful
biological perspective. In this context, the use of the word viable by
Usher (1986) in defining wildlife conservation, must encompass the
long-term ability of populations of organisms to adapt to

environmental change.

Frankel and Soulé (1981: p4), in defining nature conservation,
incorporated Frankel’s (1974) idea of an evolutionary context. They
described conservation as the ‘policies and programs for the long-term
retention of natural communities under conditions which provide the
potential for continuing evolution’. It is this definition which has
been adopted for this thesis. Viewing conservation on an evolutionary

time scale forms the basic rationale for conservation genetics.

1.2 NATURE RESERVES AND THEIR CONSERVATION RATIONALE

The maintenance of biological diversity is a central theme in
congervation literature (Frankel, 1970 a and b, 1974, 1977, 1982;
Ehrlich, 1980; Soulé and Wilcox, 1980; Frankel and Soulé, 1981; Myers,
1986; Soulé, 1986). This has largely resulted from the realisation
that the protection of wild plant and animal populations as genetic
bases for potential food sources, medicinal uses and scientific
studies may well be critical to the earth’s future well-being (IUCN,
1980; Ehrlich and Ehrlich, 1982; Myers, 1984; Simberloff, 1986; Soulé
et al., 1986). There is little doubt that the extinction of many
wildlife species is imminent unless preventative measures are
forthcoming. Myers (1979), predicts that up to one third and possibly
as many as one half of the earth’s ten million species could be

extinct by the middle of the twenty-first century and concluded that

-2 -



CHAPTER 1 General introduction

the conservation of populations of organisms to maintain biological

diversity must receive urgent attention.

The rapid transformation in recent centuries from uninterrupted
areas of natural habitat to isolated pockets (usually represented by
nature reserves) surrounded by agricultural or urban land, has
probably already precipitated the loss of wildlife species. If
biological diversity is to be maintained, active policies for the
management of flora and fauna retained within these reserves, will be

necessary.

The management of natural areas requires an understanding.of the
effects that habitat fragmentation will have on the short and 1long
term survival of the species and ecosystems held within them. Central
to this, is understanding the mechanisms which may cause population
exﬁinction. Reserve area as a limit to population size, is seen as a
major influence in the potential survival of many populations,
particularly those species requiring large home ranges. Soulé (1980),
argued that the areas that have been set aside in national parks and
regserves are generally of insufficient size for the conservation of
many species. Furthermore, park boundaries are often located along
political rather than biological lines, and thus sometimes fail to
accommodate the ecological processes necessary for the survival of

species held within them (Newmark, 1985).

A lot of the debate in conservation biology has focused on the
effects of fragmentation on natural habitat. Island biogeographical
theory has provided much of the basis for predicting the effects of

habitat segmentation on wildlife (Diamond, 1975; Wilson and Willis,
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1975 Diamond and May, 1981; Willis, 1984). These theories have been
developed to explain the empirical observation that the number of
species present on an island increases with island area. One such
theory, the ‘dynamic equilibrium theory of island biogeography’
developed by MacArthur and Wilson (1963, 1967), predicts that the
number of species present on an island will be determined by a balance
between the rate at which species extinction occurs on the island and
the rate of species colonisation of the island. Initially, if it is
cut off from the mainland, an island will have a higher number of
species than it can accommodate causing a gradual process of
extinction to follow until eventually, a new, lower equilibrium level
is established. At this equilibrium level, the rate of séecies
extinction will equal the rate of colonisation by the same or other

species from nearby sources.

Integrated in the dynamic equilibrium theory of island
biogeography, is the role of island area and distance from the nearest
source of colonisation in determining the equilibrium level. Smaller
islands are expected to have higher extinction rates owing to
increased vulnerability to chance extinctions and because competitive
exclusion could be expected to occur at a lower species number
{MacArthur and Wilson, 1967). The distance from the nearest source of
colonisation will influence the rate at which new species can colonise
the island. The closer the island is to a colonisation source, the
higher the equilibrium species number {(MacArthur and Wilson, op.
cit.). In addition, the differing abilities of organisms to disperse
between isolates and their different area requirements will influence
the degree of species loss and the type of species which colonise the

island. For example, flying animals tend to disperse more effectively
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than non-flying animals, while many species are stopped by relatively

narrow dispersal barriers (Diamond, 1975).

A second explanation for the observed species-area relationship,
developed by Lack (1969; 1976), is that habitat diversity will
determine the type and number of species which can exist on an island
and that an island’s area is simply a reflection of habitat diversity.
Positive correlations between island area and habitat diversity have
been observed many times. However, there have been occasions when
species diversity on continental islands appears to be independent of
habitat diversity (e.g. Abbott, 1978), suggesting that Lack’'s

hypothesis is inadequate to explain some natural systems.

The potential application of island biogeographical theory to
reserve design is clear. If area is critical in determining the number
of species which can exist within a reserve, then maximising the area
of each reserve will be paramount. However, if habitat diversity is
critical, then maximising the variety of habitats within a reserve

must be a major design criterion.

The application of island biogeographical theory to reserve design
has been controversial for two main reasons. First, island
biogeographical theories remain largely unsubstantiated under
experimental conditions particularly with respect to the measurement
of actual species turnover rates (L.E. Gilbert, 1980; Margules et al.,
1982; Burgman et al., 1988). Second, the extrapolation of these
theories to the suitability and management of habitat fragments is
complicated by differences between surrounding habitats and their

interactions with the insular communities (Janzen, 1983). For example,
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the supply of invasive species resulting in increased competition and
predation and interactions with the surrounding agricultural land
will influence the rate at which species are gained or lost from
‘habitat’ islands. The degree to which these factors influence species
in a reserve will in turn be a function of the type of land which

surrounds the reserve.

Another approach to the problems of reserve design, emphasising
the role of individual species in determining the minimum reserve
size, is being urged by some biologists (Jarvinen, 1982; Simberloff,
1986; Zimmerman and Bierregaard, 1986). This ‘autecological’ approach
concentrates on species which are critical to the ecosystem being
managed. Keystone species provide critical ecological 1links within
natural systems and will have far greater effect on ecosystem
stability when lost, than less central species (F.S. Gilbert, 1980).
These species require consideration in any reserve design, as do those
which may be extinction prone such as large vertebrates (Jarvinen,
1982). Clearly, the critical parameters involved in extinction
dynamics must be defined if the management of wildlife in nature

reserves is to be effective.

1.3 POPULATION FITNESS, GENETIC VARIATION AND DEVELOPMENTAI STABILITY

The maintenance of a population’s long-term fitness (its ability
to maintain viability and fecundity over time) is necessary for
effective conservation. The maintenance of this fitness relies upon
population size which affects the rate of inbreeding (Senner, 1980).
In small populations, individuals may be mating at random but still

with genetically related individuals causing an increase in the
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relative frequency of homozygotes in the population. In extreme cases,
this can result in a reduction in average fitness levels (inbreeding
depression) where characters which are closely linked with fitness

(such as fertility and viability) are affected (Falconer, 1981).

Two explanations are generally invoked to account for the
phenomenon of inbreeding depression. First, the increased frequency of
homozygous recessive alleles causes average phenotypes to move away
from dominant or overdominant phenotypes towards recessive traits. A
shift towards the phenotypic expression of recessive alleles causes a
decline in average fitness because disproportionate numbers of
recessive alleles are deleterious. Typically, dominant traits are
those which relate to viability and thus inbreeding may result in
declines in fecundity, fertility, developmental rate and litter size

(Frankel and Soulé, 1981).

Second, heterozygosity has been 1linked empirically to fitness
(Soulé, 1980). That is, heterozygous individuals themselves appear to
be fitter than individuals which are homozygous (a phenomenon known as
heterosis). Consequently, a decline in the number of heterozygous
individuals in a population will result in a net decrease in average
fitness. The mechanisms underlying heterosis are unclear but it may
result from increased biochemical versatility possessed by
heterozygotes (Falconer, 1981). That is, two alleles at the same locus
may be beneficial under different developmental conditions canalizing
development towards an optimum phenotype. This versatility enables
heterozygous individuals to cope with a more diverse range of
developmental conditions than homozygotes and to better buffer

themselves during development (Falconer, op. cit.). Consequently,
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individuals with reduced levels of heterozygosity will be less
developmentally stable than heterozygous individuals and thus exhibit

greater phenotypic variation (Eanes, 1978; Mitton, 1978).

Lerner (1954) postulated that heterosis would be important in
‘developmental homeostasis’ and predicted a genetic-phenetic
relationship, where populations with higher levels of genetic
variation, would have lower levels of morphological variation between
individuals. This has been supported by several studies (e.g. Leary et
al., 1983; Danzman et al., 1986) using heterozygosity as a measure of
genetic variation. Moreover, Mitton and Grant (1984) by way of a
literature review, found that approximately 70 to 80 percént of
effects on growth and developmental stability can be attributed to
heterozygosity per se. However, there remains some debate over the
universality of this relationship (see in particular 2Zinc et al.,

1985). This topic is discussed further in section 5.1.

Clearly, although the exact reasons are not yet fully understood,
the level of genetic variation in populations is important in
determining population fitness. In the longer time scale, genetic
variation is essential to a population’s ability to adapt to changing
environmental conditions (Beardmore, 1983). Thus, if populations in
reserves are to be managed in perpetuity and their evolutionary
potential maintained, then maintaining levels of genetic variation

must be included in any wildlife management strategy.
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1.4 FACTORS AFFECTING GENETIC VARIATION IN NATURAL POPULATIONS

Genetic variation in populations is influenced by mutation,
migration, genetic drift and selection (Ayala and Kiger, 1984).
Dobzansky (1951), Clarke (1979), Wills (1981) and others, have
suggested that selection is important in maintaining levels of genetic
polymorphism and heterozygosity in natural populations. Three

fundamental mechanisms have been observed supporting this view.

First, the conferral of a fitness advantage upon an individual can
result from the overdominance of the heterozygous form. The
overdominance of heterozygotes at a locus, ensures the maintenaﬁce of
more than one allele (Lewontin, 1974). Proven cases of such
heterozygote advantage are however, rare although there are situations
in which this is clearly the case (e.g. Allison, 1964 with sickle cell

anaemia in humans).

Second, genetic diversity can be maintained in a population by
frequency-dependent selection where ecological factors such as
predation, parasitism and competition regulate the type and frequency
of variants present in the population. For example, predators may take
disproportionately large amounts of a common variant when faced with a
choice and hence increase the prop&rtion of rare variants (Clarke,
1979). Several instances of frequency-dependent selection maintaining
polymorphisms have been observed including mimicry in the butterfly
Pseudacrea eurytes. This has been shown to be frequency-dependent as a

result of regulation by predation (Clarke and Sheppard, 1971).
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Third, spatial and temporal variation in selective pressure among
individuals within a population, can maintain genetic variation
(Hedrick et al., 1976). Variation in selective pressure may take the
form of spatial heterogeneity in habitat or temporal selection
pressures. For example, Nevo et al. (1984), found in a study of the
literature, that organisms which were broad-niched, common and
widespread were generally more polymorphic than those which were more
specialised, geographically restricted and narrow niched. Moreover,
many examples of spatial variation in selective pressure maintaining
polymorphisms have been observed particularly in experimental or human
affected natural situations. For example, polymorphism at the ADH
locus in Drosophila melanogaster has been maintained by variation in
substrate in the laboratory (Oakshott, 1979) while resistance to
warfarin has resulted in polymorphism between treated and untreated

populations of the Norwegian rat (Bishop, 1981).

Not all selection will promote variation. Quantitative characters
will be influenced by selection which in some situations may result in
reduced variation at loci affecting those traits. Mather (1953) lists
three modes of selection which influence quantitative traits. These
are 'stabilising’ selection, which is selection against extreme values
and towards an intermediate value, ‘directional’ selection where
selection for one extreme is an advantage and ‘disruptive’ selection
which is selection for extreme values and against intermediate values.
The role of disruptive selection in natural populations is not well
understood (Franklin, 1980), though laboratory evidence suggests that
it could be important in maintaining genetic polymorphisms (Thoday,
1972; Mather, 1973). However, strong stabilising or directional

selection can reduce genetic variation by the fixation of alleles



CHAPTER 1 General introduction

affecting the mean of characters under selection (Falconer, 1981).
Thus, selection for phenotypic intermediates will eliminate extreme
deviants resulting in the fixation of alleles. This will occur
provided there is not a strong requirement for developmental
canalization (as might be expected in a fluctuating environment) which
may assist in maintaining heterozygosity and thus counteract allelic
fixation (Spiess, 1977). The extent of strong stabilising selection on
polymorphisms in a population is unknown, but Franklin (1980) argues
that although it can reduce genetic variation there is little evidence
that weak stabilising or directional selection reduces additive

variance to any great degree or at any great rate.

The importance of selection in maintaining genetic polymorphisms
must be assessed in relation to other processes which affect alleles
in populations. An alternative school of thought suggests that
selection at the majority of loci is insignificant and effectively
neutral with respect to fitness (Kimura, 1968). Under neutral
conditions, the interaction between mutation rate and genetic drift
becomes critical in generating polymorphisms. The neutralists claim
that such an interaction can account for most polymorphisms observed

in natural populations (Kimura, 1982).

Genetic drift is the change in gene frequency within a population
caused by a sampling error from one generation to the next and will
result in a reduction in genetic variation in the daughter generation.
The smaller the sample size, the greater the loss of genetic
variation. If the population experiences a bottleneck (a temporary
decrease in numbers) or is founded with an initially low number of

individuals (founder effect) then rare alleles may be lost.
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Population size is critical in determining the level of genetic
drift in a population (Frankel and Soulé, 1981) and consequently is
critical in determining the relative effects of genetic drift and
selection on levels of genetic variation in natural populations. For
example, in a population which is large (say greater than 500), the
effect of drift will be negligible if the selection coefficient is of
a measurable intensity. However, in small populations (e.g. 100)
genetic drift will counteract all but the strongest of selection
forces (Frankel and Soulé, 1981). In natural populations where
selection forces are found not to be strong, Franklin (1980),
tentatively concludes that without inter-population gene flow, the
level of genetic variance will be determined by the balance getween

genetic drift and mutation.

The influence of bottlenecks and founder effects in reducing
levels of genetic variation needs to be considered in the management
of populations. A bottleneck or small founding population does not
necessarily mean a high loss of genetic variability. Success in
retaining genetic variation in a population following a founding event
depends upon several factors including the number of individuals in
the founding population and their genetic constituency. Frankel and
Soulé (1981) consider that unless the number of founders is in the
order of two pairs or less, it is not the bottleneck per se that
causes substantial reduction in genetic variation and they estimate
that a founding number of two will contain 75 percent of the original
population’s genetic variability. Rather, it is the events which
follow the bottleneck which will determine the degree of genetic
variability retained in the population. If a population recovers from

a bottleneck and expands rapidly, then genetic drift will be minimised
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and a large proportion of the initial genetic variability will be
retained. However, if the population size remains small, then a
gradual loss of genetic variability through drift will occur (Powell,

1983).

The genetic make-up of the founding individuals is also important
in determining the effects of a bottleneck. If deleterious alleles
concealed within heterozygotes were present in the initial founders,
then mean fitness in the new population may be permanently reduced
(Carson, 1983). Furthermore, the number and distribution of alleles in
the founding population will affect the amount and type of variation
which is lost. For example, an allelic distribution which has ; few
common alleles will probably be less affected by a bottleneck than a

population with many rare alleles (Powell, 1983).

The rate of genetic drift in a population with no migration,
depends on the size of the population, its mating structure, and the
number and distribution of offspring (Frankel and Soulé, 1981). Thus,
the population size to be considered is the "effective" population
size (N ) which takes these factors into account rather than the total
number of breeding individuals. N, will be affected by unequal sex
ratios, non-random variation in progeny number, fluctuations in
population size, departures from panmictic population structure and
overlapping generations (Kimura and Crowe, 1964; Lande and
Barrowclough, 1987). Franklin (1980) considers that without
immigration, an effective population size of 50 is required to prevent
inbreeding depression. However, to reach an equilibrium between
genetic drift and mutagion rates, he estimates that this number needs

to be nearer 500. Low levels of migration greatly assist in the
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maintenance of genetic variability and Avery (1978) estimates that
only one individual per generation is required to maintain equilibrium

for neutral alleles.

In the design of nature reserves, effective population size, the
presence and number of keystone species and species/area relations
need to be recognised. Critical to this and to the management of
wildlife within reserves, is some concept of the minimum number of
individuals of any one species required to form a viable population.
Attempts to define the minimum viable size for a managed population
must consider the maintenance of a size sufficient to prevent genetic

drift.

1.5 REVIEW OF PREVIOUS ISLAND STUDIES

The management of an insular population in any natural system
relies on a thorough understanding of the factors involved in long-
term populati;n survival. Once the general principles are known, they
must be applied individually to each complex ecological system under
review. The complexities are best analysed by studying the simpler

natural systems and applying the basic principles obtained from these

to more diverse ecosystems.

Island systems have long been recognised as unique places for the
study of organisms and their evolutionary and ecological adaptations.
Generally, islands are relatively simple ecological systems and
because of their easily definable boundaries, are possible to study
without the complicating interactions of surrounding and overlapping

ecosystems. Islands can be used to study the effects of long-term

- 14 -



CHAPTER 1 General introduction

isolation of populations on their survivability. Information of this
nature is essential if sound management decisions are to be made about

nature reserves, many of which effectively, are now islands.

There have been many electrophoretic surveys of natural
populations since the development of gel electrophoresis in the
1960°s. These studies have examined a plethora of organisms (for
reviews see Selander and Johnson, 1973; Powell, 1975; Nevo, 1978; Nevo
et al., 1984; Wayne et al., 1986) for both population studies and
systematic problems. However, few of these have assessed the temporal

effects of isolation on the maintenance of genetic variation.

Several researchers (e.g. Gorman et al., 1975, Berry 1986; Aquadro
and Kilpatrick, 1981) have attempted intraspecific comparisons
between island and mainland populations, examining levels of
electrophoretic variation. However, except for of Soulé and Yang
(1973), Patton et al. (1975), Schmitt and White (1979), Soulé (1979)
and Schwaner (submitted), few studies have been extended to include
morphological variation. Of these, only two (Soulé, 1979; Schwaner,
submitted) have attempted to measure developmental stability as an

assessment of the genetic effects of isolation.

A high degree of concordance between morphological and allozyme
divergence was recorded among insular population of Rattus fuscipes
greyii (Schmitt and White, 1979) and Rattus rattus (Patton et al
1975). Schmitt and White (op. cit.) also noted a measure of agreement
between morphological and allozyme variation within populations with
populations on smaller islands exhibiting less variation than those on

larger ones.
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Soulé and Yang (1973), compared mean heterozygosity levels of
island populations of the side-blotched lizard Uta stansburiana and
assessed the ability of 14 independent biogeographical and
morphological variables to correlate with mean 1levels of
heterozygosity using stepwise multiple regression analysis. The mean
heterozygosity levels of the populations examined ranged from 1.4 to
11.1% and the variables used in the analysis included island area and
elevation, distance from the nearest land mass, mean coefficient of
variation, the number of confamilial species and a morphological
assessment of phenotypic divergence. They found that mean
heterozygosity had a strong positive correlation with the number of
confamilial species. Soulé and Yang (op. cit.), suggested that this
variable increased stabilising selection pressure on U. stansburiana
on the islands. That is, the more lizard species on an island, the
éreater the pressure on the U.stansburiana to retain its original
morphology, behaviour and habitat and thus the less directional
selection acting on the population. This is supported by the measure
of phenotypic divergence which Soulé and Yang used as an indicator of
the directional selective pressure on each population. The closer the
mean morphological values of the island population to those of the
mainland population then the lower the directional selection pressure

exerted since isolation.

Further, Soulé (1979) using the same electrophoretic data (cited
above in Soulé and Yang, 1973) found a positive correlation between a
measure of developmental stability (fluctuating asymmetry) and
heterozygosity suggesting a genetic cause while Schwaner (submitted),
using percentage of abnormalities as an index of developmental

stability, found a similar correlation in island populations of the
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tiger snake (Notechis scutatus-ater).

1.6 PROJECT SCOPE AND SIGNIFICANCE

As described in section 1.5 very few studies have examined the
relationship between heterozygosity and developmental stability using
island and mainland populations of the same species. The elucidation
of this relationship has important implications for conservation and
the management of wildlife. If developmental stability represents an
accurate reflection of the genetic status of faunal populations then
its use as a monitoring technigque could have wide application in

wildlife management.

The sleepy lizard (Trachydosaurus rugosus) is a common and
widespread reptile whose distribution was partially fragmented by
rising sea levels 6,000 to 20,000 years before present (BP). Several
populations of this lizard have been isolated on what are currently
offshore islands while intact populations remain on adjacent mainland
areas. The size of several of the islands upon which these animals
live, suggests that the population sizes involved are small. This
provides an ideal situation for studying the effects of isolation on a

series of conspecific populations.

The objective of this project was to establish the genetic effects
of isolation on insular populations of T.rugosus by making comparisons
between island and mainland populations. Variation was assessed using
mitochondrial DNA, allozyme electrophoresis and morphology. These
parameters were used to assess the relationships of the populations to

each other and to compare them to the known isolation histories of the
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islands. Levels of heterozygosity within each population were also
measured using allozyme electrophoresis and compared with measures of
developmental gtability. The results are discussed with reference to

their implication for conservation.
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2.1 REVIEW OF THE GENERAL ECOLOGY OF THE SLEEPY LIZARD

2.1.1 General biology

At the generic level, the taxonomic status of the sleepy lizard
has been disputed by several workers and is still unresolved.
Generally, the monotypic genus Trachydosaurus has been preferred,
although Mitchell (1950), King (1973) and Hutchinson (1981), have
suggested that the sleepy lizard be placed in the genus Tiligua based
on immunological, chromosomal and osteological evidence. Despite this,
and because it is in general usage, the nomenclature Trachydosaurus
rugosus, followed by Cogger et al. (1983), will be adopted in this

thesis.

The sleepy lizard is a large, terrestrial lizard which is widely
distributed over the southern half of the Australian continent
inhabiting all states except the Northern Territory and Tasmania
(Cogger, 1986). Its habitat varies considerably, ranging from desert
and tussock grasslands to low shrubland and open forest (Cogger et
al., 1983). Sleepy lizards have short legs in relation to the rest of
the body, rugose scales on the head and dorsal regions (Cogger, 1986),
and may grow to a snout vent length of more than 300 mm (Bull, 1987).
They are omnivorous, eating a wide range of flowers, snails,
seedlings, fruit, green herbage, insects and carrion (Satrawaha and
Bull, 1981; Dubas, 1987). Sleepy lizards are heliotherms,
thermoregulating by behavioural means such as modification of

activity patterns during different seasons and by accelerated
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breathing, panting, tongue movements and opening of the mouth

(Warburg, 1965).

Sleepy lizards have short tails (usually 20 to 25% of snout vent
length) which are used to store fat in the spring months (Bustard,
1970). To assist in maintaining water balance while coping with a diet
of high salt intake, T.rugosus is capable of secreting concentrated
brine through a salt gland located in the nasal passage (Braysher,
1971). In addition, sleepy lizards have a high tolerance to
electrolytes in the plasma (Bentley, 1959) and exhibit a low
evaporation rate (Warburg, 1965). These adaptations enable s;eepy
lizards to obtain sufficient moisture from food without requiring

drinking water (Sharrad, 1979).

2.1.2 Distribution in South Australia

T.rugosus is distributed continuously throughout the southern
regions of South Australia (see Fig. 2.1), in a variety of
environmental conditions ranging from the cooler, wetter areas in the
south east of the state (Thompson and Tyler, 1983) to the more arid

regions such as Lake Eyre (Sharrad, 1979).

A variety of colour morphs showing geographic trends can be
observed throughout the range of T.rugosus (Bustard, 1970). In South
Australia, the southern lizards tend to be smaller and darker than
their northern counterparts (Sharrad, 1979) although no quantitative
assessment of this trend is available. The animals also exhibit sexual
dimorphism in tail size (Cogger, 1986) however, this too is yet to be

statistically substantiated in published works.
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FIGURE 2.1 The distribution of T.rugosus in South Australia. Derived
from voucher specimens at the South Australian Museum and the personal

observations of R.Sharrad (in Sharrad, 1979).
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2.1.3 Reproductive biology

Sleepy lizards are viviparous with one to three young born per
female between the months of February and March (Bull, 1987). Maturity
is reached within three to four years of birth with individuals living
at least nine years and reproduction probably occurring annually.
Mortality apparently peaks among juveniles and population size remains
reasonably stable over time (Bull, op. cit.). Sex ratios have been
found to be equal in population studies of the sleepy lizard (Dubas,
1987; Schwaner, 1988) and home ranges do not vary between the sexes
{(Dubas, op. cit.). Male and females pair during the mating season
(late October to November) with pairing lasting an average of 13.9
days. The pairing is apparently non-random with a high degree of mate

fidelity being maintained over consecutive years (Bull, 1988).
2.1.4 Home range and movement patterns

Sharrad (1979) investigated sleepy lizard activity in relation to
their role as a major host of the reptile ticks Aponomma hydrosauri
and Ambolyomma limbatum in a population at Mount Mary in South
Australia. Seasonal variation in activity was marked, peaking in the
spring months of late August to November when available food was
maximal. Satrawaha (1980), Bull (1987) and Schwaner (1988) reported
greatest activity in late September and October in populations of
T.rugosus at Tickera and Wardang Island (Yorke Peninsula, South
Australia) respectively. The lizards are least active in winter but do
not hibernate and are often seen basking on warmer days. Activity in
summer and autumn periods is variable and is possibly related to

unseasonal rains or warmer weather (Sharrad, 1979).
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T.rugosus maintains a well defined but overlapping home range
{(Dubas, 1987) though estimates of home range for sleepy lizards vary.
Sharrad (1979) using radio transmitters obtained range sgizes of

15,000 to 50,000 m2

while home range sizes observed by Bull and
Satrawaha (1981) from mark recapture data varied from 136 to 48,000 m2
(average = 9,400 m2). Similar results were also obtained in a study of
a population of T.rugosus gsouth of Perth W.A. where home ranges
varied from 5,607 to 13,258 m2 (average = 10,142 m2) (Fergusson and
Algar, 1986). Bull (1987) in eight years of mark recapture work
reported generally small individual home ranges, though two distinct
groups of mobility were observed within the population. Over 90
percent of the lizards recaptured during the eight years had moved
less than 100m from their original site of capture. However, a small
number of lizards had moved distances of up to 2 km. Some of these
lizards were recaptured several times at the new site, indicating a
new residence. The reason for this migration remained unclear as very
few aggressive interactions between lizards were observed (Bull, op.

cit.).

Temperature appears to influence the choice of refuge sites for
sleepy lizards (Satrawaha, 1980). At low temperatures the lizards tend
to choose grass clumps which provide shelter and protection and allow
them to take advantage of rapidly increasing temperatures. Other
refuge sites commonly used, include hollow logs, old tree stumps and
bits of tin, with lizards tending to alternate between sites within

their home range (Sharrad, 1979).
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2.1.5 Population abundance

Bull (1987) used mark/recapture techniques to estimate the size of
the Tickera population of sleepy lizards, including both the Peterson
and Jolly-Seber measures of abundance. Seven annual population
estimates from 1976 to 1982 showed no significant difference between
the years. Bull concluded that the Peterson method was possibly the
more reliable of the two measures and using this, estimated a density

of around 2.7 lizards/ha.

2.2 DESCRIPTION OF STUDY SITES

2.2.1 Site location and Holocene history

The study area includes sixteen populations of the sleepy 1lizard
{(T.rugosus) (Fig. 2.2). Eight of these occur on continental islands
off the coast of South Australia, with the remaining populations
sampled from mainland localities. A full description of each of the

main study sites, is given in section 2.2.2.

The past 125,000 years have seen several large changes in sea
level owing to fluctuations in the pleistocene ice caps. The lowest
levels were reached at 53,000 years BP and 20,000 years BP (Chappell,
1976) with subsequent rises in sea level. Various studies around
Australia have been reasonably consistent, placing the termination of
the final rise in sea level from 18,000 years BP to 6,500 + 250 years
BP with a subsequent standstill period (Thom and Roy, 1985). However,
there has been some recent debate over fluctuations in sea level

during the past 5,000 years. Thom and Roy (op. cit.) describe two
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FIGURE 2.2 The location of all populations of T.rugosus sampled in
this study.
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major schools of thought. One of these, proposes a constant level
which is indistinguishable to that of the present day. The other
describes a period up to 5,000 years before present, where increases
of 1 to 3m above the present level occurred followed by a general

decline to current levels.

Fluctuations in sea level over this time period may well be
significant only on a regional scale because of local features such as
tectonic movement. Detailed studies of individual regions are required
for local sea level histories to be accurately traced. Currently,
little of the South Australian coast has been covered in detail
(Belperio et al., 1983). The only region of the state’s coastline to
be examined closely is Spencer Gulf where it appears that the region
was inundated by Holocene seas approximately 8,000 years BP and that a
level of between 2.5m and 3.8m (Burne, 1982; Hails et al., 1983)
above the present level was attained during the next 6,000 years.
Subsequently, the sea level fell to its present level between 1740 and
1640 years ago. Unfortunately, extrapolation of these changes to other
parts of the coast (including the islands of lower Spencer Gulf and
the west coast of Eyre Peninsula) is of doubtful validity. For
example, Hails et al. (1983) argue that tﬁe rise in sea level of the
upper Spencer Gulf region could be attributed to hydrostatic upwarp
because of its distance from the edge of the continental shelf edge
relative to other parts of the coastline. Evidence suggests that local
seismo - tectonism is the most likely cause of the subsequent fall in

sea level (Belperio et al., 1984; Hails et al., 1983).

Mooney (unpub.) used sea level curves from Chappell (1976) and

Chappell and Thom (1977) together with seabed topography to predict
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times of isolations for six of the islands involved in this study -
St. Peter, Flinders, Spilsby, Duffield, Reevesby and Wardang islands.
The areas and estimated times of isolation are given for each island

in Table 2.1.
2.2.2 Site description

The eight islands surveyed in this study were those currently
known to include populations of T.rugosus in South Australia and
include St. Peter (32° 17°'s 133° 34°E), Flinders (33° 43°'s 134° 31'E),
Spilsby (34° 40°'s 136° 17°E), Duffield (34° 39's 136° 19'E), Reevesby
(34° 32°s 136° 17°E), Weeroona (33° 06°s 138° 02°E) Wardang (34° 30‘s
137° 20°E) and Troubridge (35° 07°'s X 137° S0'E). At least one other
island not in S.A. (Rottnest Is., W.A.) is also known to have an
endemic population of the sleepy lizard (Cogger, 1986) which has been
given the sub-specific status of T.rugosus konowi (Cogger et al.,
1983). The three mainland areas chosen to represent non-fragmented
populations were those as close as practicable to the islands in the
study. However, no morphological comparisons were made with mainland
areas adjacent to St. Peter, Flinders and Troubridge Islands because
too few lizards were collected from St. Peter and Flinders Islands for
rigorous morphological analyses, and the Troubridge Island population

is introduced, with the origin and number of founders unknown.

The islands generally show a pattern of modification since
European settlement, which sometimes is quite severe (pers. obs.). All
islands were either inadequately surveyed or not surveyed at all
before European use. Thus, survey information currently available,

represents an incomplete description of the former environment of each
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TABLE 2.1 Size and isolation times for each of the islands included
in the study. All times of isolation are from Mooney (Unpub.). The
area of Weeroona is unknown. BP, before present. * Separated from
the mainland by mangrove swamp. o Spilsby and Duffield were
separated from Reevesby at approximately 7,700 years BP.

ISLAND SIZE (HA) TIME OF ISOLATION TIME OF COMPLETE
FROM THE MAINLAND ISOLATION
(Years BP) {Years BP)
WARDANG 20,4001 6,000 6,000
ST PETER 4,028°2 6,000" 6,000
FLINDERS 2,6423 8,750 8,750
SPILSBY 4252 8,050 " 6,000
REEVESBY 3582 ' 8,050 6,000
WEEROONA - - -
DUFFIELD 82 8,050"" 6,000
TROUBRIDGE g4 <150 <150

Source: 1 Stevenson (1985); 2 Robinson et al. (1985); 3 Hudson et
al., 1981; ¢ owers (1986).
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island. A description of each island and the sampling undertaken is

provided below.

St. Peter Island is the most westerly island examined. It has been
farmed extensively this century but still retains a large p;oportion
of native vegetation. In two trips (ca. 20 person days) in August and
October (times of maximum activity) 1987, only eight animals were
captured, suggesting a population of very low density. Anecdotal
evidence from a former owner of the island (J.Nichols, pers. comm.)
supports this conclusion, though the reasons for the low density are

unclear.

Flinders Island is a large island which has been extensively
cleared and farmed. The island was surveyed in June 1987 however,
despite the existence of considerable amounts of surface rubbish
(which is often used by T.rugosus for shelter in winter months) only
three lizards were found in over eight person days. This island has

been excluded from most analyses in this study.

The Sir Joseph Banks Group of islands consists of 17 islands (see
Fig. 2.3) clustered in an area of 18 km by 22 km. The islands are
generally low in topography, with a surface of kunker and sand
overlaying a granitic base (Blissett and Warne, 1967). Three of these
islands Duffield, Spilsby and Reevesby currently have populations of
T.rugosus. However, Tubb (1938) reported populations of the lizard on
Hareby, Kirkby, Langton and Winceby islands. In numercus survey trips
to the Sir Joseph Banks Group between 1980 and 1987 by T. Schwaner
{(pers. comm.), no T.rugosus were observed from any of these islands

indicating their almost certain extinction. All four islands have been
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FIGURE 2.3 The Sir Joseph Banks Group of islands. The islands named
are those reported to have populations of T.rugosus by Tubb (1938).
Reevesby, Spilsby and Duffield are the only islands in the group to
still retain these populations.
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Both Reevesby and Spilsby Islands have been farmed extensively
with large areas of land being cleared for pasture (Robinson et al.,
unpub.). Spilsby Island had approximately 90 percent of its native
vegetation cleared by 1910 (A.Scruby, pers. comm.) and has been
heavily grazed by sheep and introduced rabbits for most of this
century. In four trips to the island; June 1985, November 1986,
August, 1987 and February 1988, totalling over 20 person days, oﬁly 24
animals were captured. Efforts were made to survey the entire island,
but all captures were made at the northern end where the last
remaining native vegetation exists. Clearly, population densities are
very low on Spilsby. Anecdotal evidence from a former owner (A.Scruby,
pers. comm.) suggests that this has been the case at least since the

1930°'s.

Duffield Island is only 500 m from Spilsby with a maximum sea
depth between them of only four metres. It is sparsely vegetated but,
though sometimes grazed in the early 1900°'s, was not grazed after 1930

(A. Scruby, pers. comm.) and has thus probably suffered little from

human usage.

Reevesby Island is situated 11 km north of Spilsby and has also
been farmed extensively. The island is now a conservation park and has
not been grazed for at least 15 years. Consequences of human usage

include the introduction of several weed species particularly boxthorn
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(Lycium ferossimum) which is very common at the southern end of the
island. In addition, animals such as cats and possibly goannas have
been released on the island (Robinson et al., 1985; Schwaner, 1985a).
The island was never completely cleared and maintains a significant

amount of original vegetation.

Owing to logistic problems involved in sampling the entire length
of the island, the survey of Reevesby was confined to the southern and
central sections of the island. Consequently, some variation through

spatial constraints may not have been recorded from this population.

Wardang Island is the largest island studied. The islﬁnd is
highly modified, having been used since European settlement for
sealing, pastoral activities, as an Aboriginal reserve, mining of
calcareous sand, private tourist enterprises and as an outdoor
education centre (Stevenson, 1985). Very little original vegetation
remains and it is possible that tree species were removed from the
island as early as the 1830°'s by sealers (Stevenson, op. cit.). The
process of clearing continued throughout the 19th century as the
island was leased for pastoral use and natural vegetation was replaced

with sown pasture (Robinson et al., unpub.).

Schwaner (1988) conducted a survey of sleepy lizards on Wardang
Island in 1986/87, and it is from this study that population
estimates for the island will be drawn (see section 2.3). The blood
samples used in this study for the electrophoretic analysis were
collected by T.Schwaner from several localities around the island. The
morphological information was collected by myself in September, 1987

from a range of localities covering most of the island.
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Weeroona Island is separated from the adjacent mainland by several
hundred metres of mangrove swampland, inundated by sea water at high
tide. Sleepy lizards exist on the adjacent mainland and the island has
been connected to this area since the 1940°s by a narrow causeway
which runs across the swamp. It is possible that there is some
movement by T.rugosus between the island and mainland either via the
causeway or overland at low tide. The island has been largely cleared
for holiday housing, although some semi-natural vegetation remains on
its southern side. There are significant areas of unused open
grassland on Weeroona which probably provides good habitat for
T.rugosus. RAlthough no population estimates were possible for the

island, sleepy lizards appeared to be numerous.

Troubridge Island is human-made, resulting from the entrapment of
sand by a lighthouse placed on Troubridge Shoal in the 1850°‘s. It is
not certain when sleepy lizards were introduced, but it was probably
this century as the island was nearly completely destroyed by an
earthquake in 1904 (Owers, 1986). The lizards were thought to have
been introduced by one of the lighthouse keepers as pets (R.Symons,
pers. comm.) but the number of founders is unknown. At present, the
island is about 8 ha in size, but lighthouse logs show that it is
quite volatile in both size and shape, and was as small as 2 ha in the

1950's (R.Symons, pers. comm.).

Three mainland areas were sampled to represent non-fragmented
populations and were chosen for their proximity to the islands
studied. The mainland populations included Point Pearce (34° 25°'s 137°
30°E), north of Port Pirie (33° 07‘s 138° 03’E) and Tumby Bay (34°

22's X 136° 06°E). The Tumby Bay population was sampled from an area
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on the outer perimeter of the Tumby Bay township. Samples were taken
over a distance of approximately 4 km and the habitats sampled include
the Tumby Bay Rubbish Tip situated on mudflats and a coastal dune
gsystem at the northern edge of the town. The population examined near
Weeroona island (referred to as Pt. Pirie for convenience) was
sampled by driving and walking along a narrow strip of vegetation
adjacent to Weeroona island. The survey site has been extensively
cleared but does not appear to be heavily grazed. The Point Pearce
population was sampled by driving the roads on the peninsula adjacent
to Wardang Island and examining piles of rubbish, bushes etc. for

lizards.

2.3 FIELD METHODS

The animals used in the study were those sampled in the field and
those available in the S.A. Museum collection. The majority of samples
were taken from December 1986 to March 1988, although some museum
specimens were collected as early as 1980. Given the high longevity of
T.rugosusg, its annual mode of reproduction and low numbers of young
recruited each year (see section 2.1), it is unlikely that major
changes in gene frequencies would have occurred over a period of less
than two years. A survey system of random sampling of lizards along

approximate transect lines was used for each island.

All animals captured in the field were sexed by the extrusion of a
hemipenis (in males). The validity of this method was tested by sexing
animals in the field and then examining those taken as vouchers again
in the laboratory. The field sexing was 97% effective (n=31) and can

thus be used with confidence.
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Each animal was weighed and then measured in the field.
Measurements of head scale characters were taken using Vernier dial
callipers while snout vent length, tail length and hind limb length
were obtained using a retractable tape measure. An index of melanism
for each individual was obtained by estimating the percentage of area
with melanistic pigment for both dorsal and ventral surfaces. Counts
of small scale characters such as upper and lower palpebrals were
obtained using a field magnifying glass. A list of all morphological
measurements taken in this study and their abbreviations is given in
Table 2.2 while diagrams of the different measurements are supplied in
Fig. 2.4. Gross abnormalities such as missing toes, club feet and

deformed head and labial scales were also noted for each individual.

Animals were bled using a direct heart puncture method, in which a
fine tipped, 1 ml insulin syringe (with 5 to 10 microlitres of
heparin) was used to pierce the soft skin under the left arm of the
animal and enter the heart. A sample of 0.5 to 1.0 ml was extracted.
No ill effects were observed using this method and animals bled in
February 1985 on Duffield Island were recaptured 3 years later in
February, 1988. The blood was frozen in liquid nitrogen within 30 to
60 seconds of extraction, and subsequently stored at -100°% at the
South Australian Museum. Animals selected for release were marked
individually by toe clipping, and then released at the point of

capture.

2.4 POPULATION ESTIMATES FOR FOUR ISLAND POPULATIONS

It was possible to obtain estimates of population size for four

island populations included in the study. No estimates were possible
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TABLE 2.2 Morphological characters used
in this study. Abbrev. = Abbreviations.

CHARACTERS ABBREV.
Snout to vent length SVL
Tail length TL
Hind limb length HLL
Snout length SNL
Eye to nasal length EN
Inter orbital width IOW
Head width HW
Rostral width RW
Rostral height RH
Eye diameter Eye
Inter parietal width IPW
Inter parietal length IPL
Supra labials (left and right) SL
Infra labials (left and right) IL

Supra cillaries (left and right) sC
Upper palpebrals (left and right) UP
Lower palpebrals (Left and Right) LP

Para vertebral scales PV

Mid body scale rows MSR
% Melanism on the dorsum MELD
% Melanism on the venter MELV
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- - - -« rostral width

interparietal
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FIGURE 2.4 The head measurements and scale counts of T.rugosus used in
this study.
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for the mainland populations owing to sampling constraints. Estimates
were obtained using mark/recapture techniques and varied with each

island in the following manner.

Duffield Island was surveyed in February, 1985 and December, 1986
by T.Schwaner and me and again in February, 1988 (this study). Baileys
Triple Catch (Caughley, 1980) was used to estimate population size
using all three samples. Spilsby Island was surveyed in August 1987
and again in February, 1988 while Troubridge Island was surveyed in
October, 1987 and March, 1988. ARlthough sleepy lizards tend to bear
their young in February - March (Bull, 1987), it is assumed that these
surveys were between birth pulses. This assumption is supported by an
almost complete lack of juveniles observed in both February and March
surveys of Spilsby, Duffield, Reevesby and Troubridge Islands. On this
basis, Peterson estimates (Caughley, 1980) were used to estimate

population size for both Spilsby and Troubridge Islands.

The Wardang Island population was sampled by T.Schwaner at bi-
monthly intervals from November 1986 to November 1987. In that time
340 individuals were marked in an area of approximately 100 hectares
(Schwaner, 1988). Schwaner used the Jolly-Seber method to estimate

population density for this area.

Total population estimates were obtained for each of these islands
bf multiplying the density estimates (per hectare) for each of the
igland areas sampled by the total area of the island. For Duffield and
Troubridge Islands sampling covered the entire island so population
eétimates represent total numbers. However, only partial areas were

surveyed on Spilsby and Wardang so estimates were based on the
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assumption that the sleepy lizards were evenly distributed across the
island. This assumption may not be correct. Schwaner (1988) noted a
clumped distribution of T.rugosus on Wardang correlating closely with
areas of rubbish. The survey of Spilsby encompassed approximately 10%
of the island which included most of the remaining native vegetation
on the island. Efforts were made to survey other parts of the island
but no sleepy lizards were observed and it is quite possible that the
lizards are restricted to the remaining vegetated area. As a
consequence, the total population estimates for these two islands can

probably be considered to be maximum estimates.
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CHAPTER 3. MITOCHONDRIAL, DNA COMPARISONS AMONG POPULATIONS OF

T.RUGOSUS

3.1 INTRODUCTION

3.1.1 General characteristics of mitochondrial DNA

Studies of the mitochondrion (a cytoplasmic organelle) have
generally centred around its role in the generation of ATP. However,
mitochondrial DNA (mtDNA) has also received considerable attention in
recent years as a tool for both phylogenetic and population studies
(see reviews by Avise et al., 1987; Moritz et al., 1987). MtDNA in
animals is a small closed, circular molecule of double stranded DNA
containing 37 genes which comprise 13 messenger RNA, 2 ribosomal RNA
and 22 transfer RNA genes (Borst, 1972). These genes are tightly
packed and contain little or no non-coding sequences between them
(Attardi, 1985). The gene structure is highly conserved, maintaining
a compact organisation of gene content which is apparently invariant
among animals (Wallace, 1982). Animal mtDNA is also conservative in
size (compared with fungi, plants and protists) although it does show
some variation in length both among and within taxa (Attardi, 1985).
The size of the mitochondrial genome in multicelled animals ranges
from 14 kb to 26 kb (Sederoff, 1984; Moritz et al., 1987) with
differences generally confined to the displacement control region (D-

Loop) of the genome (Moritz, op. cit.).

Mitochondrial DNA exhibits two key characteristics which make it
particularly suitable for phylogenetic reconstruction and which

differentiate it from techniques which use nuclear DNA or proteins
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coded for by nuclear DNA. First, with the possible exception of the

‘D’ Loop, mtDNA does not appear to undergo recombination (Wilson et
al., 1985) and so remains intact over generations.vSecond, the
inheritance of mtDNA appears to be maternal (Hutchinson, 1974; Giles,
1980; Gyllensten et al., 1985; Avise and Vryenhock, 1987). Although
the exact mechanisms of this mode of inheritance are not yet fully
understood, the transmission of mtDNA is apparently largely
cytoplasmic. Thus, paternal mtDNA is either absent or occurs in very
low frequencies and is swamped by the large amount of mtDNA inherited
maternally (Avise and Vryenhock, 1987). These inheritance patterns
permit the derivation of phylogeny which represent distinct maternal
lineages (Avise and Lansman, 1983). Moreover, phylogenetic
reconstruction involving allozymes or nuclear DNA, may be affected by
genetic drift, altering allele frequencies within a population. The
effects of genetic drift are likely to be particularly severe when
comparisons are made between closely related species or conspecific
populations where population related phenomena may overwhelm the
phylogenetic information. Relationships between mtDNA molecules will

not be affected by this process and in such situations, mtDNA can be

particularly useful.

Polymorphism of mtDNA observed within natural populations is
strongly affected by their finite population size. For example, Avise
et al. (1984) demonstrated (using computer simulations) that
stochastic extinction of mtDNA lineages will occur within a
population, possibly leading to the extinction of all but one lineage
in the population. They found that for a non-expanding population
initiated by N females, all individual mtDNA in the population are

likely to have descended from a single individual within 4N
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generations. The rate at which lineages are lost from a population
relates directly to the demography of the females. In particular, high
variance and/or low mean in progeny number will increase the
extinction rate, as will static or declining population numbers. Thus,
in small isolated populations which cannot expand, the random
extinction of all but one mtDNA lineage could be expected over even a

moderately short number of generations.

3.1.2 Evolutionary characteristics of mtDNA

Brown et al. (1979, 1982) examined the rate of evolution of mtDNA
in primates by looking at the degree of sequence divergence among
higher primates and plotting this against the known time of divergence
obtained from the fossil record. It was found that mtDNA has an
apparent rate of 0.02 substitutions per base pair per million years
which is five to ten times that observed in nuclear DNA. Such a rapid
rate of evolution if it is consistent among taxa, makes mtDNA
particularly useful for the elucidation of phylogenies of conspecific
poprulations or closely related species (Avise and Lansman, 1983;
Lansman et al., 1983; Moritz et al., 1987). However, some caution must
be used as differences among recently fractionated populations may
well be the result of differences which arose before separation and
may represent variation that was present in the ancestral stock

(Lansman et al., 1983).

The rapid rates of evolution observed in mtDNA are generally
ascribed to one or both of two reasons. First, the mutation rate is
higher because of inadequate replication and repair procedures of the

mtDNA (Brown, 1983). This may be tolerated if animal cells rely on
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mitochondrial redundancy rather than DNA repair to retain viable
mitochondria. Higher mutation rates may also be possible because of
increased rates of replication when compared with nuclear DNA,
permitting greater probabilities of error (Rabnowitz and Swift, 1970).
Second, selective constraints upon products of the mtDNA may be lower
than in nuclear DNA thus permitting more rapid fixation of mutations

(Avise, 1986).

Brown et al. (1979) also noted that the rate of evolution of mtDNA
in primates was not apparently linear over time and tended to decrease
after an initial linear growth. This is believed to result from rates
of evolution which are variable across sites. For example, transitions
(A <-> G, C <~> T) have been found to outnumber transversions (A <->
C, A <>T, G <> C, G <—> T). That is, initially, transitions will
probably occur at a constant rate. However, as the number of
transitions increases then so does the probability of further
substitutions at these sites back to the original state. The
occurrence of multiple substitutions at the same site will distort the
observed relationship between mtDNA molecules (Brown et al., 1982).
Variability in substitution rates across sites has also been observed
in protein coding genes where substitution rates appear to be higher
among silent sites than among those which code for amino acid
replacement and in the displacement loop (Avise, 1986). The variation
in substitution rate within the DNA suggests that some strong
functional constraints do exist in sections of the mitochondrial

genome.
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3.1.3 Study aims

In this thesis, it is assumed that the isolation histories of the
T.rugosus populations are synonymous with those of the islands upon
which they are isolated. This may not be the case if humans act as
modern day vectors of these animals. The null hypothesis to be tested
with the mtDNA data is that there is no congruence between the
relationship observed between homologous mtDNA genomes and geographic
proximity. Such a finding would suggest a flaw in the assumption that
the histories of the populations studied are synonymous with the
geographic proximity and isolation histories of the island and

mainland areas upon which they occur.

3.2 MATERIALS AND METHODS

3.2.1 Mitochondrial DNA extraction

The methods used for the extraction and restriction of mtDNA in
this study were modified from Cathcart (1985) and all recipes for
chemicals used in the laboratory are provided in Appendix 1. Purified
mtDNA was obtained from T.rugosus in the following manner. Initially,
liver from T.rugosus was frozen immediately after extraction in liquid
nitrogen, and stored at -100°c. However, yields of mtDNA from this
method were poor and a considerable improvement was obtained when the
livers were frozen slowly. This entailed refrigeration of the liver on
ice for approximately 30 minutes before freezing at -20° for 2 hours
and finally at -80°c. Before the extraction of the mtDNA approximately

(o]

7g of tissue was thawed gently at - 20 C and then on ice to prevent

the destruction of the mitochondrial organelle. The liver was
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macerated with a razor blade and homogenised with a teflon dounce in 5§
ml of MIM (mitochondrial isolation medium). This solution was spun
twice at 1,500 for 20 minutes to pellet out the nuclei and debris,
and the mitochondrial fraction obtained by spinning the supernatant at
15,000g for a further 10 minutes. The supernatant from this spin was
retained as the second fraction in addition to the main fraction

obtained from the remaining solution.

The pellet from the main fraction was re-suspended in 5 ml of MIM
and both fractions were spun for 10 minutes at 15,000g. The
supernatants were discarded and the remaining fractions decanted and
resuspended in 2 ml of SSC. 1.5 ml of lysing solution and 2‘m1 of
phenol/0.1% 8-Hydroxylgquinoline were added to this solution and
incubated for 20 minutes at 46 - 47°C with mixing, before being cooled
on ice and spun for 10 minutes at 1,500g. The supernatant was decanted
into 10 ml tubes and one volume of chloroform/isoamylalcohol (24:1)
was added. This solution was spun at 1500g for 7 minutes and the
mtDNA precipitated by mixing 10 pl of 3M Na acetate with the
supernatant (making the solution up to 10 ml with ethanol) and
placing it in a -100°c freezer for 20 minutes. This solution was spun
at 1,500 for 15 minutes and the resultant mthA pellet dried and then
dissolved in 200 ml of TE buffer pH 8.0. The extracted mtDNA was
subsequently cleaned by mixing equal volumes of dissolved mtDNA
solution and phenol and centrifuging at 1500g. Precipitation of the

mtDNA was then achieved in the manner described above.
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3.2.2 Restriction of mitochondrial DNA

The restriction enzymes Hinfl and Rsal were purchased from
Boehringer Mannheim Biochemicals and EcoR1l, HindIII, EcoRV, Bgll,
Pstl, Xhol and Xba were purchased from Bethesda Research Laboratories.
‘Digestion was achieved by mixing 4 ul of running buffer (10 * E
buffer), 3 pl BSA and 10 ul of restriction enzyme with 25 pl of mtDNA
solution in 2 ml Eppendorf tubes and incubating at 37° ¢ for 5-6 hours
(with the addition of a further 1 pl of enzyme added after 4 hrs). 2
pl of RNase was added 20 minutes before completion of the restriction
and 4 pnl of Stop DE added to each sample to end the reaction. The gel
was constructed by pouring a 1.5% solution of agarose (3 g of égarose
dissolved in 200 ml of 1 * E buffer) into a cassette (dimensions of
gel 26cm * 16cm * 0.3cm) with the comb placed 3.5 cm from one end. Any
bubbles were drawn up with a pipette and the gel allowed to set for
one hour. Gels were run for approximately 13 - 14 hours at 1.54

volts/cm of gel.

The gels were stained with 15 ul of ethidium bromide (10 mg/ml) in
10 ml of 1*E buffer and covered for 20 minutes before being rinsed
with distilled water for 30 minutes. Each éel was photographed using
an orange filter with photos taken at 15, 30 and 60 seconds (F stop
11) before being hand scored under ultra-violet light and the distance

of each band from the origin measured.
3.2.3 pata analysis

The size of the mtDNA of T.rugosus was estimated by using a single

restriction of T.rugosus mtDNA calibrated with a Hind III restriction
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of Phage Lambda. Sizes of individual fragments were estimated by
graphing the»migration distance of Lambda (restricted by EcoR1l and
EcoRV) calibrated track against the log of the size of the lambda
fragments. A regression line was fitted to the graph and the size of

the mtDNA fragments converted into kilobases using antilogs.

There are two major approaches to analysing restriction fragment
data. The first is the quantitative formulation of a genetic distance
between pairs of populations. Distances are based on estimates of the
degree of divergence and are subsequently used to cluster the
populations and derive genetic relationships. The second approach
involves the derivation of relationships using the presence or ébsence

of individual characters (fragments).

The quantitative method of converting fragment data to estimates
of a distance reflecting nucleotide sequence divergence is an approach
frequently used. The distance between two mitochondrial molecules is
generally estimated from the proportion of restriction sites shared
between the genomes. There are numerous methods for formulating these
values (e.g. Upholt, 1977; Gotoh et al., 1979; Nei and Li, 1979;
Kaplan and Risko, 198l1). However, the most widely used distance is
that of Nei and Li (1979) who calculate the expected proportion of
fragments that remain unchanged in both populations (F) using the

formula

F = 2nxy/(nx+ ny)

where nxy is the number of fragments shared by two populations (X and

Y) and n, and n, are the total number of fragments in each population.
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The closer the relationship between homologous molecules the more
restriction sites or fragments they have in common. In the derivation
of the expected proportion of fragments that remained unchanged
between two populations, two primary assumptions are made: (1) that
all nucleotides are distributed at random over the genome with a G+C
content which remains constant, and (2) that nucleotide sgubstitution
occurs randomly across the genome and follows the Poisson process. Nei
and Li (1979) note that the first assumption may not always be
satisfied but, unless the non-random distribution is extreme,

variation in G+C content is unlikely to affect such calculations.

The second assumption is more doubtful because, as discussed
above, different substitution rates may apply to different parts of
the molecule and when only a short divergence time is involved, chance
alone may result in observed differences between molecules. Moreover,
Tajima and Nei (1982) note that the variance of the proportion of
ancestral sites is large when the number of restriction sites is small
and therefore recommend that many different restriction enzymes be
used. Nei and Li‘s (1979) formula relates to restriction enzymes which
all recognise base sequences of a particular length (e.g. 6 base
pairs). Combining data from enzymes which recognise sequences of
different lengths may result in some bias because different types of
enzymes (e.g. four or six base cutters) do exhibit differences in
sequence divergence particularly with sméll numbers of shared
fragments (Upholt, 1977). This relationship is non-linear but several
authors have combined data derived from different base cutters (e.q.
Kessler and Avise, 1984, 1985; Ashley and Wills, 1987, 1989) and
weighted them according to the numbers of fragments produced by each

type of restriction enzyme. Unfortunately, the methods used in
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weighting the data are not clear. Another problem with this
formulation is that it breaks down if OTU's do not have fragments in
common. If few fragments are involved, then it is possible that a
change at a single restriction site can result in no common fragments
between two OTU’s. In this situation, the calculation of F values
breaks down primarily because it gives equal weighting to the absence
of a fragment as it does to its presence. Without restriction maps to
determine the presence or absence of individual sites, OTU’s which do
not share fragments would have ﬁo be excluded from the analysis. In
the present study, two OTU’s (Ceduna and Pt. Kenny) have no fragments
in common with any other OTU for the enzyme EcoRV, and would thus have
to be left out of the analysis. To avoid this, and hence to ﬁaximise
the information gained from mtDNA analysis, the calculation of genetic
distances between OTU’s has been obtained using the complement of
Jaccard’s index (Marczewski-Steinhaus distance, MS) (Orléci, 1978)

which uses the formula

MS = (b+c)/(a+b+c)

where a = number of fragments in common, b = number of fragments
unique to OTUl, ¢ = number of fragments unique to OTU2. This measure
obtains the ratio of the number of unique fragments to the total
number of fragments and has the advantage of not comparing fragments
which are absent from either OTU. In order to account for differences
in sequencé divergence estimates between the ‘six” and ‘four® base
enzymes the MS value was weighted. This was achieved by calculating
the MS values separately for the two different types of base cutters
used in the present study. The MS values are then added and averaged

to obtain a single distance measure for each pair of OTU’'s. 2
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heirachical cluster analysis was performed on the distance values
using the unweighted pair-group method with arithmetic mean averaging
(UPGMA) (Sneath and Sokal, 1973). The statistical computer package SAS

(SAS Institute, 1987) was used to carry out the analysis.

The alternative approaches to phylogenetic reconstruction are
those which are character based where phylogeny is inferred by
determining the presences or absences of a range of characters. There
are several ways of approaching this type of data but discussion will

be confined to the two used in the present study.

Parsimony is one method commonly used to derive classifications,
the most widely used of which is the Wagner parsimony method (Kluge
and Farris, 1969). This method uses the presence or absence of
discrete character states to determine the most parsimonious (smallest
number of changes) evolutionary pathway necessary to define
relationships between taxa (Felsenstein, 1983). The Wagner parsimony
method is based on the assumption that character changes can occur in
either direction. That is, each character can be either gained or lost
from a taxa, therefore, it does not make assumptions on the ancestral

or derived nature of different character states.

The presence or absence of particular fragment patterns in each
population was recorded and a composite phenotype produced for each
population. A Wagner analysis was carried out on this data using the
statistical package PAUP (Swofford, 1985) and the most parsimonious
relationships obtained using global branch swapping. Fragment patterns
which were unique to a single population (autapomorphic) were excluded

from the analysis because they are phyologenetically uninformative and
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populations with identical fragment patterns were combined to
facilitate rapid analysis. Fifteen different phenotypes were observed
(Fig. 3.1). Of these, eight (A, ¢, G, H, I, J, K, L, O) were
autapomorphic and of the remaining seven, Weeroona, Pt. Pirie and
Troubridge were identical for all fragment patterns. Thus, a data
matrix of eight populations and six characters was analysed using the
Wagner parsimony method. It was intended that a consensus tree would
be produced from the most parsimonious trees and superimposed upon the
geographic locality of the different populations (Avise et al., 1979).
However, a total of 292 trees of equal parsimony were produced and a

consensus tree could not be obtained.

An Hennigian analysis (Hennig, 1966) was also performed using
individual fragments to produce an unrooted network. This method
assumes that character states are known to be either ancestral or
derived and phylogeny can be inferred by grouping taxa with unique
characters into monophyletic groups and superimposing all groupings
upon each other. Problems may arise when two characters place the same
taxa into different groups. The Hennigian solution to this dilemma is
to re-examine and re-interpret the data until a resolution to the
conflict is obtained (Felsenstein, 1982). Ancestral fragments were
defiqed as those fragments shared by most populations and for which
there was an alternate (derived) state common to the remaining
populations. Only fragments restricted to two character states were
considered, thus, Edithburgh which exhibited unique character states
for two fragments could not be included in the analysis. All
autapomorphies were excluded from the analysis and all identical
morphs combined. This approach reduces the data set substantially and

ig therefore likely to provide only a broad outline of trends.
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Both the Hennigian and Wagner parsimony methods require that
changes in one character do not affect any other character. This
requirement is violated for restriction fragment data because the gain
or loss of a fragment will affect the presence of absence of at least
one other fragment (Ovendon et al., 1987). However, such occurrences
can be considered to have a small effect on restriction fragment data
because of the large number of fragments obtained per enzyme (Kessler
and Aviae, 1985). These types of analyses can also be confounded by
the occurrence of non-homologous fragments with similar molecular
weights. Restriction maps are necessary to ensure that this has not

occurred.

The classifications of relationships among populations made in the
present study, and the conclusions to be drawn from them are

restricted in their scope for two reasons:

(1) line-up gels were not possible because of insufficient
mtDNA so comparisons of fragment patterns among gels were made
without the benefit of side by side comparisons. This increases
the probability of mistakes in the scoring of non-homologous
fragments as identical and of mis-identifying fragments

exhibiting minor length variations;

(2) Insufficient mtDNA also meant that only three polymorphic
restriction enzymes could be used in the analysis. Thus the
resultant classifications must be viewed with appropriate

caution when using such a small sample size.
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3.3 RESULTS

A total of 19 animals comprising either one or two individuals
from each of 11 populations (Ceduna, Pt. Kenny, St. Peter, Tumby
Bay, Spilsby Is. Wardang, Pt. Pearce, Weeroona, Pt. Pirie,
Edithburgh, Troubridge) were used in the analysis. Unfortunately,
mtDNA could not be isolated from either Reevesby or Duffield. Not
all individuals were run for each enzyme and the phenotypes
produced from two populations (Pt. Kenny and Pt. Pirie) are
composite phenotypes of the two individuals from those localities.
No differences were observed within populations when both
individuals from a population were restricted by the same enzyﬁe.
The animals used and the populations examined for each enzyme are

given in Table 3.1.

Five restriction endonucleases were used in the analysis, of
which three (Bgll, GCCNNNN NGGC; Rsal, GT AC; EcoRV, GTGCA G)
exhibited polymorphisms among populations. A further three
endonucleases (Xhol, Xbal, HpaIl) were tested. Xhol failed to
restrict in any samples while Xbal and Hpall restricted
spasmodically and generated many small bands which were difficult
to resolve. These endonucleases have not been included in the data
analysis. The total size of the mtDNA genome of T.rugosus was
estimated to be 23 kb and 50 restriction sites representing 208
base pairs (or approximately 0.9% of the genome) were surveyed.
Insufficient mtDNA was available to run lineup gels of the various
restriction morphs so the data are presented only as restriction

fragment maps (Fig 3.1, 3.2).
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TABLE 3.1 The animals, their collection 1localities and the
endonucleases used in the mtDNA analysis. * individual used in
analysis; - not used in analysis; Reference Numbers (Ref. No.) are
S.A. Museum collection numbers.

REF. NO. LOCALITY Pst 1 Hinf 1 Rsa 1 EcoRV Bgl 1
R31472 CEDUNA * * * * *
R31473 CEDUNA * - - - -
R31560 PT. KENNY * - - - *
R31561 PT. KENNY * - * * -
R31477 ST. PETER * * * *
R31478 ST. PETER * * - * -
R31558 TUMBY BAY * * * * *
R31475 SPILSBY 1IS. * * * * *
R31479 WARDANG 1IS. * * * * *
R31587 PT. PEARCE * * * * *
R31591 EDITHBURGH * * * * *
R31418 TROUBRIDGE IS. * * - -
R31419 TROUBRIDGE IS. =* * * * *
R31618 WEEROONA IS. - * * * -
R31619 WEEROONA 1IS. * * * *

R31620 PT. PIRIE - * * *

R31621 PT. PIRIE * * * * -

NOTE: No individuals from Pt. Kenny were run for Hinf 1.
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Endonuclease
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FIGURE 3.1 Restriction fragment patterns of
T.rugosus mtDNA produced by Hinfl and Pstl. These
morphs were invariant among populations.
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Endonuclease
A R1+RV Bgi1 Rsa1 EcoRV
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FIGURE 3.2 Restriction fragment patterns of T.rugosus mtDNA produced
by the restriction enzymes Bgll, Rsal and EcoRV. Each morph is denoted
by a letter (A to O0) and its distribution given in Figs. 3.3, 3.4 and
3.5. The numbers 1-5 refer to fragments which were used in the
Hennigian analysis. (see Fig. 3.7).
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Hinfl (G ANTC) and Pstl (GAT ATC) patterns were monomorphic for
all populations, with Hinfl generating 12 observable fragments all
less than 2 kb in size and totalling approximately 7 kb. This is
considerably less than the total size of the genome and it is
assumed that Hinfl (a five base cutter) has cut the DNA into many
smaller fragments which were too small to be recorded. Pstl

produced a three banded fragment pattern in all populations.

Bgll produced six fragments in four different morphs. Ceduna is
quite distinct from all other populations with one fragment missing
at approximately 2.6 kb and an additional fragment present at 2.16
kb. This indicates that at least one extra restriction site.has
been gained forming the extra fragment of 2.1 kb and one other
which has not been observed. Most populations were of a single
morph (morph ‘B") while Weeroona, Pt. Pirie and Troubridge formed
one group with variation in two fragments of sizes 0.1 to 0.2 kb
from the ‘B° morph. Edithburgh also varied from the ‘B morph at
two fragments with one being larger by approximately 0.3 kb and one
smaller by approximately the same amount. Edithburgh also has an
extra fragment of 1.0 kb which was not observed in any other

population.

Rsal produced five morphs with differences between morphs
arising from the loss or gain of fragments of a size less than 2.0
kb. Morph 'E’ separates the three western populations of St. Peter,
Ceduna and Pt. Kenny, while Tumby Bay, Weeroona, Pt. Pirie,
Troubridge and Edithburgh are all grouped (morph ‘F‘). Spilsby,

Wardang and Pt. Pearce differ by changes of one or two fragments.
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EcoRV produced six morphs. Ceduna is quite distinct with just a
single fragment 9.3 kb in size. The small size of this fragment and
the absence of any other can be explained in two ways. It is
possible that the remainder of the molecule may have been cut in
many places creating a large number of small fragments which could
not be observed using ethidium bromide staining or, conversely, the
mtDNA may have been cut into two fragments which are equivalent in
size and consequently represented by one band. This could be
resolved using a double digest of EcoRV with another endonuclease,
allowing the determination of the amount of mtDNA which can be
observed from a digest involving EcoRV. Morph ‘0" grouped Wardang,
Pt. Pearce, Weeroona, Pt. Pirie and Troubridge, St. Peter and
Spilsby share morph ‘M’ while Ceduna, Tumby Bay and Edithburgh

exhibited unique morphs.

The observed distribution of fragment patterns produced an
array of combinations (see Fig. 3.3, 3.4, 3.5) with some consistent
patterns of association evident. Edithburgh, Ceduna and the group
of Weeroona, Pt. Pirie and Troubridge exhibit trends of divergence
from the other populations. Weeroona, Pt. Pirie and Troubridge were
identical across all three enzymes. This suggests that the
Troubridge population (which was introduced) originated from the
Port Pirie area rather than the adjacent mainland because the

Edithburgh individual is quite different to these populations.

The cluster analysis (Fig. 3.6) demonstrates a clear dichotomy
among the localities. Ceduna and Pt. Kenny form a group which is
clearly different to all other populations. Generally, the clusters

conform quite closely with geographic proximity. Weeroona is
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A CEDUNA

B .o
St.Peter Is.

PT. AUGUSTA

EYRE PENINSULA

GREAT AUSTRALIAN
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YORKE
PENINSULA

SPENCER
GULF

Pt.Pearce

Adelaide

Edithburgh
C Troubridge Is.

FIGURE 3.3 The distribution of mtDNA morphs obtained using the
restriction enzyme Bgll. Diagrams of each morph are provided in Fig.
3.2.
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FIGURE 3.4 The distribution of MtDNA morphs obtained using the
restriction enzyme Resal. Diagrame of each morph are provided in Figq.
3.2.
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FIGURE 3.5 The distribution of mtDNA morphs obtained using the
restriction enzyme EcoRV. Diagrams of each morph are provided in Fig.
3.2.
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Marczewski-Steinhaus distance (MS)
1.4 1.2 1.0 08 06 0.4 0.2 0.0
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Ceduna”

Pt. Kenny”
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————— Wardang is.

Pt. Pearce”
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Pt. Pirie
Troubridge Is.

« Mainland populations

FIGURE 3.6 UPGMA cluster analysis of distance measures derived from
mtDNA restriction fragment morphs among populations of T.rugosus.
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1a2a3d
4d 5d
1d2d 3a la2a3a St. Peter Is.
4a 5a 4a 5a
O 1 1 { \ ]
1 T u 1
Weeroona Is. Tumby Bay 'C:ted:na
Pt. Pirie Spilsby Is. - honny
. 1a2a 3d
Troubridge Is. Wardang Is.
4d 5a
Pt. Pearce

FIGURE 3.7 Hennigian analysis producing an wunrooted classification
using five fragments from the restriction analysis of mitochondrial
DNA. The fragments used were numbered ‘1 - 5 (see Fig. 3.2). a =
ancestral fragment (the most common fragment); d = derived fragment.
Edithburgh has been excluded from the analysis.
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identical to Pt. Pirie while Wardang clusters with Pt. Pearce
indicating a close relationship between those two populations. The
most incongruent clustering in this analysis is the grouping of St.
Peter with those populations from the central Eyre and Yorke
peninsulas. It could be expected from geographic proximity that St.
Peter would cluster with the Western Eyre Peninsula populations of
Ceduna and Pt. Kenny rather than those in the Eastern group. The
sharing of the Rsal morph 'E’ between these three populations
suggests that there are perhaps more similarities between them than

the cluster analysis reveals.

The Hennigian analysis (Fig. 3.7) using five fragments supports
the broad trends evident in the cluster analysis. This
classification divides the populations into four groups. The
western populations (Ceduna, Pt. Kenny and St. Peter) are grouped
together although St. Peter differs from the other two by one
fragment. Tumby, Spilsby, Wardang and Pt. Pearce form a third group
which is separate to the group of Weeroona, Pt. Pirie and

Troubridge.

3.4 DISCUSSION

The examination of mtDNA in the present study shows a general
level of congruence between the population and their geographic
proximity to each other. Both the cluster and Hennigian analyses
identify a major division between the eastern and western
populations, although St Peter, which is situated on western Eyre
Peninsula, clustered with those on the eastern side of Eyre

Peninsula. The ambiguity observed in the relationship of the St.

- 64 -



4

CHAPTER 3 MtDNA Comparisons

Peter population could be explained in two ways. First, this
population may be a relic of a lineage which spanned Eyre and Yorke
Peninsula prior to fragmentation by rising sea levels. The
differences between the current Ceduna population and St. Peter
could be accounted for by the movement of northern or western
lineages into western Eyre Peninsula in the last 6,000 years. This
would leave the St. Peter population quite distinct compared with
the adjacent mainland population of Ceduna. A second explanation
might be that the St. Peter population has been recently introduced
from eastern Eyre Peninsula. A more complete survey across Eyre

Peninsula would be required to further elucidate this relationship.

As could be expected under conditions of gene flow between
populations, Weeroona and Pt. Pirie which are separated only by mud
flats at low tide and linked by a narrow causeway, showed no
difference in any of the restriction fragment patterns. Troubridge
did not vary from these two populations while varying distinctly
from its adjacent mainland population of Edithburgh. This suggests
that the origin of this ‘introduced" island population is the Pt.

Pirie area.

Differences were observed among mtDNA from all populations
except (Weeroona, Pt. Pirie and Troubridge) which suggests that
these populations are separate but enough similarities between them
remain to indicate a recent (in evolutionary terms) separation
between them. The general congruence of mtDNA populations with
geographic proximity supports the assumption that the populations
have been long term inhabitants of their current localities. Thus,

it appears that the isolation histories of Spilsby and Wardang
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Islands are consistent with those assumed from Holocene changes in
sea level. However, these conclusions are constrained by two
factors (given in section 3.3.2) and a more intensive examination
would be required before hypotheses concerning the isolation
histories of each of the insular populations could be developed.
The mtDNA survey in the present study indicates that such an
examination could be quite fruitful. In particular, the homogeneity
oﬁserved in the fragments produced by Pstl and Hinfl enzymes
suggests that there is some measure of conservatism in the mtDNA of
T.rugosus, while the variation observed among fragments produced by
three other enzymes indicates that there is sufficient variation to
be useful. These characteristics should provide a good basis for

phylogenetic studies among populations of the species.

A more systematic sampling across the range of T.rugosus would
provide much important information about the historical origins of
the various populations. For example, sampling T.rugosus to the
west and north of Ceduna and in the central regions of Eyre
Peninsula would help delineate an East-West dichotomy which 1is
suggested by mtDNA analysis in this project. Also, the divergence
of the Edithburgh and Pt. Pirie area mtDNA is quite marked and an
intensive survey of Yorke Peninsula may assist in understanding the
relationship between these populations and those in other areas of

Yorke Peninsula.

An understanding of variation within populations would also
provide a measure of the significance of the inter-population
variation observed in this study. In the current project,

comparisons were made between individual mtDNA molecules which
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assumes that mtDNA is homogeneous within the populations. When the
populations to be compared are closely related, this assumption may
not be satisfied (Nei and Li, 1979) and intra-population variation
should be subtracted from the total inter-population difference.
Thus, differences among the populations in the current study may be
obscured by noise caused by intra-population variation. The
sampling of several individuals from each population would

alleviate this problem.

The variation in restriction fragment patterns observed in the
present study could also form the basis for population studies of
T.rugosus. Of particular relevance to conserving the 1island
populations which were included in this study, is the examination
of gene flow between populations. For example, an intensive survey
of the mtDNA genomes of the Duffield and Spilsby Island populations
could establish the relationship of these two populations. The
allozyme data suggest that the two populations are closely related
and it is quite possible that Duffield is a recent introduction
from Spilsby. If this is the case then it is 1likely that these
populations will share mtDNA morphs. This has important
implications for the management of these populations because, if
Spilsby is currently undergoing a genetic bottleneck as a result of
human activities, then the introduction of individuals from
Duffield which may have retained unique alleles, may assist in
ameliorating the effects of genetic drift and allow the Spilsby

populations to survive the bottleneck.

Finally, a more intensive survey of mtDNA variation within the

insular populations could provide valuable information on
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historical aspects of each population particularly with respect to
providing evidence for past bottlenecks. The maternal inheritance
pattern of mtDNA means that it is more susceptible to loss of
variation through bottlenecks than nuclear DNA and as such could be
useful in interpreting the patterns observed in other genetic

studies such as allozyme electrophoresis.
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4.1 INTRODUCTION

The random fixation of alleles by genetic drift has been suggested
as a potential mechanism of speciation particularly in small isolated
populations (Mayr, 1963, 1970; Wright, 1970, 1978). More recently,
attention has focused on the potential of this process to increase the
vulnerability of small populations to extinction through the increase
of homozygosity and the consequent lowering of fitness levels and a
reduction in adaptability (Frankel and Soulé, 1981; Schoenwald-Cox et
al., 1983; Allendorf and Leary, 1986). Such a process has impértant
implications for wildlife management (see Chapter 1.2) particularly in
maintaining genetically viable populations in disjunct and often small
habitat reserves. Moreover, the division of genetic variation among
populations may also be important. For example, the genetic
differentiation between populations of a species may assist in
maintaining variation within that species, but in extreme cases where
populations are very small and therefore subject to severe inbreeding,
active inter-mixing of populations may be required (Templeton, 1986;
Lande and Barrowclough, 1987). Isolation will also affect organisms
with different life history strategies in different ways. The effects
of such characteristics need to be understood if adequate protection

for endangered populations is to be maintained (Lande, 1988).

The use of allozyme electrophoresis to estimate heterozygosity is
widespread (Nevo et al., 1984), predominantly because the technique is
rapid and inexpensive compared with other measures (Chambers and

Bayless, 1983; Lande and Barrowclough, 1987). In estimating
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heterozygosity three assumptions are made. The first is that the
prqteins examined are a random sample of all structural genes in the
genome. Broadly speaking, this assumption is reasonable provided the
sample is not weighted too heavily in favour of proteins with a
particular enzymatic function and can be avoided by studying as wide a
variety of enzymes as possible (Lewontin, 1974). This assumption
relates directly to the second which is that the probability of
polymorphism is equal at each locus. levels of genetic variation have
been shown to vary with protein type (Powell, 1975) indicating a
functional link between loci and heterozygosity. Consequently, the
possibility of bias is quite real, particularly in electrophoretic

studies which emphasise proteins of a particular functional group.

The third assumption made is that variation in structural genes
represents variation in all types of genes in the genome. This has
generated some comment and requires discussion. The degree to which a
small sample of loci accurately represents variation within the entire
genome is a function of the ratio of loci sampled to the total number
of loci in the genome and the variability among loci sampled
(Chacraborty, 1981). Mitton and Pearce (1980) used simulations to
demonstrate that even sampling small numbefs of loci (e.g. 5 to 20),
the correlation with actual heterozygosity was quite high, provided
the total number of loci in the genome was small (e.g. 100). However,
estimates of heterozygosity will decrease in reliability with
increasing genome size and Chacraborty (1981) estimates that with true
heterozygosity of 5% and a genome of 1000 loci, the correlation
between the estimates and true value would be low. The significance of
this becomes apparent when considering the human genome which is

estimated to consist of between 50 and 100 thousand structural genes

- 70 -



CHAPTER 4 Electrophoretic comparisons

(McKusick, 1976). A sample of 20 or even 100 loci is a very small
proportion of a genome thus affecting the reliability of

heterozygosity estimates (Chacraborty and Ryman, 1983).

Estimates of average heterozygosity will also be affected by the
number of individuals sampled in the population. Nei and Roychoudury
(1974), examined the effect of inter versus intra locus variance on
the variance of average heterozygosity estimates and concluded that as
inter-locus variance far exceeded intra-locus variance, the latter was
relatively unimportant. As intra locus variance is caused entirely by
sample size and gene frequencies, the number of individuals sampled is
unimportant when compared with the number of loci sampled. Thus; as a
general rule for estimating average heterozygosity, it is better to
maximise the number of loci examined than the number of individuals
per locus, unless inter locus variance is very small (Gorman and
Renzi, 1979; Nei and Roychoudury, 1974). Nei (1978) suggests that a
sample of greater than 50 loci is necessary to obtain a reliable
estimate but points out that in practical terms this is often not
possible. If many loci cannot be sampled, then a large number of
individuals can still help reduce the standard error of the average

heterozygosity estimates (Nei, 1978).

Despite the problems of obtaining reliable estimates of average
heterozygosity using allozyme electrophoresis, many studies have used
the technique to assess ‘inter' and ‘intra‘' population variation. Many
of these studies have used small numbers of loci (mean = 23; Nevo et
al., 1984) which as discussed must reduce the accuracy of assessing

genetic trends. One of the major reasons for the continued use of

allozyme electrophoresis in such studies is the empirical observation

- 71 -



CHAPTER 4 Electrophoretic comparisons

that heterozygosity often correlates with various parameters of
fitness (Mitton and Grant, 1984; Allendorf and Leary, 1986; Danzmann

et al., 1988).

In this chapter, eight island and eight mainland populations of
the sleepy lizard (Trachydosaurus rugosus) are examined for genetic
variation. The location and description of the study sites and the
general biology of the sleepy lizard are given in Chapter 2. Gel
electrophoresis is used to examine the levels of genetic variation and

divergence among and within the populations.

4.2 MATERIALS AND METHODS

4.2.1 Data Collection

Blood samples for the electrophoretic analysis were collected from
285 sleepy lizards (T. rugosus) at eight mainland localities on Eyre
Peninsula and Yorke Peninsula and eight adjacent <continental
islands. Sample sizes ranged from 2 to 53 individuals per population.
Blood samples were used because they were easy to obtain without
harming the animal. Because some of the populations examined were very
small, it was not possible to take large numbers of individuals for
liver and other tissue samples. This situation is analogous to many
management situations involving rare or endangered species, but
reduces the number of loci which can be sampled. The samples were
frozen as whole blood because most samples were collected in the field

where centrifugation was not possible.
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Approximately 100 pl of each frozen sample was taken and allowed
to thaw, mixed with two.drops of lysing solution (see Appendix 2) and
spun to remove insoluble debris. The supernatant was pipetted into
capillary tubes, sealed and re-frozen. The samples were assayed for
electrophoretic variation in sixteen systems, comprising fourteen
enzymatic proteins; Carbonate Anhydrase (CA), Glucose-6-Phosphate
Dehydrogenase (G6PD), Glucose Phosphate Isomerase (GPI), Lactate
Dehydrogenase (LDH), Malate Dehydrogenase (MDH), Mannose - Phosphate
Isomerase (MPI), 6-Phosphogluconate Dehydrogenase (6PGD),
Phosphoglucomutase (PGM), Superoxide Dismutase (SOD), Umberlyferal
Acetate Esterase (UAE) and two non-enzymatic proteins; Albumin (Alb)
and Transferrin (Trf) providing seventeen informative locip The
systems examined and a full description of the running conditions for
each are provided in Appendix 2. All proteins except Trf were assayed
using cellogel (Chemetron, Milan) electrophoresis after Richardson et
al. (1986) with some modifications in running times. Vertical Starch
Gel electrophoresis (Harris and Hopkinson, 1976) was used to type Trf

because its activity was low.

A draughtsmans pen was used to apply approximately § pl of sample
to the cellogel which was then run at 200 volts for 1 to 3 hours.

After staining, the gels were incubated at 37 ©

C and scored
immediately. Gels were photocopied and the copies annotated to provide
a permanent record. The vertical starch gels (Electrostarch, Madison,
Wisconsin, lot 392, 9%) were loaded with 15 Fl of sample, 8 Pl of
TrisfHCL buffer (pH8) and 2 pl of Fe>? (code IFS.l, Amersham) using a
50 pl syringe. Each gel was run for 18 hours at 200 volts. Gels were

then sliced using a slicing wire, wrapped in Ceranwrap and placed

against an x-ray film (Kodak XRP-5 100, Cat. 4079158) for 48 hours at
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—100°C, before being developed and scored. Controls were included on
each gel and appropriate lineup gels run for individual comparisons.
Alleles were identified by alphabetic characters with the most anodal

electromorph designated as ‘A‘.

4.2.2 Data analysis

All analyses of the electrophoretic data were carried out using
the statistical packages BIOSYS-1 (Swofford and Selander, 1981) and
SAS Version 6.03 (SAS Institute, 1987). The analysis was restricted to
ten populations (seven island and three mainland) for which more than
eight individuals were represented. All significance tests are>at the

95% level unless otherwise stated.

Inheritance was not studied in the sleepy lizards, but phenotypic
characteristics (i.e. quaternary structure and isozyme number) were
compared with other electrophoretic surveys of reptiles to ensure that
results were compatible. Linkage disequilibrium is rarely tested for
in studies of this nature and the independence of loci is generally
assumed. However, an apparent association was observed between two of
the loci (Alb and SOD), so the non-association between all loci within
each populations was tested. Expected frequencies less than one in one
or more cells were often obtained, so Fisher’'s exact test was used in

place of chi-squared contingency analysis.

The genetic relationships between the populations were examined in
three ways. First, the distances between populations were determined
using both Nei’s unbiased genetic distance (Nei, 1978) and Rogers’

genetic distance (Rogers, 1972) and a heirachical cluster analysis
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performed using the unweighted pair-group method with arithmetic mean
averaging (UPGMA) (Sneath and Sokal, 1973). Second, chi-squared
contingency analysis of allele frequencies were used to test for
divergence between populations using the method of Workman and
Niswander (1970). If expected frequencies were low, rare alleles were

pooled.

Third, ‘F' statistics (Wright, 1969, 1978) were calculated to
determine the degree of differentiation occurring between populations.
These statistics include Fgps Fig and Fip where Fgr is the correlation
between random gametes within populations relative to gametes over all
populations, Fyq. is the correlation between gametes that unite to
produce the individuals, relative to the gametes of all the
popula%ions, and F;g is the average over all populations of the
correlation between uniting gametes relative to those of their own
population (Wright, 1969). Fgq can be considered a measure of genetic
differentiation between populations while F;g and F;. are measures of
departures from Hardy-Weinberg equilibrium within populations and over

[l

all populations respectively (Hamrick, 1983). The 'F' statistics were
calculated over all populations and for various sub-groups of
.populations. Island and mainland populatiéns were examined both
separately and together to determine the extent to which
differentiation varied among these two groups. Separate analyses were
run with specific single populations omitted sequentially to determine

which populations if any, made major contributions to the overall

genetic divergence.

Average heterozygosity estimates were obtained for each population

by direct count and from those expected under Hardy-Weinberg
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equilibrium, using Nei’s unbiased estimate (Nei, 1978). Heterozygosity
values were given an arcsine transformation (y'= arcsine y) and the
significance of variation between populations tested using a one way
ANOVA (Archie, 1985). Other measures of genetic variation obtained
were the mean number of alleles per locus and the percentage of
polymorphic loci (95% and 99% criteria). Departures from Hardy-
Weinberg equilibrium were assessed using the Fisher’'s exact test for 2
X 2 contingency table because of the small samples available for many
of the populations. When more than two alleles were present at a
locus, the genotypes were pooled into three classes to avoid biases
resulting from low expected frequencies. These classes consisted of
homozygotes for the most common allele, heterozygotes for thé most

common allele and all other genotypes.
4.3 RESULTS
4.3.1 Locus description

Eight of the seventeen presumptive loci scored were found to be
polymorphic in at least one population (see Plate 1). The number of
loci observed (but not necessarily scored) per system and the
quaternary structure of those loci examined were comparable with those
generally found in vertebrates (Richardson et al., 1986). Sample sizes
per population ranged from 2 to 53 (mean=17.8) and the maximum number
of alleles observed at any locus was four. Allele frequencies for all
polymorphic loci are given in Table 4.1 and raw data are presented in

Appendix 3.
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PLATE 1 The alleles observed at six polymorphic loci. Genotypes are
provided above each individual. Key to the abbreviations for each
enzyme is provided in the text. A, the most anodal allele for each
locus.
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TABLE 4.1 The allele frequencies for all populations at all
polymorphic loci. Abbreviations: StPtr, St. Peter Island; Cedna,
Ceduna; PtKny, Port Kenny; Flnds, Flinders Island; LcnNP, Lincoln
National Park; TmyBy, Tumby Bay; Spsby, Spilsby Island; Dufld,
Duffield Island; Rvsby, Reevesby Island; Werna, Weeroona Island;
PtPre, Port Pirie; PtPce, Point Pearce; Wrdng, Wardang Island; PtVca,
Port Victoria; Ethbg, Edithburg; Troub, Troubridge Island. See Figure
2.2 for the location of each population.

POPULATION

Locus StPtr Cedna PtKny Flnds LcnNP TmyBy Spsby Dufld

ALB-1
(N) 9 3 2 3 5 24 19 27
A 0.611 0.500 ©0.250 0.500 ©0.400 0.667 0.711 0.500
B 0.389 0.500 0.750 0.500 0.600 0.333 0.289 0.500
c 0.000 0.000 0.000 0.000 ©0.000 0.000 0.000 0.000
TFN-1
(N) 4 1 2 3 5 21 19 22
A 0.000 0.000 0.000 0.000 0.400 0.262 0.000 0.000
B 1.000 1.000 1.000 1.000 0.600 0.690 1.000 1.000
c 0.000 0.000 0.000 0.000 0.000 0.048 0.000 0.000
PEPA2
(N) 9 3 2 3 5 23 19 27
A 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 1.000 1.000 1.000 1.000 0.800 0.978 1.000 1.000
c 0.000 0.000 0.000 0.000 0.200 0.022 0.000 0.000
PEPD1
(N) 9 3 2 3 5 23 19 27
A 1.000 1.000 1.000 0.667 0.600 0.804 1.000 1.000
B 0.000 0.000 0.000 0.333 0.400 0.174 0.000 0.000
c 0.000 0.000 0.000 0.000 0.000 0.022 0.000 0.000
GPI-1
(N) 9 3 2 3 5 23 19 27
A 0.222 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 0.611 1.000 0.750 0.500 0.400 0.543 0.658 0.833
c 0.056 0.000 0.250 0.167 0.300 0.370 0.000 0.000
D 0.111 0.000 0.000 0.333 0.300 0.087 0.342 0.167
PGM-1
(N) 9 3 2 3 5 22 19 27
A 0.000 0.000 0.000 0.167 ©0.000 0.000 0.000 0.000
B 0.333 0.000 0.000 0.167 0.000 0.250 0.579 0.537
c 0.667 1.000 1.000 0.667 1.000 0.750 0.421 0.463
CA-1
(N) 9 .3 2 3 5 21 18 26
A 0.333 0.167 0.500 0.000 0.500 0.476 0.250 0.385
B 0.667 0.833 0.500 1.000 0.500 0.524 0.750 0.615
soD-1
(N) 8 3 2 3 5 24 18 25
A 0.813 0.667 0.500 0.167 0.400 0.646 0.694 0.540
B 0.188 0.333 0.500 0.833 0.600 0.354 0.306 0.460
c 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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TABLE 4.1 (cont.)

POPULATION
Locus Rvsby Werna PtPre PtPce Wrdng PtvVca Ethbg Troub
ALB-1
(N) 47 25 16 30 53 3 2 22
A 0.106 0.320 0.344 0.633 0.726 1.000 0.500 0.409
B 0.894 0.680 0.656 0.333 0.274 0.000 0.500 0.591
c 0.000 0.000 0.000 0.033 0.000 0.000 0.000 0.000
TRN-1
(N) 27 22 10 29 31 3 2 21
A 0.000 0.000 0.250 0.103 0.000 0.167 0.000 0.214
B 1.000 1.000 0.750 0.810 1.000 0.833 1.000 0.786
Cc 0.000 0.000 0.000 0.086 0.000 0.000 0.000 0.000
PEPA2
(N) 46 25 16 30 53 2 2 22
A 0.000 0.000 0.000 0.033 0.000 0.000 0.000 0.000
B 0.511 1.000 0.969 0.967 1.000 0.750 1.000 1.000
c 0.489 0.000 0.031 0.000 0.000 0.250 0.000 0.000
PEPD1
(N) 46 25 16 28 53 3 2 21
A 0.815 0.720 0.969 0.839 0.821 0.667 1.000 0.762
B 0.185 0.280 0.031 0.161 0.179 0.333 0.000 0.238
c 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
GPI-1
(N) 46 25 16 30 51 2 2 22
A 0.000 0.000 0.000 0.033 0.000 0.000 0.000 0.000
B 1.000 0.820 0.531 0.550 0.461 0.250 0.750 0.227
Cc 0.000 0.180 0.438 0.317 0.539 0.750 0.250 0.773
D 0.000 0.000 0.031 0.100 0.000 0.000 0.000 0.000
PGM-1
(N) 46 25 16 30 51 2 2 21
A 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 0.630 0.340 0.406 0.150 0.078 0.000 0.500 0.262
c 0.370 0.660 0.594 0.850 0.922 1.000 0.500 0.738
CaA--1
(N) 46 25 16 30 50 1 2 21
A 0.337 0.620 0.750 0.500 0.510 0.000 0.500 0.310
B 0.663 0.380 0.250 0.500 0.490 1.000 0.500 0.690
SOD-1
(N) 45 25 15 28 52 1 1 18
A 0.111 0.340 0.433 0.750 0.779 1.000 1.000 0.444
B 0.889 0.660 0.567 0.214 0.221 0.000 0.000 0.556
c 0.000 0.000 0.000 0.036 0.000 0.000 0.000 0.000
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The allele frequencies consistently exhibit a pattern of reduced
numbers of alleles in the insular populations in compqrison with the
adjacent mainland population. Alb exhibited three electromorphs, of
which two ('A' and ‘B') were common in all populations except Pt.
Victoria. The rarity of ‘B' in the latter population is almost
certainly the result of a small sample size as the nearby Pt. Pearce

population contained both ‘A' and ‘B' alleles in high frequencies.
Neither of these alleles were consistently more common than the other
among populations. For example, the 'B' allele had a frequency of
0.894 in the Reevesby Island population compared with a frequency of

0.289 in the Spilsby Island population. The °‘C' allele was found in

only one population (Pt. Pearce) at low frequencies (0.033).

Three alleles were observed at the Trf locus, but all islands

except Troubridge (which has both ‘A' and 'B' alleles) were fixed for

the ‘B' allele. This allele was also the most common allele in all
mainland populations, possibly increasing its probability of fixation

in the small isolated populations. The rare 'C‘ allele was found only

at Tumby Bay and Pt. Pearce in low frequencies.

The PepA2 locus contained three alleles with the ‘B allele being
the most common. This allele was fixed on all islands except Reevesby
where both the 'B'and ’'C' alleles were present in about equal
proportions. The 'C' allele was present in low frequencies at Tumby
Bay, Pt. Pirie, and Pt. Victoria. The 'A‘' allele was extremely rare,

found in only two individuals from Pt. Pearce.

Three electromorphs were observed at the PepD locus. The ‘A’

allele was the most common and was fixed on Spilsby, Duffield and
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St.Peter island populations. The 'B' allele has been retained on

Reevesby Island even though it is not present on the other Sir Joseph

.

Banks Group islands (Spilsby and Duffield). The 'C' allele was found

in only a single individual from Tumby Bay.

The four alleles at the GPI locus are found together in only the

.

St. Peter and Pt. Pearce populations. The 'B' allele was found to be
the most common allele in all populations except Wardang, Edithburgh
and Troubridge. The ‘A‘ allele is not present at Tumby Bay or on the
three Sir Joseph Banks islands. Duffield and Spilsby have retained

.

polymorphisms at this locus with ‘B' and ‘D' alleles but Reevesby is

fixed for ‘B’ . Wardang, Weeroona and Troubridge have retained ‘B and

.

C* but not ‘A* and ‘D‘.

Three alleles were observed at the PGM locus. The ‘A allele was
extremely rare and found in only one individual at Pt. Kenny. Both the
‘B' and ‘C‘ alleles were maintained in reasonably high frequencies in
the St. Peter, Spilsby, Duffield, Reevesby, Weeroona, Pt. Pirie and
Troubridge populations (i.e. frequency > 0.25) but in the Tumby Bay,

Pt. Pearce and Wardang populations, the 'B' allele was in low

frequencies.

Polymorphisms for both alleles found at the CAl locus were
maintained in all populations except Pt. Kenny and Pt. Victoria (fixed
for the 'B* allele). The two alleles observed at the SOD1 locus were
common in all populations except Pt. Victoria (fixed for ‘A‘), st.
Peter Zfrequency ‘B* = 0.188) and Reevesby (Frequency ‘A‘ = 0.111).

The ‘C‘ allele was found in two individuals in only one population

(Pt. Pearce).
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4.3.2 Genetic relationships

A total of 180 Fisher’s exact tests of association between loci
were calculated (Table 4.2). Of these 13 (or approximately 7%) were
gsignificant. This is little more than would be expected by chance
alone at the 95% level of significance, however, seven of these were
observed between Alb and SOD (P < 0.01). This suggests that these loci
are linked and that the assumption of independence between them is
questionable. Consequently, the locus SOD has been excluded from the

analyses of genetic relationships and heterozygosity.

Cluster analysis using Rogers’ and Nei's genetic diétance
measures (Fig. 4.1), produced several distinct clusters. St. Peter,
Spilsby and Duffield forﬁ one cluster in both trees although the point
of divergence between these three populations remains unresolved. Both
measures group Tumby Bay, Point Pearce and Wardang in one cluster and
Weeroona and Pt. Pirie in another. Reevesby is a clear outlier,
clustering from all other populations at a distance of 0.14 (Rogers
genetic distance). The point of divergence of the Troubridge
population remains unresolved with the tree derived from Rogers
Genetic Distance placing Troubridge closer ﬁo Weeroona and Pt. Pirie
while that obtained using Nei’s Genetic Distance places Troubridge
closer to the cluster of Tumby Bay, Pt. Pearce and Wardang. This
ambiguity probably reflects the recent isolation of this population

from an unknown number of founders of an unknown population of origin.

There is some congruence apparent between geographic proximity and

 the clusters formed by the UPGMA analysis. For example, Duffield and

Spilsby are closely related as are the geographic pairs of Point

- 82 -



CHAPTER 4 Electrophoretic comparisons

- - 000°T 000°T - 9€5°0 - - 000°T - aos/zvydad

- - TLS°0 00%°0 - 69L°0 - - 000°T - vo/zvydad

- - 95Z°0 000°T - 999°0 - - 9LY°0 - Wod/z¥dad

- - 000°T €€E°0 - - - - z89°0 - 1d9/zv¥dad

- - 000°T 000°T - L¥S 0 - - 000°T - adad/zvdad

- - 68L°0 8%s°0 - - - - 6L8°0 - gos/3suexay,

$89°0 - 8SZ°0 6Z¥°0 - - - - 000°T - v¥o/3sueag

Ze1°0 - ELE"O 922°0 - - - - 000°T - WOd/3suea],

000°T - LSZT 0 8¥s°0 - - - - 695°0 - 1d9/3sueag

000°T - 9Zs°0 000°T - - - - bET"0 - gdad/3sueag

00L*0 - 000°T 000°T - - - - 00v°0 - zvdad/3sueag

+35000°0 _ 0000 ___000°0 ,,800°0 . 000°0 oLo°o ,,,000°0 Lss'o ,,,000°0 LOT"0 aos/aty

€85°0 006°0 02Z°0 LTL*0 6%¥Z°0 959°0 918°0 029°0 LZv0°0 TL0°0 ¥o/qt¥

L9€0°0 99%°0 L96°0 98%°0 6€L°0 000°T ¥18°0 €2€°0 S6£°0 000°T WOd/qT¥

44 Ao ¥98°0 z61°0 ¥€9°0 v6L°0 - 699°0 000°T €716°0 000°T 149/91¥

000°T 90%°0 LZY°0 000°T 0T0°0 v0€°0 - - €62°0 - adea/qrv

- - 0SZ°0 00%°0 - 000°T - - 000°T - zvdad/qrv

9%5°0 - €18°0 619°0 - - - - 809°0 - Fsueal/qry
qnoay Bupam ®0d3d @1d3d vUIOM Aqsay p13Ing Aqrds Lqhwy 343§

NOILVINndod SNo01

*I°'y o1qel ul peptaocad sy uojzerndod yoes 103 suOTIRTADIqQE Y3 O3
Kay y cuot3zerndod yoea pue UTY3ITM TOOT JO ated yoesd usamiaq umTxqiTInbesIp 9beyuyl 103 3893 Jo0eXd 8,I9YSTJ Z°¢ TIAVL



CHAPTER 4 Electrophoretic comparisons

. . 4 . .
100°0 >d _  ‘10°0>d ‘500 >d
cTL o SZ6°0 €9T1°0 008°0 ¥09°0 688°0 TEL®O 869°0 8C1°0 €v¥9°0 dos/¥o
860°0 0LO°0 veeo0 6v6°0 SSC°0 v88°0 6L9°0 9¢C°0 SG€°0 000°T aos/nod
9¢€9°0 068°0 8€6°0 0Z8°o0 €SE°O T4 AN LOE0°0 (0128 20} vov-o 000°T ¥O/Rod
6LS°0 086°0 cvT-o ¢s0°0 000°T - 1A ANV 000°T 99L°0 LS8°0 aos/1d9
000°1T 8TT1°0 66L°0 980°0 L91°0 - ysv-o €6L°0 €50°0 000°T ¥0/1d9
S09°0 82S°0 cvL-0 0€ES°0 €TT°0 - 6TE°0 v16°0 188°0 9¢0°0 W9d/1dD
0s8°0 s9¥v°0 LLe:o 000°T oct o 6cv°0 - - 000°T - aos/adad
LSL°0 cveo SEO0°0 000°'1T (A3 AY 8€S°0 - - €ETIV°0 - ¥o/adad
0001 000°T vve-o 000°T SEE°0 cLeo - - 6S9°0 - Wod/adead
¢9t-0 68T1°0 vee*o 000°T ¢6T°0 - - - 128°0 - 1a9/adaq
qnoal bBupam 20d3d 8xdad PUIDM Kgsay PI3na Kqt1ds Kqhuyg I13d3S
NOILVYINdOd sSNOO1T

yoea pue UTY3TM TooT 3Jo ated yoea uaamisq umTaqITInbasTp abejuyy I03 13893 3oexa §,39YsTd (°3u0d)

*1°v @1qel ut paptiaoad sT uoTzerndod yoes I03 suoTleTAdAqQE BYI 03 A8} ¥ ‘uorzerndod

'y IJIav)

-84 -



CHAPTER 4 Electrophoretic comparisons

Roger's genetic distance

0.16 0.14 0.12 0.10 0.08 0.08 0.04 0.02 0.00 | caity

r St. Peter Is.
[___ I Port Pirie”

Troubridge Is.

Reevesby |s.

Nei's genetic distance

0.07 0.06 0.05 0.04 0.03 0.02 0.01 0.00 .
T — T — — ' Locality

St. Peter |s.
Duffield Is.
Spilsby Is.

Tumby Bay'

Point Pearce”

Wardang Is.

Troubridge Is.

Weeroona Is.
Port Pirie”
Reevesby Is.

ﬁl#lﬁ

* Mainland populations

FIGURE 4.1 UPGMA cluster analysis of Rogers (1972) and Nei (1978)

genetic distance measures among island and mainland populations of
T.rugosus.

- 85 -




CHAPTER 4 Electrophoretic comparisons

Pearce and Wardang and Weeroona and Pt. Pirie. However, the genetic
closeness of St. Peter to Spilsby and Duffield and between Tumby Bay
and Pt. Pearce is unexpected from geographic proximity as is the high
degree of divergence between Reevesby and its nearest populations
Spilsby and Duffield and between Tumby Bay and the three Sir Joseph
Banks Group islands. However, the relationships among the populations
observed using allozymes shows some similarities with those observed
using mtDNA data (Chapter 3). A close relationship between St. Peter
and Spilsby is suggested by both analyses, which indicates an eastern
Eyre Peninsula origin for the St. Peter population. The closeness of
Tumby Bay to Pt. Pearce and Wardang in both analyses indicates that
these populations were similar prior to isolation and have undérgone

little divergence since fragmentation.

The relative proportions of different alleles differed
significantly among populations for all loci (chi-sguared tests, p <
0.001, Table 4.3) indicating significant genetic heterogeneity among
populations. This heterogeneity remained significant for island
populations when mainland populations were removed from the analysis
(Table 4.3). However, when analysed separately, the three mainland
populations showed no significant differeﬁces at four loci (Trf,
PepA2, PepD, GPI), whereas the three remaining loci were significant.
This indicates a greater divergence between the island populations

than between those of the mainland.

The F statistics (Table 4.4) demonstrate substantial differences
between individual loci. For example, PepA2 showed twice as much
differentiation as the average over all loci among the island

populations, principally because all islands were fixed for the ‘B’
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TABLE 4.3 Chi-Square analysis of allele frequencies at all
polymorphic loci between the seven island (d.f.=6), three mainland
populations (d.f.=2) and all ten populations combined (d.f.=2) of
T.rugosus. Minimum sample size per population =8. Frequencies of rare
alleles were pooled because expected frequencies were below 1.
Abbreviations: d.f., degrees of freedom; p, probability of Type I
Error; NS, Not Significant.

ILD POPS MLD POPS ALL POPS

LOCUsS CHI-SQUARE P CHI-SQUARE P CHI-SQUARE P

Alb 93.604 <0.001 8.802 <0.05 108.129 <0.001
TRN 55.275 <0.001 1.764 NS 69.079 <0.001
PepA2 170.743 <0.001 0.132 NS 214.336 <0.001
PepD 30.180 <0.001 4.475 NS 34.899 <0.001
GPI 121.686 <0.001 0.288 NS 123.938 <0.001
PGM 78.784 <0.001 7.476 <0.05 96.828 <0.001
CA 21.360 <0.005 6.706 <0.05 35.474 <0.001
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TABLE 4.4 F statistics for the seven island and three mainland
populations of T. rugosus for which sample sizes were greater than
eight. The F statistics are those defined by Wright (1969) and locus
abbreviations follow those of Richardson et al (1986).

ISLANDS MAINLAND ALL POPULATIONS
Frs Fip Fgr F1s Frr Fgr F1s Fir Fgr

Alb 0.009 0.180 0.173 0.026 0.112 0.088 0.015 0.163 0.151

Trf 0.576 0.656 0.189 0.450 0.022 0.469 0.469 0.553 0.155

PepA2 0.000 0.450 0.451 0.367 0.372 0.008 0.092 0.443 0.387

PepD 0.206 0.299 0.117 0.031 0.071 0.041 0.150 0.229 0.094

GPI 0.043 0.287 0.316 0.177 0.182 0.006 0.046 0.265 0.229
PGM 0.105 0.231 0.140 -0.053 0.007 0.057 0.061 0.184 0.131
CA -0.159 -0.090 0.060 -0.093 -0.029 0.063 -0.141 -0.041 0.087

MEAN 0.015 0.197 0.185 0.097 0.138 0.046 0.044 0.194 0.157
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allele except for Reevesby Island. GPI also demonstrated high
divergence in the island populations with all four alleles maintained
over all populations but usually only two being maintained in any one
population. The alleles maintained varied between populations but
significantly, Reevesby Island was monomorphic at the GPI locus. In
contrast, CA exhibited very low Fgp values with most populations
maintaining both alleles. The mainland populations showed less
variation between loci in Fgp values and mean Fg, values among the
three mainland populations was very low (Fgp = 0.046) indicating low

levels of differentiation.

The three mainland localities contribute little to overall genetic
divergence among the populations. For example, the mean Fgp values
over all ten populations is three times greater than the divergence
observed between the three mainland populations and only slightly less
than the levels observed between the island populations. When the
three mainland populations are removed from the analysis the mean Fgp
value is only marginally altered. To assess the contribution of each
population to the mean Fgp, individual populations were systematically
removed from the analysis and the remaining populations reanalysed.
Generally, the removal of a single population from the analysis
resulted in only minor differences in mean Fgp- The largest effect
observed was when Reevesby Island was removed, indicating that this
population is the most genetically divergent of all the populations

(See alsgso cluster analysis).

The mean F;g values are lower among the islands than the mainland
which suggests that inbreeding is more prevalent in the insular

populations. However, few negative values were obtained which is
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consistent with the few significant departures from Hardy-Weinberg
equilibrium observed within the populations (See section 4.3.2). The
positive F;p values are consistent with populations which-form
discrete demes suggesting that the populations examined form a set of
systematic and real subdivisions. These values were higher among the

islands emphasising the discrete nature of these populations.
4.3.3 Genetic variation within populations

The populations of T.rugosus examined in this study demongtrated
considerable electrophoretic variation (Table 4.5) with observed
levels of heterozygosity ranging from 10.5% on Wardang Island to 16.8%
at Tumby Bay (mean = 12.58%). The value of 4.2 % observed on Flinders
Island (not included in the analysis) is considerably less than the
other populations and probably a result of the small sample size (n =
3). The observed levels of heterozygosity are within the range of
values (0% to 30%, mean = 5.5%) recorded by Nevo et al. (1984) in a
review of electrophoretic studies involving non-parthenogenic
reptiles. However, they are considerably higher than those found in
most electrophoretic studies of non-parthenogenic lizards. For
example, Adest (1977) and Kim et al. (1978) found heterozygosity
levels of O to 2.9% in species of fossorial lizards while Nevo (1981)
found heterozygosity levels of up to 8.7% in species of Agamids. The
three mainland populations exhibited higher levels of both observed
and expected heterozygosity values than any of the island populations,
however this trend was not significant (Fogg = 0.12, P > 0.1; F

EXp =
0.17, P > 0.1).
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TABLE 4.5 Mean genetic variability estimates for eleven populations at
sixteen loci (Standard errors in parentheses).

MEAN PERCENT

HETEROZYGOSITY
MEAN SAMPLE MEAN NO. PERCENTAGE

SIZE PER OF ALLELES OF LOCI DIRECT- HDYWBG

POPULATION LOCUS PER LOCUS POLYMORPHIC® COUNT EXPECTED™”
ST PETER IS 8.7 1.4 25.0 13.9 12.1
( 0.3) (0.2) (6.5) (5.7)
FLINDERS IS 2.9 1.1 12.5 4.2 5.8
. ( 0.1) (0.1) (2.8) (4.2)
TUMBY BAY 23.3 1.6 37.5 16.8 17.2
( 0.3) (0.2) (5.8) (5.7)
SPILSBY IS 18.9 1.3 25.0 11.7 11.1
( 0.1) (0.1) (5.6) (5.0)
DUFFIELD IS 26.6 1.3 25.0 11.5 11.1
( 0.3) (0.1) (5.3) (5.1)
REEVESBY IS 45.4 1.3 31.3 12.1 12.0
( 1.2) (0.1) (5.0) (4.9)
WEEROONA IS 24.8 1.3 31.3 11.7 13.1
( 0.2) (0.1) (4.7) (5.1)
PORT PIRIE 15.6 1.5 31.3 12.3 15.1
( 0.4) (0.2) (4.8) (5.4)
POINT PEARCE 29.8 1.7 37.5 13.3 15.8
( 0.1) (0.2) (4.9) (5.5)
WARDANG IS 51.2 1.3 31.3 10.5 11.6
( 1.4) (0.1) (4.8) (4.8)
TROUBRIDGE IS 21.8 1.4 37.5 12.0 15.0
( 0.1) (0.1) (4.7) (5.1)

A locus is considered polymorphic if the frequency of the most
common allele does not exceed 0.95.

** calculated using Nei’s formula for small sample sizes (Nei,
1978)

- 9] -



CHAPTER 4 Electrophoretic comparisons

The mean number of alleles per locus in the three mainland
populations (mean = 1.6; range = 1.5 to 1.7) are higher than in any of
the seven islands populations (mean = 1.33; range = 1.3 to 1.4). The
percentage of polymorphic loci show a similar trend being consistently
higher (mean percent;,, = 30.233, mean percenty,,, = 39.6; 99%

criterion) in the mainland populations.

Probability levels for departures from Hardy-Weinberg equilibrium
are given in Table 4.6. Eleven of the 60 Fisher’'s exact tests, on
eight loci departed significantly from Hardy-Weinberg equilibrium. St
Peter, Duffield and Weeroona islands contained no departures from
Hardy-Weinberg equilibrium while Tumby Bay, Pt. Pirie, Spilsby island
and Reevesby Island showed heterozygote deficiencies at one locus.
One locus (SOD) departed significantly from Hardy-Weinberg equilibrium
in four populations (Reevesby, Wardang, Pt. Pearce and Troubridge).
Wardang and Troubridge islands exhibited significant heterozygote
deficiencies at three loci suggesting that one or more of the
assumptions necessary to maintain Hardy-Weinberg equilibrium are
violated in these populations. However, the Wardang population was
sampled from several localities (Schwaner, 1988) so if the meta-
population consists of a series of sub—poéulations rather than a
single panmictic unit departures from Hardy-Weinberg equilibrium may
be expected because of the Wahlund effect (Wright, 1965). That such a
situation exists is supported by observations by Schwaner (op. cit.)
who noted that the distribution of this population was extremely

clumped around areas used as rubbish dumps.

Conversely, the entire area of Troubridge Island was sampled and

the size of this population is known to be very small (see Table 4.7)
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TABLE 4.7 Population estimates and the method of calculation for
Duffield, Spilsby and Troubridge Islands. All calculations follow
Caughley (1980). 1, first capture period; 2, second capture period; 3,
third capture period; -, not surveyed. See text for the dates for each
capture period.

ISLAND METHOD NO. MARKED NO. RECAPT DENSITY  POPULATION
OF (TIME) (TIME) ESTIMATE  ESTIMATE
ESTIMATION 1 2 3 2 3 (/Ha) (TOTAL)
DUFFIELD BAILEYS 22 10 15 3 9 6.0 50 + 27.4
T.C.
SPILSBY PETERSON 12 2 - 2 - 2.0 200 + 63.0 *
TROUBRIDGE PETERSON 19 13 - 4 - 6.9 53 + 17.4
4 *x
WARDANG JOLLY - - - - - 5.2 10.6%10
SEBER

See text for discussion of this estimate. *° Estimates for Wardang
were obtained from Schwaner (1988). This estimate must be viewed as a
maximum because it assumes an even distribution over the entire island.
Schwaner (1988) noted that this assumption may not be correct as
distribution of T.rugosus was found to be clumped around areas of
rubbish.
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and probably the result of the introduction of a few founding
individuals. Departures from Hardy—Weinberg equilibrium would be
expected under these circumstances resulting from the mating of close
relatives. Two other loci (Alb, P = 0.071; CA, P = 0.115) also showed
tendencies towards departures from Hardy-Weinberg equilibrium in this

population.
4.4 DISCUSSION

The electrophoretic examination of island and mainland populations
of T.rugosus demonstrates that little erosion of genetic variation has
occurred within the insular populations. This is in contrast to
studies of other vertebrates on South Australian islands by Schmitt
(1978) on the bush rat (Rattus fuscipes greyii) and Schwaner and Adams
(in prep.) on the tiger snake (Notechis s3cutatus-ater) which show
large decreases in genetic vériation, sometimes to the point of

fixation at all loci examined.

Clearly none of the insular populations have experienced a severe
bottleneck sufficient to induce large scale fixation of alleles.
However, differences were observed in the level of allelic diversity
and percent polymorphism between the island and mainland populations
and significant divergence between the island populations was also
observed, indicating that some genetic drift has occurred. As
expected, the tendency éppears to be towards a loss of rare alleles in
the island populations, while fixation, if it has occurred, has
involved those alleles which are most common in the mainland

populations.
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Four forces, selection, mutation, migration and genetic drift are
involved in determining the levels of heterozygosity in natural
populations. It is conceivable that extreme conditions on the islands
have increased selective pressure on these populations which may have
resulted in the maintenance of polymorphisms at the loci examined.
However, the lack of consistent departures from Hardy-Weinberg
equilibrium at any one locus suggest that selection has not been

important in maintaining the observed polymorphisms.

No unique alleles were present in the island populations
indicating that insufficient time has elapsed since isolation for new
mutations to occur and become established in these populations. If all
the alleles currently observed in the mainland populations have been
lost in the island population through either founder effects or
subsequent genetic drift, then the establishment of new alleles
becomes a function of the mutation rate and population size. Lande
(1988) suggests that for a single neutral locus, effective population
sizes of greater than 10° individuals may be required to maintain
substantial levels of heterozygosity by mutation and the subsequent
recovery of variation following a severe bottleneck would require 10°

to 107 generations (Nei et al., 1975).

Without selection, mutation or immigration, the extent to which an
isolated population will retain genetic variation will be affected by
several factors. The expected proportion of original heterozygosity
remaining after a single generation bottleneck is 1 - 1/2N, where Ng
is the effective population size (Frankel and Soulé, 1981). Even the
most severe case of 2 founders will retain a substantial proportion

(75%) of total heterozygosity. Thus a bottleneck of one generation
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will have a small effect on heterozygosity provided the population
grows to a substantial size within a small number of generations (Nei
et al., 1975). The effect that such a bottleneck will have on allele
diversity is more complicated and depends upon the number and
frequency of alleles in the parent population (Allendorf, 1986).
Allelic diversity is more likely to be affected when the loci involved
have large numbers of unevenly distributed alleles (Sirkkomaa, 1983)
with rare alleles being particularly susceptible to loss during a
bottleneck (Allendorf, 1986). The island populations of T.rugosus have
generally lost those alleles which on the mainland have 1lowest
frequency and fixation has favoured those alleles which are in high
frequencies on the mainland. This suggests that all the insular
populations in this study have experienced a bottleneck at some stage

during their period of isolation.

Several genetic andAlife history traits favour the retention of
genetic variation in insular populations of T.rugosus. First, it is
apparent from the mainland populations that this species is
characterised by high levels of genetic variation so it can be assumed
that founding populations were 1likely to have been correspondingly
variable. Second, the lizards are long 1lived, thus minimising the
number of generations since the time of isolation. Third, life history
traits such as equal sex ratios and small fluctuations in population
size which are important in maximising N, (Lande and Barrowclough,
1987) and thus minimising genetic drift, appear to be characteristic
of T.rugosus populations (see Chapt. 2.2). Such characteristics would
favour the retention of most of the variation present in the parent
population during and immediately following a founding event. However,

the high level of mate fidelity and small home ranges observed in
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mainland populations (Bull, 1987; 88) if they are also characteristic
of the island populations, would lower N, by ensuring the non-random
mating of individuals. Clearly, population size has been sufficiently
large to maintain N, at high enough levels to prevent severe genetic

drift occurring.

Effective population sizes were not studied, but estimates of
total population size are available for four islands (Table 4.7).
Wardang Island has a population possibly in excess of 100,000
individuals which almost certainly represents an effective population
size greater than the 500 necessary to prevent genetic drift
(Franklin, 1980). In this case and if population numbers have remained
relatively stable, it is likely that this population lost the majority
of its allelic diversity through drift resulting from the initial
founder event rather than a slow subsequent loss of alleles. Recovery
of the present levels of variation through mutation is unlikely given
the relatively short isolation time and léw numbers of generations (in
comparison to Nei et al. (1975) estimate of 10° to 107 generations).
The lack of variation in genetic variation between the small and large
islands suggests that effective population sizes have been sufficient
in all populations to prevent large losses of heterozygosity. The
retention of genetic variation in the Troubridge population helps to
reinforce this conclusion because over a short period of isolation
time the Troubridge population has been able to retain levels of
heteto;ygosity and polymorphism consistent with a mainland population
but has  not maintained allelic diversity. If this population is unable

to expand to greater than N, = 500, then an erosion of heterozygosity

can also be expected.
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There are some inconsistencies between the observed levels of
genetic variation within the island populations and population size.
For example, Duffield 1Island currently has an extremely small
population (see Table 4.7) and island size and isolation time suggests
that this has been the case for 6,000 years. Without gene flow and
strong selection pressure, such a situation should have resulted in
extreme drift and subsequent fixation at most loci. The fact that this
has not occurred and that nearby Spilsby Island is genetically
similar, suggests two possible explanations. The first is that the
Duffield population has recently been introduced from Spilsby Island
and insufficient time has elapsed since this introduction to enable
significant differentiation to occur. Second, it is conceivablé that
sufficient gene flow exists between these two populations to have
enabled the maintenance of alleles in both populations. Evidence from
modelled populations (e.g. Boeklen and Bell, 1986) suggests that even
very low rates of gene flow can maintain allelic diversity and
heterozygosity between two populations. Experimental evidence
involving flotation of Anolis sagrei in salt water has demonstrated
that some flotation without the aid of rafts is possible among lizards
(Schoener and Schoener, 1984). So the possibility of gene flow between
Spilsby and Duffield cannot be ruled out. However, with the absence of
the necessary historical data it is not possible to distinguish

between these two hypotheses.

The relatively low levels of genetic differentiation among the
mainland populations compared with differentiation among the island
populations demonstrates the effect that isolation can have on an
organism such as the sleepy lizard. The F statistics and genetic

relationships are indicative of the role of isolation in the
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divergence of the sub-populations of T.rugosus. Low Fgp values between
the mainland populations compared with those of the islands suggest
that sufficient drift (probably as a result of the initial founder
event) has occurred in these populations to enable significant

divergence among the island populations.
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5.1 INTRODUCTION

Many studies have been made on trends of divergence in morphology
among insular populations and extreme morphological variation between
insular populations has often been observed. For example, a wide
variety of bill shapes and sizes probably originating from a single
species were observed in Darwin’'s finches among islands of the
Galapagos Archipelago (Lack, 1969). Many other cases of morphological
divergence within island systems have been recorded including the
Partula snails of the Society Islands (Clarke and Murray, 1969;.1971),
rice rats on the Galapagos (Williamson, 1981) and among plants of the

genus Hemizonia on Californian islands (Carlquist, 1965).

The occurrence of insular divergence is also well documented in
reptiles. For example, insular populations of reptiles often exhibit
extreme variation in body size (Case, 1978). Kramer (1951) recorded
reduced hind limb and tail lengths in island populations of Lacerta
serpa while divergence has been observed among Anolis lizards in the
West Indies Archipelago (Williams, 1969;‘1972) and among insular
populations of Uta stansburiana in the Gulf of California (Soulé,
1966). Insular divergence has also been observed among land tortoises
of the Galapagos Islands (Williamson, 1981) and among tiger snakes on
offshore islands of Southern Australia (Schwaner 1985b; Schwaner and

Sarre, 1988).

Islands have several characteristics which encourage morphological

divergence. First, the formation of archipelagos by rising sea 1levels
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or volcanic activity can create conditions of allopatry among
conspecific populations. The formation of allopatry is generally
regarded as critical to the speciation process (Mayr, 1970; but see
also White, 1978; Bush and Howard, 1986) thus the first step towards

speciation is already present in island populations.

Second, novel selection pressures are often present on islands
favouring the evolution of unique character expressions. Species
composition is usually impoverished in insular populations compared
with mainland areas (MacArthur and Wilson, 1967) leading to different
selection pressures than in mainland communities. For example,
predators are often absent from islands (Williamson, 1981) permitting
the evolution of traits such as flightlessness in birds (Carlquist,
1965). Moreover, fewer species generally mean that interspecific
competition on islands is reduced, creating situations in which those
species present are able to increase in density (e.g. among insular
populations of the Chuckawalla; Case, 1982) to levels which are higher
than would be possible in mainland populations. This can often result
in altere? conspecific interactions such as reduced aggressiveness and
smaller or overlapping territories (Stamps and Buechner, 1985). These
unique island characteristics resﬁlt in niche shifts for species
contained within them which is often reflected in morphological or

ecological change.

Third, genetic drift can result in divergence among insular
populat}ons. As described in section 1.4, the rate of genetic drift is
directly affected by effective population size and is likely to be of
particular significance in small insular populations. Genetic drift

resulting from small effective population sizes, population
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bottlenecks or founder events can have a profound effect on the
genetic constituency of a population. Genetiq drift may cause random
changes in allele frequencies or result in reduced heterozygosity or
inbreeding. Both processes can influence microevolutionary processes
and lead to differences in morphology, life history and development
(Templeton, 1980). In particular, the founder effect has been
implicated in the large diversity of Drosophila spp. in the Hawaiian
islands (Carson and Templeton, 1984) possibly resulting from the
sequential colonisation by a small number of founders on newly formed

islands in the group.

The separation of the effects of genetic drift and thése of
selection presents a difficult problem in studies of genetic and
morphological divergence on islands (Arthur, 1984). Unlike variation
involving random surveys of allozymes, variation in morphology 1is
usually polygenic in origin so separation of the environmental and
genetic components of phenotypic variation becomes difficult.
Furthermore, Lewontin (1984) has contended that even if the loci
examined do influence the quantitative trait being measured, the
probability of measuring the correlation is questionable. Possibly as
a result of these difficulties, conflicting results have been obtained
from attempts to correlate genetic divergence with morphological

divergence (e.g. Turner, 1974; Coyne et al., 1983; Patton, 1984).

In this chapter, morphological variation among populations of
Trachydosaurus rugosus is measured with the aim of assessing the
general patterns of divergence between the island and mainland groups.
The degree to which morphological patterns are reflected in the

genetic analysis (Chapter 4) will also be discussed. Morphological
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variation within individuals (measuring developmental stability) are
also compared, with the aim of establishing indices of inbreeding
depression independent of the allozyme data obtained in chapter 4. The

rationale for adopting this approach is discussed below.

As discussed in section 1.3, fitness generally declines with
increasing inbreeding in normally outbreeding species. The role of
heterozygosity per se in such phenomena and in the fitness of non
inbreeding populations is also poorly understood. Lerner (1954) argued
that heterozygosity was important, attributing the ability of
individuals to buffer themselves during development (developmental
homeostasis) to their level of heterozygosity. He proposed thaf this
mechanism was the result of the canalization of the developmental
process ensuring that the phenotypic expression is close to optimum in
response to natural selection. Accordingly, the more heterozygous loci
an individual has, the more phenotypically normal (i.e. the nearer the

selected optimum) it will be.

A predicted consequence of developmental homeostasis is that
individuals which live in ecologically peripheral or marginal areas or
which are under recently altered conditions of selection will be more
prone to developmental instability than individuals under stable
environmental conditions. Moreover, the more heterozygous an
individual is then the less likely it is to be affected by
environmental stress (Thoday, 1956; Levin, 1970). These effects have
been observed under laboratory conditions (Dobzansky and Levene, 1956;
Bradley, 1980) and in the field (Jogoe and Haines, 1985). Lerner
(1954) (and others e.g. Mayr, 1970; Mather, 1973) argued that because

developmental homeostasis results from a balance between interacting
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genes, any process which disrupts this balance (such as hybridisation,
strong selection pressures or inbreeding) will aLso influence
developmental stability. Thus, developmental instability associated
with inbreeding could result from the exposure of deleterious
recessive alleles, disruption of previously ‘coadapted’ genotypes or
decreased heterozygosity. The extent to which the effects of

inbreeding can be attributed to these three mechanisms is unknown.

Several workers have examined the relationship between
heterozygosity and components of fitness by laboratory experiments
examining viability of heterozygote and homozygote chromosomal
variants of Drosophila in varied environments (e.g. Dobzansky and
Levene, 1956) or by looking for correlations between components of
fitness and levels of protein heterozygosity. The relationship between
heterozygosity and fitness has been measured using viability (Watt,
1977; Samollow and Soulé, 1983), fertility (Smith et al., 1975),
growth (Singh and Zouros, 1978; Ledig et al., 1983) and oxygen
consumption (Koehn and Shumway, 1982; Danzmann et al., 1988).
Generally a positive relationship between these parameters and
allozyme heterozygosity has been observed so it appears that whatever

the mechanism, heterozygosity is important in maintaining fitness.

Given the general correlation between heterozygosity and fitness,
it could be expected that if developmental stability reflects
heterozygosity then it will also be related to fitness. Few studies
have examined the link between developmental stability and fitness,
but developmental stability has been linked to heterozygosity, and
thus can be indirectly linked to fitness. There are two general

approaches to measuring the relationship between heterozygosity and
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developmental stability. The first involves comparisons of the
phenotypic variance among individuals which are heterozygous (e.g. at
a single locus) with those which are homozygous or by comparing mean
levels of morphological and genetic variation among populations.
Negative associations have been observed (Eanes, 1978; Mitton, 1978;
Fleischer et al., 1983), but this tendency is by no means universal

(Handford, 1978; McAndrew et al., 1982; Zinc et al., 1985).

The second approach is to measure developmental stability and
heterozygosity within the individual and either compare heterozygous
and homozygous individuals or compare average levels of heterozygosity

and developmental stability among populations (Soulé, 1967).

One measure of developmental stability which has received
particular attention is fluctuating asymmetry (FA) (Mather, 1953; Van
Valen, 1962). FR can be defined as the degree of random difference
between left and right sides in bilateral structures. It is different
to both directional asymmetry (a consistent bias towards one side of a
bilateral character) and antisymmetry (a platykurtic or bimodal
distribution of one side minus the other around a mean of zero)
(Palmer and Strobeck, 1986). FA has been observed to be correlated
with protein heterozygosity (Bruckner, 1976; Soulé, 1979; Vrijenhoek
and Lerman, 1982; Biémont, 1983; Leary, Allendorf and Knudsen, 1985;
Leary, Allendorf, Knudsen and Thorgaard, 1985) either as population
averages or at the level of the individual although there have been

exceptions (e.g. Jackson, 1973; Bradley, 1980).

It is likely, then, that indices of developmental stability could

provide a measure of the level of heterozygosity which will in turn be
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affected by the level of inbreeding and environmental effects.
Consequently, they can provide important information on processes

occurring within populations.

In the present study, the use of FA as an indicator of inbreeding
depression in populations of T.rugosus is examined. Severe disruption
of developmental processes could be expected to result in
morphological abnormalities and in this study, the frequency of gross
abhormalities was also measured for each population as an alternative
measure of developmental stability. The results of these analyses are
discussed in terms of their implications for the fitness of the
various populations. Comparisons are also made between the eséimates
of inbreeding obtained from FA and abnormality counts and those
expected from the electrophoretic estimates of heterozygosity obtained

in Section 4.3.

5.2 MATERIALS AND METHODS

5.2.1 Data collection

A total of 375 live and museum specimens of T.rugosus were
examined from 35 different localities on Eyre Peninsula, Yorke

Peninsula and adjacent offshore islands in South Australia for 29

metric and meristic characters. The sampling methods and measurements

taken are described in Chapter 2.3.
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5.2.2 Data analysis: sexual dimorphism and variation among

populations

T.rugosus is sexually dimorphic (Cogger, 1986), so it was
necessary to quantify differences between the sexes in the populations
examined and determine which characters contribute to any observed

dimorphism before undertaking comparisons among populations.

The multivariate technique of stepwise canonical discriminant
function analysis was used to assess the level of sexual dimorphism in
T.rugosus and the level of difference between populations. This
analysis establishes a subset of measurement variables tha£ best
discriminates among the values of a categorical variable (i.e. sex or
population). When performed in a stepwise fashion, a variable is
tested for its ability to discriminate between sexes (or populations)
over and above the discrimination already achieved by variables that
have been previously tested and found to be significant. Only
variables that were significant at the 0.05 level contribute to the
final discriminant function. The functions were then tested for their
ability to predict the sex or population of individuals for which this
information was available (by resubstitution). Low error rates suggest
that there are significant morphological differences among the sexes
or populations. All populations were pooled for the analysis of sexual
dimorphism and the variable population was included in the
discriminant function to determine if this affected the discriminatory

power of the derived model.

For the analysis of population differences the ten populations

which were used in the electrophoretic analysis (St. Peter, Tumby,
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Spilsby, Duffield, Reevesby, Wardang, Pt. Pearce, Weeroona, Pt. Pirie
and Troubridge; see chapter 4) were included. Separate analyses were
also conducted for the island and mainland populations and for
subsets of adjacent island and mainland populations. These analyses
were restricted to males only to avoid complications from differences
between the sexes and because males represented the largest sample
size from several localities from which only small total sample sizes

were available.

Snout vent length (SVL) was forced into all discriminant function
‘analyses to eliminate the effect of variation in size among
individuals before testing subsequent variables for discrimination.
The right-hand side measurements of bilateral characters SNL, EN, SL,
IL, SC, UP and LP (see Table 2.2 for the key to character
abbreviations) were excluded from the analysis to avoid duplication
and the HLL measures were excluded because the measurement of this
character from museum specimens was not considered accurate. Thus, a
total of 20 characters were used in the multivariate analyses. Extreme
values in the counts of meristic variables were considered to be the
result of developmental abnormalities (e.g. fused or fragmented labial

scales) and were not included in the analysis.

To further examine the morphological relationships among the ten
populations, a heirachical cluster analysis was performed using the
unweighted pair-group method with arithmetic mean averaging (UPGMA)
(Sneath and Sokal, 1973). The analysis used mean population values for
the 20 metric and meristic characters included in the discriminant

function analysis.
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For all multivariate analyses, only mature individuals were used.
Bamford (1980), examined two populations of T.rugosus in Western
Australia and noted that the lizards achieved sexual maturity
(determined by the presence of mature gonads) towards the end of their
third year at a SVL of approximately 250mm. These rates of growth were
also found by Bull (1987) using weight, but were not equated with SVL.
In the present study, seven apparent reproductive pairs were captured
and nine females in the S.A. Museum collection were found to be
gravid. The SVL’s of these lizards were examined and found to have a
minimum of 250mm (mean = 277.35 + 15.84, n = 23). Thus, a snout-vent
length of 250 mm or greater was adopted as the criterion for

determining sexual maturity.

5.2.3 Data analysis: variation within populations

To obtain a measure of the relative levels of mean developmental
stability within each population, two independent sets of data were
collected. The first is average levels of fluctuating asymmetry and

the second the incidence of gross abnormalities.

An estimate of fluctuating asymmetry (FA) was obtained by counting
the right and left hand sides of bilateral characters and subtracting
one from the other. Meristic characters were used because the error
involved in counting such characters was considered to be less than
those obtained through the measurement of metric bilateral characters
in the field. This may decrease the sensitivity of FA as a measure of
developmental stability (Swain, 1987), but in the absence of skeletal
material to enable accurate laboratory measurement, such parameters

were considered unreliable. The population FA parameter was derived
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using the formula (Palmer and Strobeck, 1986)

(L - R)2/N

where L = left-hand side count; R = right-hand side count; N = sample
size. This formula was used because of its sensitivity (Palmer and
Strobeck, 1986), provided three conditions are met. These are: (1)
that FA values are independent of character size, (2) directional
asymmetry (a consistent bias towards one side of a bilateral
character) and (3) anti-symmetry (a platykurtic or bimodal
distribution of R-L around a mean of zero) are absent. To determine if
FA varied with character size within each population, tﬁe mean
character size [(R+L)/2] was plotted against asymmetry (R-L) and
examined for evidence of trends. No clear trends were apparent so it
is assumed that FA in the five variables used is independent of
character size. Anti-symmetry and directional asymmetry were assessed
visually by plotting the frequency of signed differences between left
and right-hand side counts for all characters in each population. With
very few exceptions, no tendencies towards skewness, platykurtic or
bimodal distributions were observed. Thereforg, it is assumed that

these factors are not significant and can be ignored in this analysis.

The meristic characters SL, IL, SC, UP, and LP were used in this
analysis because these characters are independent of body size. Sexual
dimorphism in FA within each population was tested using non-
parametric Wilcoxon tests of the unsigned differences between left and
right hand side measurements. These were found to be non-significant
in all populations for all five variables so the analysis was carried

out on pooled samples of males and females. Differences among
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populations in FA values were assessed using Fhax tests (Sokal and
Rohlf, 1981) for each character. Those that showed significant

differences were then tested for concordance with each other using

Friedmans method for randomised blocks (Sokal and Rohlf, 1981).

An index of abnormalities was obtained by calculating the
percentage of individuals within each population which exhibited some
form of gross abnormality. Abnormalities were categorised as gross if
individuals exhibited severely fused labial or head scales, more than
one missing toe, deformed feet or the loss of ear openings (see Plate
2). From these data, the frequency of abnormalities within each
population was calculated and the ‘actual' counts compared uging a
Fisher’'s exact test. When this analysis was computationally untenable
(i.e. when considering > 2 populations) a chi-squared contingency

analysis was used.

St. Peter was omitted from both the FA and percent gross
abnormalities because of small sample size. All analyses of the
morphological data were carried out using SAS version 6.03 (SAS
Institute, 1987).

5.3 RESULTS
$.3.1 Sexual dimorphism and variation among populations
Mean values for each variable used in the multivariate analyses

are given in Tables 5.1 and 5.2 and the raw morphological data

provided in Appendices 4 and 5.
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PLATE 2 (A - D) Gross abnormalities observed in populations of
T.rugosus. A, club foot; B, missing fingers; C, missing ear openings;
D, fragmented supra labial scales.
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T.rugosus is sexually dimorphic. With the forced inclusion of SVL
(which demonstrated non-significant differences between the sexes) in
the initial step to correct for body size, eight characters (HL, IOW,
HW, RH, EYE, IPW, IPL and SNLL) each could, taken alone, significantly
discriminate between the sexes. All of these parameters are related to
head shape. They also correlate closely with HL such that when HL was
included in the equation, several of these characters become non-
significant as they could not contribute further to discrimination.
Stepwise discriminate function analysis (forward inclusion) included
the variable TL but reduced the overall number of variables in the
discriminant function equation to four (SVL, HL, TL and RH; see Table
5.3). These variables remained unaltered when locality was forcéd into
the equation suggesting that HL, TL and RH will discriminate among the
sexes irrespective of population. The error count estimates for sex
gives a classification error rate of 13.75% (Table 5.4) which is
perhaps too high for practical use in sex allocation but nevertheless
demonstrates a degree of sexual dimorphism in T.rugosus resulting

mainly from differences in head shape and tail length.

Stepwise discriminant function analysis of ten populations derived
ten discriminatory characters (PV, SNLL, MSR, IPW, MELV, MELD, UPL,
HW, and IOW: Table 5.5) after the forced inclusion of SVL. The ten
populations can be discriminated with an error rate of 28.32% (Table
5.6) indicating that despite its statistical significance, the
discrimination was poor. Of the ten populations, three islands
(Spilsby, Duffield and Reevesby) exhibit error rates of less than 10%
indicating that they are morphologically quite distinct from the
remaining populations. The variables PV, MSR, and percent melanism

(MELD and MELV) are clearly significant in separating the three Sir
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TABLE 5.3 Summary of the stepwise discriminant function
analysis among sexes without locality.

Variable Number Partial F Prob <
Step Entered Removed 1In R2 Statistic F
0 1 * * *

1 HL 2 0.4434 182.420 0.0001

2 TL 3 0.0618 15.021 0.0001

3 RH 4 0.0186 4.312 0.0001

TABLE 5.4 Error count estimates (percentage) for
allocation to each of the sexes. Includes all
populations and individuals over 250 mm SVL.

MALES FEMALES TOTAL
RATE 19.61 7.86 13.73
N 153 140 293
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TABLE 5.5 Summary of the stepwise discriminant
function analysis among all populations. SVL was
included in the initial equation. All animals used
with SVL>250 mm.

Step Variable Number Partial F Prob >

R? Statistic F

o] 1 - - -
1 PV 2 0.6521 20.199 0.0001
2 SNLL 3 0.6059 16.400 0.0001
3 MSR 4 0.3795 6.456 0.0001
4 IPW 5 0.2781 4.024 0.0002
5 MELV 6 0.2736 3.891 0.0003
6 MELD 7 0.2593 3.578 0.0007
7 SCL 8 0.2635 3.618 0.0007
8 HW 9 0.2486 3.309 0.0016
9 IO 10 0.1911 2.337 0.0206
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CHAPTER 5. Morphological comparisons

Joseph Banks Group islands from all other populations as they are
consistently higher in these populations than any other (Table 5.2).
The inclusion of characters such as SNLL, IPW, UPL, HW and IOW in the
discriminant function suggests that there is also some variation in

head-shape among the populations.

The apparent differentiation is particularly clear when the island
and mainland populations are analysed separately. Stepwise
discriminant function analysis among the seven islands selected eight
characters (PV, SNLL, MSR, UPL, IPW, MELV, MELD, and SCL; Table 5.7)
for the discriminant function model. The error rate for the 1linear
discriminant functions obtained from these variables was 14.05%.(Tab1e
5.6) which is approximately half that obtained for all populations
together. The Sir Joseph Banks islands and Weeroona exhibit distinct

differences with zero error rates and the exclusion of Troubridge from

. the analysis reduces the total error rate to 6.84% (Table 5.6). By

comparison, separate analyses of the three mainlana populations
revealed poor discriminatory power (Error rate = 30.35, Table 5.6)
with only one variable (IOW) differentiating significantly among these
populations. This indicates that the island populations have undergone

greater divergence among themselves than have those on the mainland.

Separate analyses of islands with their adjacent mainland
populations reveals generally low error rates with Tumby Bay and the
adjacent Sir Joseph Banks Group (SJBG) producing the lowest error rate
(2.5%; Table 5.6). This error rate was reduced to zero when PV was
forced into the discriminant function. PV was forced in because it was
found to be highly discriminatory among all populations and because it

was highly significant (F=14.98, Prob F < 0.001) in the initial
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TABLE 5.7 Summary of the stepwise discriminant function
analysis among the island populations. SVL was included in
the initial equation. Only animals with SVL>250mm were

used.
Step Variable Number Partial F Prob >
In R2 Statistic F

0o SVL 1 * * *
1 PV 2 0.7418 36.202 0.0001
2 SNLL 3 0.6909 27.713 0.0001
3 MSR 4 0.4178 8.753 0.0001
4 SCL 5 0.3539 6.573 0.0001
5 IPW 6 0.2557 4.053 0.0031
6 MELV 7 0.2427 3.718 0.0055
7 MELD 8 0.2273 3.353 0.0101
8 SOL 9 0.1967 2.742 0.0276

- 123 -



*”

CHAPTER 5. Morphological comparisons

discriminant step. Thus, its omission from the final model is probably
an anomaly resulting from high correlations with other less

interpretable variables.

Average linkage cluster analysis of males from the seven island
and three mainland populations of T.rugosus produced two distinct
clusters (Fig. 5.1) at a distance level of 1.32., This separates the
Sir Joseph Banks Group of islands (Duffield, Reevesby and Spilsby)
from all other populations and supports the discriminant function
analysis by indicating the presence of a distinct set of morphological
characteristics within this group. The inclusion of all remaining
populations in the second cluster suggests that a large amoﬁnt of
morphological overlap exists among these populations. This is
supported by the poor geographic relationship of the populations
within the three clusters designated to this group. For example, St.
Peter and Pt. Pirie which are located at opposite ends of the study
area form a separate cluster while Wardang and Weeroona cluster with
each other rather than with their adjacent mainland populations. In
addition, Duffield and Reevesby cluster separately from Spilsby

despite the latter’s close geographic proximity to Duffield.
5.3.2 Variation within populations

Levels of FA were consistently higher in the two smallest islands
(Duffield and Troubridge) and Reevesby Island than the other
populations. These differences were significant for three characters
(SL, Fhax = 3.859; sc, Fhax = 4.133; LP, Fhax = 3.277; P < 0.05 all

comparisons; see Fig. 5.2) which were significantly correlated with

each other (X2 = 17.956, P < 0.05, d.f. = 8, Friedmans method for
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Average distance between clusters

1.4 1.2 1.0 0.8 0.6 0.4 0.2 0.0

Locality

St. Peter Is.

Pt. Pirie”

Tumby Bay*

Troubridge Is.

Pt. Pearce*

Weeroona Is.

Wardang Is.

Duffield Is.

Reevesby Is.

Spilsby Is.
* Mainland populations

FIGURE 5.1 UPGMA cluster analysis of mean values of 20 morphological
characters among island and mainland populations of T.rugosus.
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FA

See text for formula used to

calculate these values. Sample sizes are in parentheses.
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FIGURE 5.2 Levels of fluctuating asymmetry in nine populations of
T.rugosus for the three meristic characters found to vary

significantly among populations.
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i
)
.

.

@

)

Population

= 3.376, 0.05 < p < 0.1).

T.rugosus. See text for description of gross abnormalities. Male and
female were pooled for theszxgalues because no significant differences

FIGURE 5.3 Frequency of gross abnormalities within nine populations of

were observed between them
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randomised blocks). The frequencies of abnormalities also varied
significantly among populations (X? = 52.086, P < 0.001, d.f. = 9)
with the two smallest islands (Duffield and Troubridge) containing the
highest levels of abnormalities (Fig 5.3). These two populations, when
separated from the remaining eight populations and re-analysed were
not significantly different x2 = 0.3382, P = 0.610, 2-tailed
Fisher’'s exact test). The remaining eight populations did not differ
significantly from each other (X? = 7.948, P = 0.337, d4d.f. = 7)

although Reevesby showed a tendency towards higher frequencies.

Both mean FA and frequencies of abnormalities suggest that levels
of developmental stability are significantly lower in the two small
insular populations (Duffield and Troubridge) and the larger island

Reevesby than any of the other large islands or mainland populations.

5.4 DISCUSSION

The morphological analysis of T.rugosus populations identifies two
important trends. First, the morphological divergence among
populations suggests that divergence has occurred among the ten
populations examined. This divergence is most.marked among the insular
populations. Second, developmental_ stability varies sgignificantly
among the populations suggesting that inbreeding depression or extreme
environmental stress is present in some populations. These results
generally do not support the conclusions derived from the genetic data
described in Chapter 4 although there are some areas in which similar
trends are evident. The trends in morphology are discussed below and

compared with the electrophoretic data where appropriate.
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The morphological divergence among populations, while not
concordant with the electrophoretic assessment of the populations,
does show similar trends in divergence. Divergence is greater among
the island populations than among those on the mainland using both
morphological and genetic measures. This concurs with trends usually
observed among insular fauna and is generally characteristic of island
biotas. However, relationships derived from the genetic and
morphological data show very few similarities. For example, a distinct
cluster of the three SJBG islands is obtained using morphological
characters (Fig. 5.1) whereas both Nei and Rogers genetic distance
measures cluster Duffield and Spilsby closer to all other populations
than to Reevesby (Fig. 4.2). Moreover, within the distinct cluster
formed by the three SJBG islands, Duffield is closer to Reevesby than
it is to Spilsby. While there is some congruence between the mtDNA
classification, electrophoretic classification and geographic

proximity, only the SJBG islands exhibit such trends for morphology.

The lack of congruence between electrophoretic and morphological
data was not totally unexpected. Several authors (e.g. Patton, 1984)
have obtained conflicting results between the two measures. This
variation probably results from differenceé in selection pressures
exerted on individual proteins as opposed to those exerted on

polygenic morphological characters (Chambers and Bayless, 1983).

The morphological similarity between the three SJBG islands
suggests three alternative but not mutually exclusive explanations.
First, it is conceivable that before isolation by rising sea levels,
the SJBG populations were part of a single population which had

already diverged significantly from other T.rugosus populations in
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other areas. The subsequent fragmentation of these populations,
although resulting in divergence among them, has maintained several
characteristics which group the Sir Joseph Banks Group as a distinct
cluster. Second, there is a possibility that sufficient gene flow
exists between these three islands to enable divergent genetic
characteristics to spread between the populations. Presumably, gene
flow is insufficient to prevent some divergence occurring. Third,
selection pressures on these populations may be similar, resulting in
the convergence of morphological characteristics. It is not possible
to distinguish between hypotheses ‘one’ and 'three’ but consideration
of the electrophoretic data (Section 4.3) tends to rule out the second
explanation because Reevesby is distinct from either Spiléby or
Duffield indicating that little or no gene flow occurs between

Reevesby and the other two islands.

If differentiation had occurred prior to isolation then it could
be expected that the population closest to the SJIJBG (Tumby Bay) would
be morphologically similar to them. This is not the case. However, the
SJBG were separated from the mainland at 8,050 BP but not from each
other until 7,700 BP (Mooney, unpub.) Consequently, they had over 300
years of isolation from the mainland but notvfrom each other in which
to develop distinct local morphological characteristics. Under this
scenario, the subsequent isolation from each other has produced
morphological change sufficient to discriminate between the three
islands.

Con;;rgent evolution also cannot be dismissed as a contributor to
the pattern of differentiation particularly with respect to melanism.

Melanistic tendencies have been observed in other insular reptile
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populations (Mertens, 1934, 1961 and Radovanovic, 1956 cited in
Carlquist, 1974; Gibson and Falls, 1979; Schwaner, in press), although
the exact reasons for this trend are unknown. Carlquist (1974)
suggested that insular melanism may be related to sea salts in the
diet or to the screening of radiation. Gibson and Falls (1979) found
that melanistic forms of the Garter snake had a thermal advantage over
non-melanistic forms and were able to maintain higher body
temperatures in the colder part of the active season because of

greater reflectance from non-melanistic surfaces.

Gibson and Falls (op. cit.) also found an improved ability in the
melanistic form of the garter snake to maintain cooler temperatﬁres in
warmer times of the year. They concluded that this was possibly
because of an improved ability to minimise the vascular transport of
heat to the core in the melanistic form which allows more heat to be
lost at the animals’ periphery. Whatever the reason, it is quite
possible that the melanism observed in the Sir Joseph Banks Group of
islands is adaptive and that this adaptation relates in some way to
their insularisation. The lack of melanism observed on the remaining
four islands may be related to other aspects such as island size or
degree and time of isolation which have negated the pressures towards

melanism present on the smaller and more isolated SJBG islands.

The two measures of developmental stability (FA and percent gross
abnormalities) show clear and significant diffefences among
populations. Duffield and Troubridge exhibited significantly higher
levels of percent gross abnormalities than all other populations while
the same two populations and Reevesby showed consistently higher

levels of FA for three characters.
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The observed differences in developmental stability contrast

markedly with the heterozygosity estimates which were not

significantly different among all populations (see section 4.3). There
are two alternative explanations for this observation. First, it is
possible that some environmental effect peculiar to these islands is
responsible for the observed developmental instability. This could
take the form of insufficient good quality habitat available to allow
females to thermoregulate efficiently while gravid, or some form of
dietary deficiency. Morphological abnormalities resulting from
variation in incubation temperature have been observed in reptiles
(Fox et al., 1961; Bustard, 1969; Vinegar, 1974; Osgood, 1978) with
effects ranging from tail abnormalities to split or fused scaies and
reductions in numbers of ventral, subcaudal and labial scales.
However, it is unlikely that major climatic effects (e.g. changes in
latitude) are important in affecting incubation temperatures as
Spilsby and Duffield are only approximately 500m apart and dense
vegetation or penguin burrows (i.e. habitat suitable for good
thermoregulation) are available on Troubridge, Reevesby and Duffield.
Furthermore, the type of abnormalities are often similar within
populations suggesting a genetic component in these traits. For
example, Duffield had 7 out of 32 individuals with at least one
missing ear opening. This particular abnormality was not observed in
any other individual (n = 343) examined in this study. Troubridge
animals also exhibited almost exclusively, abnormalities comprising
deformed head and lip scales. It seems unlikely that an environmental
effect._would cause such specific defects so consistently within a
population. Thus, although it is possible that the developmental
instability observed could be environmentally induced, such effects

are more likely to have a genetic base.
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The second possible explanation is that the high levels of
abnormalities are manifestations of inbreeding depression. This could
result from the expression of deleterious alleles previously present
in the population but masked by dominant alleles, the disruption of
coadapted genotypes by inbreeding, or the effects of heterozygosity
per se (see section 5.1 for a discussion Qf these phenomena). Aas
discussed in Chapter 4, no statistically significant differences in
levels of average heterozygosity among the populations were observed
in the present study although levels tended to be reduced in the
insular populations. Despite the error involved in such heterozygosity
estimates (see section 4.1), it is clear that the large differences
among populations in FA and % gross abnormalities are not reflecged in
heterozygosity levels. Thus, reduced levels of heterozygosity per se
are unlikely to be the prime cause of the observed developmental
instability. Therefore, the likeliest explanations for the levels of
developmental instability observed in the three populations is
inbreeding depression caused by either the exposure of deleterious
recessive alleles or genetic disruption of coadapted genotypes through
inbreeding. This may not show up in heterozygosity because Troubridge
and Duffield are probably recent introductions so erosion of genetic
variaéion probably has not had sufficient time to occur and be
detected by electrophoresis. Reevesby is a larger island and is
unlikely to have been a recent introduction. The population does not
have the high frequency of abnormalities of the two smallest islands,
but FA i1s detecting some inbreeding effects which are not yet serious

enough to manifest themselves in gross abnormalities.

It is interesting to speculate on the loss of ear openings in the

Duffield population. Carson and Templeton (1984) argue that speciation
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can occur when coadapted gene complexes are disrupted through founder
events. Disruption of the old coadapted gene complexes could result
from increased homozygosity in peripheral populations or genetic drift
in outcrossed and polymorphic populations. The disorganisation of the
genome, under relaxed ecological and selective conditions, may allow
recombination to occur producing novel characters which are normally
selected against. The loss of ear openings of a substantial proportion
of the Duffield population could well be an example of such an
occurrence. There are no known predators on Duffield (Goannas are
present on at least four of the other islands: Spilsby, Reevesby, St.
Peter and Wardang), so the selective pressure against impaired hearing

is probably absent in this population.

While the consistency of the abnormality type (Duffield and
Troubridge) suggests that the exposure of deleterious recessive
alleles may be responsible for the observed gross abnormalities, it
must be stressed that genetic disruption can also produce consistent
characters. For example, Watson et al. (1971) describe hybridisation
experiments between two species of frog (Litoria spp.) which produced
consistent and specific abnormalities primarily relating to failure to
form normal eyes. Thus, it is not possible to rule out either

mechanism as the prime cause of the observed developmental

instability.

The extent to which FA and percent gross abnormalities are
genetically influenced remains problematical. However, it does seem
likely that they are important, particularly on the smallest islands
of Troubridge and Duffield. This hypothesis could be tested by

laboratory based breeding experiments or the trangplantation of
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lizards from other populations to sites where lizards exhibit

significant developmental instability.

One further point to be made here is that whatever is responsible
for the developmental instability observed in three of the insular
populations, it is severe enough to cause gross abnormalities. Thus,
it is not possible to separate the phenomenon of FA from this severe
developmental disruption. However, FA did reveal significant
tendencies in developmental instability within the Reevesby
population which were not significant using gross abnormalities. This
is important because it suggests that FA is more sensitive to
developmental perturbations than the measure of gross abnormalities.
Thus, FA is more likely to be able to detect changes in developmental
stability before major genetic disruption or severe environmental

stress causes fitness problems within a population.
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6.1 OVERVIEW OF RESULTS

The morphological and electrophoretic examination of island and
mainland populations of T.rugosus illustrates several characteristics
of insular populations which are important for wildlife management.
They demonstrate that divergence, whether genetic (such as the changes
observed in allele frequencies) or morphological, is significantly
pronounced in the insular populations suggesting that evolutionary

forces are more extreme in these environments.

However, the congruence between the two data sets does not extend
to a classification of the relationships between the different
populations. One clear example is the Sir Joseph Banks Group of
islands which are grouped together morphologically but not
electrophoretically. This emphasises the difference between
evolutionary rates and direction at the morphological level compared
with those at the level of structural genes. The classification
produced by these approaches was also unable to correlate accurately
with classifications based on geographic pré#imity, although of the
two, genetic distance derived from allozymes exhibited greater
congruence with geographic proximity. A third measure of variation
using restriction fragment comparisons of mtDNA, was able to produce a
classification generally congruent with geographical location, and it
is possible that a more intensive survey using thig technique could

provide a much more informative estimate of phylogeny.
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Heterozygosity levels within the island populations were not
significantly lower than those of the mainland populations although
reductions in both allelic diversity and percent polymorphism were
observed within the island populations. Similar surveys done on
Rattus fugcipes and Notechis scutatus-ater on comparable islands off
the coast of South Australia showed large losses of allozyme variation

often to the point of fixation at all loci.

Clearly, some characteristic(s) of T.rugosus have enabled the
insular populations to maintain genetic variation. It is likely that
although sleepy lizards maintain small home ranges and exhibit high
mate fidelity (characteristics which will reduce effective popﬁlation
size) features such as long life span, stable population size and
equal sex ratios, combined with large original levels of variation in
the founding populations, have assisted the island populations to
retain a large portion of their genetic variation. Moreover, a survey
of electrophoretic variation in three mainland populations of
T.rugosus, reveals that the most common alleles found on the mainland
are those that have survived in the island populations. The most
alleles found at any single locus in mainland populations was four.
Generally, the polymorphic loci had two common alleles with the
remaining alleles found only in very low frequencies. Such a
distribution of alleles has favoured the retention of variation in the
form of heterozygosity rather than allelic diversity. Thus, although
heterozygosity has been maintained, some divergity and hence

adaptability, has been lost from the insular populations.

The high levels of genetic variation observed in the insular

populations using allozyme electrophoresis is supported in part by low
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levels of developmental instability (measured by fluctuating asymmetry
and percent gross abnormalities) found in most of the island
populations. The exceptions to this were the three smallest islands
Troubridge, Duffield and Reevesby which exhibited high levels of both
measures of developmental stability. This suggests that these three
populations are either suffering from inbreeding depression which is
not being detected by allozyme electrophoresis, or some form of

environmental stress unique to those three islands.

The small size of the Troubridge population suggests that it could
be undergoing some form of inbreeding. However, this has not been
translated into changes in heterozygosity, possibly beéause
ingsufficient time has elapsed since the population was introduced to
the island, to allow detectable changes in heterozygosity to occur. A
recent origin (or at least substantial gene flow between Duffield and
Spilsby) is- inferred from the genetic closeness of Duffield and
Spilsby and suggests that Duffield Island has a similar hisgtory to
that of the Troubridge population. Therefore, it appears likely that
the significant levels of developmental instability observed in these
populations results from inbreeding, causing the exposure of
deleterious recessive alleles or the disrﬁétion of coadapted gene

complexes.

The developmental instability observed in the Reevesby population
is more subtle. It is not manifested significantly in high levels of
gross abnormalities but exhibits substantial levels of average
fluctuating asymmetry. Thus, it appears that this population has been
large enough to maintain sufficient levels of variation to prevent
change from being detected by allozyme electrophoresis, but is still

suffering some developmental problems.
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It is not possible to rule out environmental effects in any of
these three populations, but the occurrence of decreased developmental
stability in the three smallest islands under similar climatic
conditions suggests a population effect. Moreover, it is likely that
polygenic morphological characters such as scale counts, will be more
likely to detect the effects of inbreeding than allozyme

electrophoresis which is sampling only a few genes.

6.2 IMPLICATIONS FOR CONSERVATION

Four important conservation principles affecting intra-specific
conservation strategies are illustrated in this study. The fi;st is
the importance of considering populations as the unit of conservation.
If the maximisation of intra-specific variation is accepted as an
important criterion in conservation, then the substantial
differentiation observed among the island populations of T.rugosus
revealed in the present study, has implications for any strategies
involving the conservation of this species. That is, if decisions are
to be made about the suitability of populations of a species for
congervation, then a desirable strategy would be to maximise variation
within that species. For T.rugosus, if the populations examined in the
present study were the only populations in existence, then a priority
listing for conservation value based on maximising diversity could be

produced.

Second, these findings emphasise the relative importance of the
role of insular populations in phenotypic divergence. Both the
electrophoretic and morphological data show that divergence 1is

greatest among the insular populations. This has implications for
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populations which have become isolated owing to human activities and
to those currently isolated on islands. The results emphasise the
importance of island populations in the speciation process and that
speciation is a population phenomenon. Strategies of species
conservation must look towards conserving populations, because each

population is potentially a new species.

Third, Wayne et al. (1986) and others have suggested that
electrophoretic and morphological variation will be useful to zoo
managers as tools for genetic monitoring of captive animals.
Presumably, this could also apply to wild populations. In the present
study, allozyme heterozygosity did not vary significantly amoﬂg the
populations but developmental stability did. Clearly, FA and percent
abnormalities are monitoring something which is not being detected by
allozyme electrophoresis. Although environmental influences cannot be
ruled out, it is likely that inbreeding is implicated. Thus, it
appears that both FA and percent gross abnormalities are more
sensitive to variation in fitness compared with variation in

allozymes.

Fourth, the potential role of demographic and genetic
characteristics of a species in its ability to retain genetic
variation within populations is emphasised. In the current study,
T.rugosus was found to have maintained high levels of heterozygosity
despite isolation for over six thousand years whereas two other
vertebrates isolated on the same or similar islands showed significant
reductions in levels of heterozygosity. Thus, it is important to
realise that different organisms and different populations of

organisms, will vary in their susceptibilities to the genetic effects
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of isolation. If effective management strategies involving genetic
considerations are to be made, then these aspects need to be

considered.

6.3 SUGGESTIONS FOR FURTHER RESEARCH

There are many theoretical and practical aspects of conservation
genetics which require investigation. To list them all is beyond the
scope of this section. However, the present study does suggest several

important areas of enquiry.

Although long generation time prohibits the extensive ﬁse of
T.rugosus for experimental manipulation, several potential extensions
of the current study can be suggested. Developmental stability has
been shown to vary among populations, indicating real differences.
Using developmental stability as a genetic monitor has application in
the management of small natural populations and requires further
investigation. One way to test whether the high levels of FA and gross
abnormalities on Duffield, Troubridge and Reevesby are environmentally
or genetically induced would be to transplant mainland animals on to
the islands using enclosures to keep them separate from the indigenous
populations. The effect of the environment on developmental asymmetry

could then be measured by comparing progeny of both populations on

each island.

Elucidation of the relationships between the populations included
in this study would possibly shed more light on these questions. In
particular, an analysis of mtDNA in the current study revealed

variation which could be potentially useful for delineating the
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relationships among the population with more precision. Thus, an
intensive survey of mtDNA within the islands could provide.important
information on the likely isolation histories of the various isiands.
For example, this analysis could reveal evidence of population
bottlenecks in recent history or gene flow between populations. They
could also help in establishing the origins of populations on
Troubridge and Duffield which could shed light on the likely role of
genetics in affecting levels of abnormalities and fluctuating

asymmetry.

In the more general area of conservation genetics, the presumed
relationship between genetic drift and effective population size has
been derived almost entirely from laboratory populations of
Drosophila. There is an urgent need for both field and laboratory
based experimental studies to explore this relationship in other
organisms. Laboratory experiments will necessarily be restricted to
species which are small and breed rapidly, but there is scope in field
based studies of insular populations to examine organisms which are
not so conducive to laboratory conditions. Habitat patches which have
been isolated by human activities and for which there are known
isolation histories, provide good opportuﬁities for study in this
area. Such studies need to quantify effective population size by
detailed ecological analysis and compare changes in genetic variation
for different effective population sizes., Comparative studies of two
or more species may also shed light on the demographic features of

species which are important in retaining genetic variation.
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APPENDIX 1
Recipes for all solutions used in the mitochondrial DNA analyses.

Mitochondrial Isolation Medium
0.25M Sucrose
0.001 NazEDTA
0.02 HEPES
0.05 mg/ml BSA
pH = 7.4 - 8.0 with KOH
* Add BSA fresh.

SSC Solution
0.15M NacCl
0.015 NaCitrate
pH 7.0 (HC1)

Lysis Solution
0.1M Na2EDTA
adjust to pH 8.0 with NaOH
Then add;
2% SDS
0.5M NaPerchlorate
0.15M NaCl

Standard Buffer
0.01M Tris
0.001M EDTA

T.S. Buffer
0.10M NacCl
0.01m Tris
0.002M EDTA
pPH 7.8

BSA
5% Sterile Stock Solution
1/50 dilution for 0.1% BSA
400ul SSH20

Restriction Enzyme Stop Solution
5g Sucrose
2.5mls Na,EDTA
Smls 10*E Buffer
2.5mls H,0 + Bromophenol Blue

Electrophoresis Buffer
0.04M Tris
0.03M NaH?PO,.2H,0
0.001M NazEDTA.2H20
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The running conditions,

APPENDIX 2

allozymes examined in the electrophoretic analysis.

buffers and grinding solutions for each of the

ALLOZYME

E.C.NO.

BUFFER RUN TIME NO. OF LOCI

*

(hours)

SCORED

QUATERNARY
STRUCTURE

Albumin
(Alb)

Carbonic
anhydrase
(ca)

Glucose-6-
Phosphate

- dehydrogenase

(G6PD)

Glucose

phosphate

isomerase
(GPI)

Isocitrate
dehydrogenase
(1IDH)

Lactate
dehydrogenase
(LDH)

Malate
dehydrogenase
(MDH)

Mannose

-Phosphate

Isomerase
(MPI)

Peptidase A
(Pep A)

Peptidase B
(Pep B)

Peptidase D
(Pep D)

6Phosphate

Glucose

dehydrogenase
(6PGD)

4.2.1.1

1.1.1.49

5.3.1.9

1.1.1.42

1.1.1.27

1.1.1.37

1.1.1.40

3.4.11

3.4.13.9

1.1.1.44

Monomeric

Monomeric

Unknown

Dimeric

Unknown

Unknown

Unknown

Unknown

Monomeric

Unknown

Dimeric

Unknown
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APPENDIX 2

APPENDIX 2 (cont.)

ALLOZYME E.C.NO. BUFFER RUN TIME NO. OF LOCI QUATERNARY
(hours) SCORED STRUCTURE

Phosphogluco-
mutase 2.7.5.1 C 2 1 Monomeric
(PGM)

Superoxide

dismutase 1.15.1.1 B 1 1 Monomeric
(SOD)

Umbelliferal

acetate 3.4.13.9 (o} 3 1 Unknown

esterase
(UAE)

Transferrin E 18 1 Monomeric
(Transf)

*BUFFERS USED IN ELECTROPHORESIS:

A.tee...0.01M Citrate-Phosphate, pH 6.4
B......0.02M Phosphate, pH 7.0

Civevns Tris-Malate, pH 7.8
D...... Barbitone, pH 8.6
E......0.26M NaBorate, pH 8.6

RECIPE FOR THE LYSING SOLUTION

100 ml H,0
10 mg NADP
100 ul B-Mercapthoethanol
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APPENDIX 3
The electrophoretic data obtained for 16 populations of T.rugosus
examined for the following 17 loci: ALB CAl GPI1l G6PD1 IDH1 LDH1 MDH1
MPI1 PEPAl PEPA2 PEPB1 PEPD1 6PGD1 PGM1 SOD1 TRF UAE1l.

ST PETER ISLAND

1477 AB AB BB AA AA AA AA AA AA BB AA BC AA AB AA BB AA
1478 AB AB BB AA AA AA AA AA AA BB AA BC AA AA AA BB AA
1994 AB AB BC AA AA AA AA AR AA BB AA CC AA AB AA -- AA
0003 AB AB AA AA AA AA AA AA AR BB AA CC AA AA AA -- AA
0004 An BB AA AA AA AA AA AA AR BB AA CC AA AA AA —- AA
0006 AR BB BB AA AR AR AA AA AA BB AA BC AA AA AA -- AA
0007 BB BB BB AR AR AR AR AR AR BB AR BC AA -- AA -- AR
0008 AB AB BD AA AA AA AA AA AR BB AA BC AA AB AA BB AA
0009 An AB BD AA AA AA AA AA AA BB AA BC AA AA AA BB AA
FLINDERS ISLAND

0001 AB BB BB AA AA AA AA AA AR BB AA CC AA AB AA BB AA
0002 BB BB BB AA AA AA AA AA AR BB AA CC AA AB AA -- AA
0003 AR AB BB AA AA AA AA AA AA BB AA CC AA AA AA -- AA
CEDUNA

1472 BB AB BB AA AA AA AA AR AA BB AA CC AA BB AA BB AA
1473 AB AB BC AA AA AR AR AR BB AA CC AR AR AR BB AA
PT. KENNY

0008 BB BB CD AA AA AA AA AA AA BB AA AC AA BB AA BB AA
0009 AB BB BB AA AA AA AA AA AA BB AA BC AA AB BB BB AA
0010 AA BB BD AA AA AA AR AA AA BB AA CC AA BB AA BB AA
LINCOLN NP

8610 AB AA BC AA AA AA AA AA AA BB AA CC AA AB AA AB AA
0483 AB BB BC AA AA AA AA AA AA BB AA CC AA AB BB BB AA
0484 AA BB DD AA AA AA AA AA AA CC AA CC AA AA AA AA AA
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The metric data from all T.rugosus examined in this study. The
characters measured (in order of collumn) are locality of collection,
Identification Number, Sex: l=male, 2=female, 3=juvenile; SVL, TL, HL,
IOW, HW, RW, RH, EYE, IPW, IPL, HLLL, SNLL. The identification number
refers either to the museum number or to the field number; All
measurements are in millimetres; key to the character abbreviations
are given in Table 2.2.

St. Peter R21944 2 298 51 52.1 25.4 52.5 8.6 5.9 8.5 7.7 9.6 . 20.00 13.60
R31477 2 305 62 51.9 22.0 55.5 8.5 5.7 7.3 5.5 11.0 59.0 20.20

R31478 2 295 63 53.3 25.0 57.4 8.4 5.7 8.3 8.1 11.1 64.0 22.40 .
ST-PO3 2 299 66 50.4 24.8 52.1 8.3 5.4 8.0 7.8 10.9 62.5 20.20 13.60
ST-PO4 1 313 69 57.0 25.5 61.6 9.2 6.5 9.9 9.2 11.2 67.5 22.20 14.25
ST-PO5 . 280 . . . . .« . . . . . . .
ST-PO6 1 280 64 55.0 25.0 56.7 9.0 6.5 8.1 7.4 10.4 60.0 21.55 14.50
ST-PO7 1 295 68 49.6 22.7 53.3 7.7 5.3 6.6 6.6 10.1 64.0 19.40 13.15
ST-PO8 2 266 62 44.8 22.0 49.6 7.5 5.2 6.5 7.6 8.5 60.0 18.80 12.70
ST-PO9 2 317 65 50.8 23.9 53.7 7.9 5.1 7.9 8.1 9.6 64.5 20.40 13.15
Cecuna R31472 2 297 67 48.1 27.1 56.6 8.7 5.7 6.7 6.3 9.4 54.5 19.60 13.40
R31473 2 288 €0 49.8 25.2 62.3 8.8 5.2 7.6 5.9 10.2 54.5 18.75 13.30

Streaky By R16933
Flinders R31301

145 30 30.0 13.033.5 5.43.0 . 4.6 6.8 . 15.20 .
273 60 48.2 23.2 46.7 8.3 5.3 . 6.5 8.1 46.0 20.00 13.45

1
1
2
2
2
2
1
1
R31302 2 292 48 47.7 22.2 47.9 8.1 5.5 . 6.5 9.545.0 19.35 13.25
R31303 1 221 50 39.3 19.8 40.8 6.3 4.8 . 5.8 7.2 41.5 15.70 10.85
R17275 2 295 70 51.7 24.6 50.8 9.06.4 8.0 7.8 9.3 . 20.30 .
Minnipa R28378 1 295 73 61.5 28.0 62.0 12.5 6.3 9.4 8.5 11.9 . 22.85 15.25
R28379 1 275 73 60.0 26.5 61.5 9.7 6.4 8.5 6.9 10.8 . 23.15 15.10
R28384 1 301 69 56.7 25.1 55.7 10.0 5.5 7.8 9.0 11.3 . 22.75 15.00
R28404 3 175 40 61.6 28.1 64.9 9.8 6.2 8.5 8.0 12.2 . 22.85 15.45
R28405 1 315 81 64.5 27.8 66.1 10.5 6.9 8.5 9.2 10.5 . 24.35 16.40
R28406 1 285 67 61.3 28.1 65.0 10.1 6.1 7.6 7.3 11.9 . 22.60 15.55
R28407 1 309 63 64.0 25.6 61.2 12.8 6.4 7.3 6.8 8.8 . 23.70 15.65
R28470 1 277 46 61.9 28.2 64.2 10.8 7.0 8.4 9.1 13.2 . 24.55 15.85
R28476 2 235 53 44.4 20.6 46.5 7.1 4.6 7.1 6.0 7.2 . 18.15 12.40
R28507 1 274 60 62.1 27.1 67.8 9.6 6.7 7.8 8.4 12.7 . 23.55 15.50
R28593 1 293 60 55.5 25.9 58.1 9.3 5.4 8.3 7.811.0 . 21.35 15.10
R28594 1 301 57 55.8 26.2 64.3 9.1 6.0 7.8 8.4 10.3 . 22.20 14.60
R28595 2 302 63 54.4 26.1 59.1 9.8 6.2 8.4 8.5 11.0 . 22.00 15.50
R28602 1 280 58 60.3 30.2 63.5 10.4 5.9 9.3 7.5 8.4 . 22.60 14.65
R28603 3 186 42 36.1 17.3 38.5 5.9 2.9 6.7 6.0 7.1 . 14.80 10.25
1l

R28604 1 300 68 61.8 26.2 64.7 10.3 6.2 9.4 . . 23.00 15.40

260 43 38.5 19.3 42.1 6.4 3.8 6.7 6.1 9.2 . 15.95 10.65

R28605

R29206 1 271 62 55.3 24.4 58.4 7.9 5.7 8.9 8.2 8.7 . 22.25 14.70
Linocoln NP R30485 2 275 44 47.2 24.5 50.9 8.7 4.9 7.9 8.1 11.2 - . 18.00 11.90

R30486 1 275 72 55.0 25.3 54.8 9.05.6 8.8 6.6 9.6 . 21.85 14.45

Pt Lincoln R4043
Duffield R22771
R30468

51.9 25.3 50.7 8.25.5 7.8 7.6 9.4 . 19.95 13.25
291 65 50.3 21.7 47.8 8.0 5.2 7.2 5.7 7.5 . 19.40 12.65
295 64 56.9 26.3 55.7 10.8 6.5 7.5 7.0 9.8 . 21.50 14.15
R30469 1 300 64 57.2 27.5 53.0 9.3 6.0 7.5 . . . 21.80 14.60
R30470 1 250 56 44.4 21.9 46.7 6.8 4.9 6.6 6.3 7.7 . 17.8511.75
R30471 2 283 58 48.9 21.7 48.6 8.4 5.1 7.1 . . . 19.35 12.95
R30472 1 286 58 54.6 22.7 53.3 10.2 5.9 6.6 6.9 10.0 . 20.65 13,55
R30473 1 302 70 55.6 21.8 51.5 10.8 5.5 6.6 7.8 8.5 . 21.05 13.40
R30474 1 300 60 51.3 20.8 51.8 8.3 4.9 6.1 5.7 8.4 . 19.60 12.75
DUFF38 3 161 42 30.0 15.3 32.9 5.5 3.1 4.6 5.0 6.0 33.0 12.25 7.9%
DUFF35 1 286 72 49.3 24.2 52.6 8.2 5.1 5.9 5.0 8.9 57.0 20.45 13.05
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DUFF39

DUFF33

R30588

2
2
2
1
1
1
1
2
1
2
2
2
1
2
2
2
1
2
1
1
1
1
2
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2
1
2
2
2
1
1
2
1
3
1
2
2
1
2
1
1
1
2
2
2
2
2
2
1
2
1
1
2

2

230 58 37.8 19.1 39.6 6.6
285 72 48.1 23.3 51.2 8.7
303 75 50.4 21.4 51.2 8.4
276 70 50.4 12.9 48.6 8.7
302 80 56.1 23.6 56.7 9.0
265 60 43.3 22.5 48.6 4.6
297 79 53.5 25.4 55.5 8.5
220 64 40.7 20.1 43.2 3.8
302 80 53.0 21.3 49.8 9.4
306 65 49.9 23.9 52.3 8.2
281 75 47.6 23.954.9 7.8
289 72 46.6 24.0 52.0 7.9
240 63 41.3 21.4 43.9 6.6
292 80 47.1 23.2 50.2 8.4
289 79 50.1 22.9 50.8 9.1
278 72 48.3 22.2 50.8 8.5
296 71 47.8 24.1 50.3 8.7
285 70 48.8 23.5 52.5 8.7
290 79 53.4 25.8 56.0 9.0
302 83 54.8 22.8 57.2 9.7
306 75 56.6 27.1 59.9 9.3
295 72 56.2 24.9 59.2 9.6
281 66 51.6 24.1 51.8 9.6
318 76 54.4 25.6 55.6 10.2
308 62 54.0 24.6 54.4 9.5
297 68 55.3 27.6 53.4 9.9
292 72 49.6 23.9 52.0 9.8
332 68 55.7 26.0 53.7 9.8
309 75 50.5 25.5 45.7 7.4
311 74 52.9 25.5 54.1 9.6
307 68 53.2 26.0 58.0 9.5
312 76 50.8 26.7 55.5 9.4
299 72 55.0 26.5 57.6 9.5
1%4 41 31.1 15.7 31.5 5.0
315 79 54.0 26.5 54.0 10.1
288 68 47.6 24.6 52.3 9.2
308 80 52.0 27.1 52.7 9.6
320 73 55.5 28.1 59.0 10.0
296 73 49.6 24.5 52.9 9.2
309 71 57.5 25.8 60.7 10.4
318 72 56.0 27.8 60.0 10.2
316 87 57.2 27.1 58.5 10.7
304 75 51.2 24.8 52.4 8.7
307 85 50.8 24.7 49.9 8.5
293 75 48.5 22.7 49.3 7.9
304 83 51.7 23.1 53.2 8.8
273 54 49.4 26.6 50.9 9.6
270 46 48.6 24.8 49.3 9.2
270 59 54.2 25.5 54.1 11.3
263 54 46.9 24.7 47.4 9.1
253 69 53.4 26.0 52.0 10.1
265 67 53.2 26.1 52.4 .

237 51 43.4 20.9 44.3 7.6
243 54 43.7 20.2 43.9 7.7

3.7
4.6
5.0
5.0
5.8
7.8
5.2
5.8
4.9
4.9
5.0
3.8
3.8
4.9
5.1
4.8
5.1
5.5
4.6
5.5
5.6
4.7
5.3
6.1
5.7
5.9
5.8
5.4
5.3
5.5
6.1
6.0
5.6
3.0
6.2
5.3
5.7
6.3
5.3
6.0
6.1
6.5
5.1
5.0
5.5
5.6
6.1
5.2
6.8
5.0
5.9
4.9
5.0

1 290 70 57.1 28.1 51.6 10.6 7.1
R30589 1 262 67 49.2 24.0 48.3 8.2 5.4
R30591 1 275 63 54.0 26.2 52.3 9.7 6.1
R30592 1 284 70 57.1 27.5 55.7 9.9 6.3

- 178 -

4.9
6.5
8.0
7.4
8.4
7.8
7.8
4.8
6.9
5.9
6.4
7.4
6.7
5.4
6.4
6.8
6.1
7.7
7.1
7.1
7.8
7.2
6.9
7.4
8.0
6.9
7.1
6.3
7.5
7.1
7.9
7.4
7.0
4.9
7.8
6.2
7.5
5.7

o0 O

-~
COOVIUHRBIGGRKWLIO

\lG\\lG\'\lG\G\\l

[o 0]

o

6.7
5.9
7.3
7.6
7.6
8.2

6.1

7.4

6.2 10.7

7.0
5.2
1.7
6.0

6.9
6.9
6.7
6.9
6.8
4.9
6.2
7.1
6.8
5.5
6.4
6.0
6.9
6.7
6.3
7.7
6.3
7.5
6.3
6.6
7.0
5.9
6.9
6.9
6.3
7.5
4.9
7.1
5.9
5.8
7.5
7.8
6.6
5.8
6.0
6.8
5.5
7.1
6.8
6.3
6.2
6.5
6.6
4.9
6.0
6.7
6.7
7.5
7.3
7.9

9.3
8.3
9.2
7.8
8.0
8.2
9.9
8.4
8.7
7-4
8.5
9.6
7.8
8.0
8.7
7.7
8.7
10.1
8.8
10.3
8.4
9.8
11.4
9.0
8.5
7.3
9.0
10.3
3.0
10.4
6.4
10.3
8.9
9.9
9.4
10.3
9.7
10.2
8.5
9.4
8.6
8.8
8.5
7.2
9.5
8.6
9.2
9.0
6.7
7.1
8.1
9.2
8.4
8.4

45.0
54.0
55.5
58.0
63.0
54.0
59.0
43.5
61.5
55.5
53.0
55.0
48.0
55.5
52.0
54.0
59.0
52.0
60.5
60.0
58.0
61.5
51.0
55.0
52.0
54.0
52.0
56.0
55.0
58.0
59.0
53.0
58.0
34.5
62.0
56.0
56.0
61.5
53.0
60.0
58.0
61.0
54.0
55.5
55.0
55.5

15.75
159.10
19.80
20.10
21.80
18.40
20.50
16.15
20.15
20.30
20.20
19.30
16.90
19.55
19.70
19.10
20.30
18.50
20.70
20.95
22.20
22.05
21.05
21.05
21.05
21.85
19.65
20.85
18.60
20.15
21.20
20.35
21.65
12.90
21.65
19.15
19.85
22.50
20.50
21.95
22.90
22.45
20.70
20.05
19.55
20.40
20.65
19.20
22.50
19.75
21.75
21.55
18.85
18.95
24.45
21.60
22.90
23.50

13.35
13.05
14.00
12.85
11.65
12.30
13.65
12.85
14.05
12.20
13.90
14.75
12.50
13.00
15.90
14.60
15.85
16.45
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APPENDIX 4

Tunby Bay

R30593 2 268 57 50.5 24.4 52.9 8.8 5.6
R31554 2 294 64 56.5 26.3 55.4 7.6 5.8

R31482
R30590
REEV48
REEVS0
REEV49
REEV51
REEV52
REEVS3
REEV54
REEV55
REEV56
REEVS57
REEVS8
REEV59
REEVEO
REEV61
REEV62
REEV63
REEVE4
REEV6ES
REEV66
REEV67
REEVE8
REEV69
REEV70
REEV71
REEV72
REEV73
REEV74
REEV7S
REEV76
REEV77
REEV78
R18402
R18403

2
1
2
2
2
1
2
2
2
2
1
1
2
1
2
2
1
2
1
1
1
1
2
1
2
3
1
1
1
2
2
1
2
1
1
1
2
2
2
2
1
1
2
2
2
1
1
2
1
2
2
1
2
1

1

305 64 50.3 26.2 51.6
265 72 53.1 26.2 51.8
282 69 50.1 24.7 53.1
289 66 49.3 23.9 54.5
295 €8 48.8 25.7 54.6
291 74 55.7 27.1 53.8
302 70 49.6 24.8 51.2
293 62 51.1 24.9 50.3
304 76 51.5 24.4 57.2
299 69 49.1 24.0 55.6
277 74 56.0 25.8 56.0
286 74 55.2 25.8 56.6
295 77 50.2 24.8 53.2
297 75 56.1 26.5 50.4
259 58 44.9 22.0 45.0
225 56 39.7 19.1 43.3
257 66 49.5 24.6 50.2
297 77 54.4 27.4 60.5
287 72 55.0 27.0 57.7
300 77 59.1 25.9 55.5
285 65 52.3 26.0 57.0
272 71 56.5 24.7 55.6
294 62 47.3 24.8 50.4
279 65 54.0 25.1 55.7
268 67 44.9 21.4 47.2
181 47 33.6 17.9 37.6
242 61 44.7 20.6 48.7
295 58 54.6 26.6 59.1
291 61 54.5 26.8 52.8
293 67 49.0 24.8 54.7
295 70 50.1 24.9 52.9
274 70 52.3 25.3 53.7
314 73 49.6 25.8 57.9
240 62 48.7 24.6 48.1
257 55 50.3 22.9 49.9
273 65 53.4 26.9 53.8
243 56 50.7 24.1 50.4
246 64 44.8 22.8 47.4
277 64 48.0 22.9 50.6
270 60 46.6 21.4 46.8
244 61 43.9 22.7 47.3
239 61 42.4 20.5 39.7
270 70 50.2 23.8 46.7
243 64 43.1 21.2 47.3
293 74 51.6 24.8 49.9
281 76 53.4 25.6 54.8
248 63 43.8 21.4 44.1
262 62 44.4 22.9 51.1
308 87 54.3 24.8 56.4
260 62 41.3 19.6 43.4
290 75 44.4 22.0 48.0
272 70 53.0 24.5 55.3
290 69 45.9 22.2 44.9
257 66 47.6 21.9 51.1
268 67 46.8 22.6 49.7

TB16 2 282 68 43.2 21.3 49.0

9.9 5.1
10.7 6.0
8.3 5.1
9.2 5.5
9.4 5.7
10.2 6.1
9.3 5.4
9.2 5.9
9.6 5.6
10.0 6.6
10.3 6.3
9.8 5.7
9.15.8
10.1 6.1
9.2 5.8
6.8 4.2
9.1 5.3
10.7 7.0
11.5 6.5
10.1 6.5
10.1 5.6
10.4 6.2
9.3 5.9
10.1 6.0
8.4 5.0
5.6 3.3
7.5 4.4
10.9 6.8
10.6 7.1
9.6 5.7
9.2 5.3
10.3 5.4
9.9 6.0
8.4 5.6
8.5 4.2
9.3 5.7
9.1 4.8
7.0 4.5
8.7 5.8
7.1 4.3
7.4 4.6
7.4 4.0
9.6 5.0
6.5 4.0
9.2 4.7
9.1 5.5
7.0 4.4
7.4 4.2
8.0 5.0
7.3 4.5
6.9 4.3
8.6 4.8
7.1 4.1
8.7 4.8
8.3 4.6
7.7 4.9
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7.4
8.7
7.0
6.3
8.2
8.2
6.9
8.5
7.8
7.1
7.0
7.3
8.4
8.1
7.9
6.6
6.9
5.9
6.9
9.3
8.6
7.7
6.9
8.5
7.1
6.7
7.0
6.2
7.2
9.3
6.8
7.9
7.5
7.5
7.9
8.5
7.0
8.1
7.3

7.2

6.7
6.7
5.5
5.8
8.9
5.6
7.9
7.4
7.5
7.2
7.1
7.5
7.8
8.4
6.8
7.6
6.7
6.8

6.5 6.8 .

7.2 9.2 59.0
6.6 7.7 56.0
7.0 8.6 .

6.9 9.0 56.5
7.3 9.355.0
7.1 8.3 57.5
6.8 10.1 63.0
7.8 7.9 58.0
7.6 10.2 60.0
6.5 9.0 59.5
7.7 11.4 58.5
6.4 9.3 61.0
5.5 10.4 60.5
7.4 9.1 57.0
6.8 8.6 63.5
5.4 6.7 51.5
5.4 8.9 47.0
6.5 7.6 57.5
6.7 9.8 61.5
6.3 10.1 66.0
6.4 10.9 62.0
6.8 11.2 59.0
5.8 8.3 64.0
6.3 9.357.0
6.6 8.6 59.5
5.8 8.255.0
4.4 6.8 40.5
5.7 7.5 57.0
6.6 8.8 59.5
6.2 9.3 60.5
7.3 9.358.5
6.5 10.6 58.0
5.7 9.7 61.5
7.7 10.9 56.0
7.6 10.4 .

5.7 7.2 .

8.6 10.3 .

6.4 10.0 .

8.0 9.2 .

7.2 9.7 .

7.3 9.6 .

6.4 10.0 52.0
5.0 8.4 49.0
6.2 11.2 58.5
6.1 8.4 51.0
9.5 9.7 54.5
7.1 9.6 54.0
6.1 9.6 50.0
6.5 8.4 50.0
6.8 9.5 57.5
6.2 9.2 50.5
6.9 9.4 53.0
8.1 10.9 56.0
6.4 9.5 62.0
7.3 10.0 59.5
7.2 9.1 58.5
6.8 9.4 49.5

21.20
24.15
21.10
22.95
21.80
21.80
22.00
23.65
20.90
21.55
22.45
21.80
23.15
23.55
21.25
23.45
19.80
17.30
21.45
23.00
24.35
24.90
22.20
23.20
21.00
22.75
19.90
14.95
19.55
24.10
22.60
21.30
21.60
21.95
22.50
18.95
18.65
20.75
19.20
16.70
19.00
18.00
18.55
16.75
20.20
17.60
19.35
20.80
17.05
17.60
20.90
16.25
18.45
21.00
18.20
19.65
19.05
17.35
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TB17 1 260 69 43.4 22.9 45.4

2
3
2
1
2
2
1
1
2
1
2
2
2
1
2
2
1
2
1
2
2
1
2
2
1
2
2
R31619 2
2
1
2
2
1
1
2
2
1
2
1
2
1
1
2
1
1
2
2
1
2
2
1
1
1
1
1

NRWELS 1

282
192
245
276
263
260
270
240
220
245

316
315
292
239

275
291
270
259
257
268
226
253

319
265
278
276
303
238
262
270
290
299
282
292
273
300
286
273
281
271
285
305
265
279
215
291
289
294
304
297
287
287

73
S0
65
74
57
75
71
53
47

60

60

70
72
62
68
63
62
61
62
70
56
62
72
70
73
64
72
69

48.1 22.9 49.4
34.3 18.3 41.2
44.3 22.2 47.9
48.8 23.8 55.8
44.9 20.4 43.7
42.8 20.5 49.5
51.6 22.9 53.6
46.2 22.5 51.0
37.8 20.0 40.0
58.1 26.7 63.5
54.7 24.9 59.3
56.0 27.6 61.3
66.2 24.8 58.2
63.0 27.0 64.2
41.5 19.5 46.1
48.7 24.1 50.7
48.9 25.3 52.0
48.8 22.8 50.1
48.4 25.1 S53.9
42.6 22.3 43.2
42.9 22.0 49.9
48.0 24.4 49.3
39.5 20.4 44.4
42.2 21.6 49.3
50.7 24.1 55.8
47.8 26.6 54.7
51.8 25.2 55.9
45.4 22.7 49.6
45.1 22.9 50.4
49.4 25.6 52.2
48.5 25.2 53.2
39.0 21.3 47.8
51.0 26.2 54.5
50.1 25.3 52.1
48.9 25.4 52.5
50.4 23.9 49.9
54.4 25.8 50.6
52.7 26.3 57.7
50.7 26.8 53.6
48.4 25.0 54.3
51.8 24.7 53.6
52.8 26.3 55.4
51.1 25.2 56.9
48.6 24.8 51.9
54.0 25.0 53.9
50.6 25.1 53.7
46.3 24.2 46.6
52.6 26.3 55.0
33.7 18.5 43.8
49.6 25.6 52.4
55.9 28.5 56.9
52.3 27.4 53.3
57.5 27.0 54.6
57.6 24.7 57.2
60.1 28.6 62.5
53.8 27.1 56.2

7.9
8.3
5.9
7.7
9.7
7.4
7.7
7.9
7.6
6.7
9.7
10.0
10.0
9.3
10.9
6.7
8.2
9.4
8.0
7.0
8.5
8.3
6.8
6.7
9.2
9.1
9.0
7.3
7.5
8.8
7.7
6.7
9.3
8.3
9.3
9.2
9.1
7.5
8.7
8.5
8.0
9.7
8.9
8.7
9.2
8.0
8.1
8.5
6.1
9.1
9.4
8.8
9.7
9.3
9.0
8.6

4.8
4.9
3.7
4.9
5.5
4.8
4.5
5.4
5.1
4.3
5.6
5.9
6.7
5.8
6.7
4.3
4.7
5.4
5.7
4.9
4.7
6.0
5.2
4.3
3.9
5.5
5.0
5.5
5.1
5.4
5.7
4.8
4.3
6.3
5.9
5.9
5.4
4.9
4.4
5.6
5.7
4.5
6.2
4.4
5.7
6.0
4.8
4.8
5.8
3.3
4.6
5.8
4.8
5.3
6.0
5.2
4.5

NRWE16 1 288 65 56.9 27.3 61.1 10.5 6.2

- 180 -

8.2
7.8
6.1
6.5
8.1
5.8
6.7
5.4
7.8
6.2
8.3
8.1
9.0
7.8
9.1
7.0
9.2
8.1
7.9
6.8
6.5
7.5
8.5
6.7
6.5
7.3
8.6
7.9
7.4
7.8
8.0
7.8
6.0
7.6
7.7
8.5
8.5
6.6
7.7
9.4
7.8
7.5
8.8
8.3
7.8
8.4
8.7
8.5
8.4
6.2
7.8
10.8
8.0
9.8
8.4
8.9
8.3
7.8

7.4
8.1
5.7
5.9
6.5
6.0
6.5
6.3
7.1
5.4
6.8
9.1
7.8
7.8
8.4
6.2
6.7
4.2
6.8
8.3
5.6
4.4
6.7
5.2
8.0
4.8
5.8
6.1

"7.0

7.1
5.5
8.6
5.4
8.1
6.7
8.5
5.8
5.7
5.9
7.2
6.6
7.8
6.6
7.8
9.1
8.1
8.0

9.9
10.1
6.9
9.6
10.9
9.4
8.4
9.3
10.6
5.2
11.2
10.5
12.2
12.6
10.6
10.0
10.3
6.7
10.0
8.1
6.9
6.7
11.2
8.4
7.9
5.8
11.2
10.6
9.8

11.4

8.8
11.0
9.8
8.4
10.4
11.8
7.3
9.3
11.7
13.0
9.9
9.0
8.4
9.1
11.4
8.6
9.6
10.5
11.1
11.5
12.1

54.0
54.5
42.5
53.5
59.0
52.5
83.5
58.0

58.0
58.0
58.5
55.5
50.0
53.5
58.5
43.5
50.5
60.5
58.5
57.0
48.0
53.0
56.0
58.0
48.0
56.5
59.5
55.0
55.5
60.0
55.5
62.0
57.5
58.0
57.5
56.5
58.0
58.5
58.0
56.0
60.5
40.5
55.0
60.0
60.0
60.5
59.0
62.5
63.0
58.5

17.90
19.15
14.15
18.60
20.95
17.70
17.60
19.85
18.25
15.35
23.20
21.60
21.05
21.00
23.85
15.90
19.35
20.70
20.40
19.85
18.10
17.80
19.00
16.00
17.70
20.75
19.85
20.35
18.60
17.80
20.75
19.95
16.45
20.80
19.80
20.30
20.30
21.75
19.40
20.00
19.70
20.65
22.70
21.05
20.50
21.85
20.40
18.95
21.25
14.50
19.45
21.20
21.25
22.55
21.95
23.00
22.40
23.45

11.65
12.80

9.10
12.45
13.35
11.20
11.40
12.60
12.50
10.45
15.30
15.15
14.85
14.50
15.30
11.15
12.45
13.60
13.15
12.85
11.50
11.70
12.10
10.15
11.80
12.90
12.70
13.55
12.40
11.40
13.15
12.75
10.20
13.35
13.05
13.40
12.65
14.20
12.75
12.90
12.80
13.75
14.15
13.50
13.00
13.75
13.40
12.45
13.30

9.65
12.90
13.30
13.95
14.60
14.40
14.95
14.45
15.25
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Pt. Pearce

4

NRWEO6 1 290 71 54.6 26.3 55.7

NRWEOS
NRWEO4
NRAEO7
YPO1
YPO2
YPO3
YPO4
YPO5
YPO6
R31587
R31588
R30391
R30392
R30390
R30393
R303%4
R30395
R30396
R30397

PTP10
PTP11

PTP13
PTP14

PTP16

PTP17

PTP18

PTP19

PTP20

PTP21

PTP22
WRDO11
WRD212
WRD213
WRD214
WRD215
WRD216
WRD217
WRD218
WRD219
WRD220
WRD221
WRD?2?
WRD222
WRDOS4
WRD135
WRD223
WRDOS9
WRD224
WRD225
WRD226
WRD160
WRD227
WRD178

1
1

2
3
3
1
2
1l
1
2
2
2
2
1
1
1
1
2
1
2
1
1
3
1
2
2
2
2
2
2
b
1
1
1
1
b
1
3
2
2
2
1
2
1
1
2
2
2
2
1
2
1
1
1

2

300 63 53.6
287 77 51.4
299 60 48.7
181 44 30.0
181 54 30.1
305 75 51.1
294 70 47.5
303 75 53.1
270 81 48.4
277 64 46.3 22.5
290 70 46.8 25.0
265 53 46.9 22.6
279 49 49.8 25.4
263 66 55.8 24.6
293 . 56.1 24.1
275 63 51.9 22.1
268 63 52.2 21.5
275 59 48.8 22.9
263 63 49.7 22.5
276 71 46.7 24.7
278 82 49.5 24.2
294 71 59.2 24.5
183 51 32.5 16.1
289 69 49.1 23.9
280 60 44.5 22.5
289 64 45.4 21.3
278 63 59.5 22.9
283 75 48.8 21.9
257 53 41.6 21.5
287 72 46.2 23.6
289 70 55.1 26.5
280 72 51.9 25.9
275 70 47.6 22.6
303 70 59.0 27.2
302 76 54.8 25.9
255 64 43.9 22.3
252 57 45.6 23.1
172 47 30.5 15.2
285 76 44.5 21.4
270 68 47.1 22.5
231 63 40.6 20.3
266 63 47.4 22.9
278 70 44.3 21.6
270 61 50.7 24.6
263 80 49.6 23.5
269 71 44.9 21.2
250 62 42.5 20.8
234 57 38.5 19.2
288 68 48.6 25.0
290 77 53.2 26.5
304 72 48.1 24.0
287 71 54.1 25.8
267 81 49.7 14.1
300 73 55.3 27.0

. .+ 36.218.3
245 66 40.6 20.5

28.0
25.3
24.3
16.0
14.8
24.4
24.7
24.6
24.2

58.7
58.7
51.5
13.7
31.8
51.1
49.1
51.3
47.3
48.4
50.4
49.4
50.5
55.6
57.8
55.3
57.2
49.3
50.8
49.4
50.9
52.8
36.7
53.7
48.5
47.8
51.2
49.6
4.1
49.5
53.8
58.3
48.7
60.8
56.2
45.9
48.6
4.1
4.4
45.6
41.9
46.4
46.5
51.4
49.4
45.4
4.7
39.7
48.3
55.3
51.0
54.8
51.3
56.0
41.1
38.7

WRD109 2 284 66 47.9 22.5 48.0

9.3 5.2
9.7 5.7
8.3 4.9
8.15.2
6.7 3.7
5.7 3.5
8.2 5.2
8.8 4.3
8.8 5.0
7.8 4.3
8.1 4.7
7.9 5.2
7.7 5.1
8.4 4.9
8.7 5.0
8.7 5.7
8.0 5.7
7.8 4.7
5.2 9.1
7.1 4.9
8.2 4.8
7.1 4.7
5.6 3.4
8.7 5.3
8.8 5.1
8.7 5.0
8.1 4.9
8.6 5.1
7.0 5.6
8.3 5.0
8.5 5.8
8.9 5.8
7.8 5.7
10.5 5.9
9.7 5.8
8.1 4.9
8.1 4.8
6.3 3.2
8.4 4.7
7.9 5.2
6.7 4.3
8.9 4.8
7.9 4.9
8.6 5.6
9.0 5.1
7.1 4.1
6.8 4.6
5.8 3.2
8.0 4.4
10.0 6.7
9.7 5.6
8.5 5.2
8.8 5.6
9.3 6.2
6.8 3.6
8.14.4
8.2 5.5
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8.4
8.5
7.8
7.5
6.3
5.0
8.2
8.1
8.5
8.5
6.7
7.8
7.4
8.4
6.6
8.4
7.4
8.1
7.4
7.4
7.9
7.6
8.4
6.1
7.3
7.8
6.5
7.5
7.7
6.2
6.9
8.8
9.3
6.5
8.8
8.0
7.1
8.0
4.9

8.0

7.1
7.1
8.0
7.2
7.4
6.4
6.9
6.2
5.8
7.8
8.1
8.4
7.9
7.5
6.6
5.1
4.5
7.9

7.3
7.5
6.9
7.9
5.0
5.2
9.3
7.6
7.1
6.5
6.3
7.4
7.8
7.2
7.9
8.5
6.5
7.9
5.7
6.2
6.1
7.1
6.1
4.5
5.9
6.0
7.0
7.9
8.0
5.5
7.1
8.5
7.4
7.4
9.4
7.3
7.4
7.3
4.5
8.4
6.8
6.2
7.4
7.0
7.6
7.0
7.4
5.8
6.4
7.3
8.5
6.9
8.2
7.3
7.5
6.3
7.4
8.2

12.8 60.5
11.6 60.5
9.4 60.0
11.4 59.5
8.1 35.5
6.4 37.5
10.1 61.5
9.3 59.5
10.1 60.5
10.6 58.0
8.9 54.5
10.0 54.0
8.3 53.0
10.6 51.0
10.4 56.0
10.7 56.0
9.2 53.0
12.7 50.0
8.0 48.0
8.8 56.0
9.2 56.0
9.5 60.0
9.4 60.0
6.1 36.5
. 56.0
56.0
51.0
55.5
55.0
9.0 49.5
57.0
62.0
59.5
57.0
71.0
64.5
55.0
54.5
34.5
51.5
58.0
51.0
57.0
7.2 54.0
8.6 55.0
8.4 58.0
9.6 55.5
8.8 55.5
8.2 49.0
8.4 55.5
10.4 63.0
9.8 59.5 20.20
11.3 63.5 21.05
9.7 56.0 20.00
10.2 65.0 22.35
6.6 . 14.80
9.4 50.5 16.90
8.9 53.5 19.60

21.85
22.10
20.50
19.70
13.00
12.55
20.55
18.20
20.45
19.45
19.10
18.95
18.85
19.90
22.20
21.90
19.70
20.20
19.60
20.00
19.15
19.80
19.40
13.45
19.75
19.65
17.85
19.20
19.70
17.65
18.40
21.50
20.90
19.30
23.20
21.85
18.35
18.40
12.70
17.60
18.95
16.25
19.65
17.60
21.05
19.55
18.70
17.00
15.45
19.50
23.05

8.5
8.3
9.4
7.5
10.3

14.75
13.90
13.25
13.05

8.30

7.90
13.25
11.75
13.10
12.9%0
12.95
12.50
12.80
13.75
14.80
15.95
13.40
13.50
12.95
14.15
12.25
12.95
12.65

8.80
12.85
12.65
11.20
12.00
12.50
11.05
12.45
14.35
13.60
12.45
14.45
14.30
11.65
11.60

8.60
11.10
11.90
10.60
13.10
11.45
13.30
12.85
13.00
11.70
10.00
13.00
14.70
12.55
13.25
12.75
14.15

9.30
11.15
12.70
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WRD122
WRD228
WRD229
WRDO31
WRDO32
WRD232
WRD231
WRD230
WRD233
WRD234
WRD113
WRD235
WRD123
WRD251
WRD252
WRD253
WRD254
WRD255
WRD256
WRD1S4
WRD248
WRD249
WRD250
R315%4
R31595
R315%6
WRD283
R31037
R31038
R31479
R31480
R31481
R30388
R30389
R1393A
R1393B
R1393C
R1393D
R1393E
R1393F
R1393G
R1393H
R13931
R31577
R31592
R31593

R1256

Pt Vict

Maitland
Minlaton R31589
Innes NP RI16972
Bdithburg R31578
R31590
R31591
Troubridge R31419
R31418

1
2
1
1
2

1
1
1
2
1
1
1
1
1
3
1
2
2
2
1
2
1
2
2
2
1
2
2
2
1
1
2
1
2
2
2
1
1
2
1
2
1
1
1
2
1
1
1
1
2
1
1

2
1

225
266
277
269
270
264
280
266
267
254
251
264
279
293
169
280
239
265
277
269
238
252

270
256
266
266
258
275
273
271

262
250
150
132
145
125
145
150
143
144

270
272
297
228
223
218
303
281
279
261
258

60 40.4 20.2 46.3

69
79
66
68
78
79
67
67
66
71
66
73
70
43
72
55
58
56
62
69
73
70
61
68
65
58
48
S5
58
7
62
58
52
30
24
25
23
21
30
26
29
24
67
64
75
48
54
58
72
71

4.2
50.1
51.9
46.9
48.7
51.2
50.9
45.7
41.8
45.1
46.1

48.6

54.4
30.0
51.6
43.2
45.0
46.8
52.1
41.2
45.3
49.1
46.6
42.1
50.3
47.2
46.5
48.4
49.6
47.4
39.9
53.3
42.6
31.1
28.7
28.5
29.3
29.6
31.7
29.5
30.3
28.6
46.8
56.2
39.3
40.5
39.1

51.8

21.4
24.1
24.1
23.1
24.2
23.9
24.2
22.2
21.5
22.5
23.1
24.7
25.6
16.3
24.8
21.5
20.1
23.2
23.4
20.8
22.1
23.5
23.0
21.8
23.0
23.1
21.9
24.5
23.8
23.4
19.5
25.0
20.2
15.5
12.9
14.4
12.8
15.1
13.1
14.7
14.2
14.5
24.9
26.7
22.3
21.7
10.7

22.9

46.6
50.0
51.5
43.7
49.5
46.2
50.7
4.9
43.7
46.3
4.6
51.9
50.4
34.4
55.6
43.5
46.7
51.4
49.5
45.2
48.5
50.2
4.5
4.1
50.4
43.8
46.4
48.6
49.4
48.2
38.3
52.6
42.5
31.6
24.1
27.8
23.8
27.8
26.0
29.5
25.4
29.0

52.8
52.8
46.7
45.7
10.9

50.7

72 51.8 24.4 52.2
22.2 48.2
60 51.8 22.7 51.3

60

42.5

R20819 2 228 47 42.1
TROUO7 2 278 58 44.8
TROUOS 1 284 71 55.1 25.5 55.9
TROUO9 2 270 65 47.7 22.9 47.8

21.0 41.9
22.8 48.3

6.6
7.0
8.7
8.3
8.4
7.9
9.1
8.7
8.4
6.8
7.8
7.7
8.4
8.7
5.6
8.5
7.8
8.2
8.5
8.2
6.8
7.9
8.9
8.0
7.5
8.9
8.5
7.6
7.9
8.4
7.2
9.0
7.1
5.3
5.0
5.7
5.7
5.7
6.2
5.5
4.8
5.3
7.9
10.1
7.5
6.8
6.5
9.1
9.1
6.5
9.6
6.6
8.4
7.5
8.2

4.0
4.1
5.5
5.1
4.8
4.5
4.8
5.2
4.9
4.7
4.9
4.8
5.5
5.7
3.3
5.3
4.4
4.6
5.6
4.5
4.4
4.3
5.2
4.6
5.0
5.4
4.8
4.4
5.1

5.2
4.4
5.8
4.6
3.6
3.7
3.2
3.0
3.6
3.5
3.6
3.7
3.2
4.7
5.4
4.7
4.2
4.7
5.4
4.8
5.8
5.5
4.6
4.6

4.3
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6.8
6.6
7.2

.6.9

5.9
7.2
7.9
8.1
6.7
5.7
5.9
5.7
7.4
8.2
5.8
6.8
8.4
7.4
6.7
7.9
6.0
7.3
8.5
7.8
6.8
7.1
6.0
6.7
7.1
6.8
7.1
6.6
8.0
7.1
6.1
6.1
5.5
5.6
5.5

5.7 .

6.1
5.3
4.8
8.9
8.9
6.6

7.0
6.6

7.4
7.9
8.0
6.7
6.8
7.5
8.2
7.3

5.3
5.9
8.1
7.9
6.7
7.5
6.3
8.0
5.4
6.0
6.2
7.4
8.7
6.8
5.4
7.0
8.5

4.9

7.2
8.4
9.5
8.6
8.2
8.4
9.7
8.1
8.4
7.9
8.3
8.9
10.0
10.3
5.7
8.8
11.3
9.3
9.3
9.8
7.8
8.0
7.3
10.1
9.1
8.7
9.9
8.1
11.3
8.8
8.8
8.3
9.9
5.7
7.0
5.0
6.0
6.3
6.8
6.0
6.4
6.8
6.9
9.2
10.8
8.9
7.8
8.2
9.8
9.1
8.7
8.4
8.5
7.7
8.3
7.7

48.0 16.35
54.0 17.55
56.5 19.90
62.5 20.25
55.0 18.65
57.0 19.50
60.0 20.45
58.0 20.30
56.5 18.50
51.5 17.10
55.0 19.00
5.5 18.85
57.5 20.55
63.0 21.85
36.0 12.35
60.5 20.90
48.0 16.50
54.0 18.15
54.0 18.70
60.0 19.55
50.0 17.00
55.0 18.05
56.0 20.20
. 18.10
51.0 17.85
. 20.10
50.5 19.15
. 16.50

. 18.35

. 19.30
56.0 18.90
53.0 15.40
53.0 21.25
49.0 17.35
. 13.30

. 11.80

. 12.20

. 11.85

. 13.15

. 13.70

. 12.05

. 13.25
12.15

3.5 18.45
63.0 22.00

. 16.90
46.5 17.30

. 15.55
5§5.0 20.25
55.5 20.10
44.5 17.25
52.0 21.15

. 17.05
48.0 19.05
62.5 20.05
50.5 18.90

10.95
11.05
12.95
13.10
11.90
12.25
13.10
12.85
11.55
11.00
12.15
12.35
13.30
14.40

8.05
14.15
10.85
11.50
11.30
12.65
11.00
11.75
12.50
12.25
11.60
12.60
12.30
10.15
12.65
14.25
13.30
10.40
13.60
11.55

9.40

8.50

8.45

8.65

8.95

9.10

8.25

9.15

8.85
11.50
14.80
11.50
10.55
12.90
12.60
12.50
13.95
11.55
12.50
13.15
12.40
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TROUO1 1 270 61 56.7 26.7 57.6

TROU10
TROU02
TROU11
TROU12
TROUO6
TROU13
TROU14
TRXJ15
TROU16
TROU18
TROU17
TROU19
TROUO4
TROU20
TROU21
TROU30
TROJ22
TROU23
TROU24
TROU25
TROU26
TROU27
TROU28
TROU29
Stansbury R12054
Pine Point R12050
Minlacowie R12051
lawra R15434
Kimba area R20797

Whyalla R27311
Kimba area R27315
Cleve R20587
Wanna R30483

R30484
Goose Is G0l

Colona Stn R26361

1257
1281
1260
2 245
2 240
1240
1 268
1 267
244
278
240
278
264
250
240
217
265
273
260
272
174
237
254
258
242
280
265
164
235
1 295
1280
. 263
2 278
2 285
2 322
1 290

NN EFEFFEFMMEDMDOENMNEDMDODENDNNODODMDEDN

61 51.2
67 53.7
58 50.9
57 43.1
49 41.9
52 46.3
56 53.4
52 49.7
58 43.8
61 53.7
64 42.1
60 46.7
60 43.1
57 43.7
60 47.2
53 34.0
61 46.9
63 51.2
67 43.6
62 52.2
39 29.8
55 39.6
61 47.1
60 44.1

. 45.4
56 49.3
59 43.2
34 31.1
37 39.8
56 60.3
50 60.3
58 56.8
58 46.6
59 47.8
64 50.5
71 58.4

24.3 49.4
27.7 53.4
25.4 52.8
21.8 46.5
21.8 45.5
23.4 47.3
25.6 56.3
27.6 56.1
22.5 46.0
25.8 53.8
23.1 48.3
24.4 52.4
24.4 49.3
21.0 47.1
23.1 49.3
17.8 41.0
23.1 50.1
24.8 53.5
21.0 45.8
25.9 56.3
15.7 32.6
19.4 42.0
21.2 49.6
22.1 44.8
23.7 45.4
25.3 52.5
22.3 48.6
15.2 33.7
18.7 42.9
27.3 67.7
26.1 58.2
25.7 56.0
24.4 49.9
23.1 49.5
24.0 52.0
25.0 59.8

9.5
8.6
9.2
8.5
7.0
7.0
6.2
7.9
8.4
7.7
9.1
6.7
8.4
5.8
7.4
7.8
5.4
8.3
8.0
7.7
8.6
5.6
6.7
8.0
7.9
7.0
9.3
7.7
6.0
6.4
11.3
10.7
9.7
8.6
8.7
8.6
7.3

6.0
5.8
4.1
4.8
5.2
4.4
4.2
4.7
6.1
4.7
5.6
4.5
4.9
5.9
4.6
5.2
3.9
4.8
5.7
5.6
5.5
3.0
4.2
4.6
4.8
5.5
7.5
4.4
3.7
3.8
5.8
6.1
4.7
5.4
6.2
5.7
5.6
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9.2
7.7
8.9
8.3
7.9
6.4
7.5
8.2
7.7
8.1
8.2
8.4
8.2
7.4
7.1
7.9
5.4
7.8
6.5
7.7
9.1
4.8
5.3
5.8
5.2
7.2
8.5
6.8
5.8
6.6
8.1
8.4
8.2
7.5
6.6
8.1

7.0
7.8
8.0
6.0
6.1
5.3
6.7
6.8
5.7
6.7
6.4
6.2
5.4
6.3
6.1
6.7
5.0
5.7
7.0
6.9
3.5
5.6
7.0
6.3
7.0
7.0
6.7
5.3
5.6
7.8
7.5
6.7
7.5
6.9
8.5

8.2 10.2

9.7 60.5
9.3 57.5
10.7 57.5
9.9 54.5
9.1 50.5
8.0 46.0
8.0 54.5
8.5 56.5
11.7 53.0
8.4 47.0
9.2 55.0
8.5 48.5
9.4 55.5
8.2 48.5
10.0 49.0
9.1 55.5
8.8 41.5
8.6 51.0
. 56.0
9.3 47.0
9.9 54.0
5.7 37.0
8.4 42.0
8.1 55.0
9.2 48.0
9.2 .
10.2 .
9.3 .
6.0 .
7.0 .
10.8 .
11.2 .
10.3 .
8.8 .
10.5 .
10.5 50.0
0.5 .

22.00
20.30
20.95
20.10
17.85
17.45
18.30
21.55
20.50
18.20
20.95
17.40
19.50
17.05
18.20
18.50
14.20
18.65
20.25
18.20
20.35
13.65
17.00
19.00
18.70
18.40
20.55
18.15
12.75
14.90
24.15
23.50
21.15
18.70
18.65
19.95
22.50

14.15
13.40
13.40
13.15
11.70
11.40
11.40
13.80
13.00
11.55
13.75
11.30
12.30
12.15
11.55
11.50

9.50
12.15
13.30
11.85
13.40

9.35
11.50
11.80
11.90
12.05
13.55
11.90

8.65
10.15
16.45
15.40
13.95
12.60
12.15

15.90
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APPENDIX 5

Raw data for the meristic characters for all T.rugosus included in the
analyses. Data included (in order of collumn) are 1locality of
collection, collection number (either the S.A. Museum register number
or the field number), SLL, SLR, ILL, ILR, SCL, SCR, UPL, UPR, LPL,
LPR, MELD, MELV. See Table 2.2 for the key to character abbreviations.

St. Peter R21944 910 11 11 4 5 10 9 11 9 26 29 40 50
R31477 10 10 10 11 3 3 11 11 10 8 24 26 98 40

R31478 10 11 11 12 3 4 10 8 10 9 21 28 98 40

sT-PO3 11 10 10 10 4 4 12 13 11 11 19 26 30 30

ST-PO4 10 10 11 12 3 3 14 11 10 10 23 31 50 50

sT-PO5 1012101133 . . . . 23 29 20 50

sT-PO6 10 10 10 10 4 4 11 10 11 12 23 26 40 55

ST-PO07 10 11 10 12 4 4 11 12 9 10 23 32 40 30

sT-PO8 10 10 9 10 3 4 10 10 11 11 22 29 40 30

ST-PO9 9 9 9 94412 12 10 11 23 29 20 40

Ceduna R31472 9 9 9 93310 9 8 8 21 28 95 70
R31473 10 10 11 104 3 9 8 10 9 21 23 98 60

Streaky R16933 9 810 11 . « « .« + 21 .10 10
Flinders R31301 10 9 10 9 4 9 9 11 10 21 24 95 40
: R31302 9 9 8105 11 11 9 9 22 24 90 30
R31303 11 11 11 11 4 9 9 9 923 24 95 20

R17275 10 10 10 10 4 11 11 10 11 21 26 90 50

Minnipa R28378 11 12 10 10 4 11 11 11 10 24 24 20 60
R28379 10 10 10 9 4 11 12 12 11 22 28 80 70

R28384 910 9 93 10 10 10 10 22 23 10 40

R28404 11 11 11 10 3 11 11 10 10 22 27 60 40

R28405 11 11 11 11 4 10 11 12 12 22 24 10 50

R28406 10 12 11 10 3 1010 . . 23 25 50 60

R28407 12 13 10 10
R28470 9 10 11 11
R28476 10 10 10 10
R28507 10 11 10 11
R28593 10 11 9 9
R28594 11 10 10 10
R28595 10 10 12 11
R28602 10 10 11 10
R28603 10 10 9 9
R28604 10 10 9 10
R28605 10 9 10 10
R29206 11 11 10 10
Lincoln NP R30485 10 10 10 10
R30486 10 11 12 11
Pt Lincoln R4043 12 10 12 11
Duffield R22771 10 12 11 12
R30468 9 10 10 11
R30469 10 10 11 10
R30470 10 10 9 10
R30471 10 11 11 11

12 10 10 9 23 27 70 80
10 11 10 11 20 25 30 50
11 12 12 12 21 27 30 70
10 11 10 11 22 25 10 90
8 9 9 9 20 25 10 30
8 11 10 10 19 25 40 80
11 11 10 10 23 25 20 70
12 10 11 11 22 28 30 75
11 12 12 12 20 28 5 5
10 10 9 12 21 25 30 10
10 10 11 11 20 24 20 40
12 12 13 11 25 27 20 10
13 12 11 11 23 24 95 60
11 11 11 11 24 23 5 30
11 10 11 12 22 25 40 40
13 12 10 10 27 26 99 80
10 10 11 10 24 27 98 50
10 11 10 11 25 25 98 60
10 10 11 10 26 26 70 70
11 11 12 8 27 28 99 50

LB OV DLEOEDBDWWEDLEDLEWWWWDELELLWLLEDLDLDLDL DL

bW DD DLELEDWNEDLEDLEDLDDdWLWWW:

R30472 11 11 9 11 4 11 8 8 11 26 27 95 40
R30473 . - 1011 310 6 7 9 26 26 99 60
R30474 « +1110. . 2 8 . . 26 29 80 60
DUFF38 9 9111044 S 9 10 11 27 29 95 80
DUFF35 10 10 10 11 3 3 10 10 . 11 24 28 99 75
DUFF39 10 10 10 10 4 3 10 10 11 10 24 29 90 60
DUFF12 13 10 10 11 3 3 12 11 10 10 24 28 95 75
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spilsby

Reevesby

DUFF33
DUFF21
DUFF40
DUFF24
DUFF41
DUFF42
DUFF14
DUFF43
DUFF44
DUFF45
DUFF46
DUFF47
DUFF48
DUFF49
DUFF52
DUFF23
DUFF50
DUFFO02
DUFF51
DUFF19
R30475
R30476
R30477
R30478
R30479
R30480
SPLYOA
SPLYO1
SPLYO02
SPLYOB
SPLYO3
SPLY04
SPLYOS
SPLY06
SPLYO7
SPLYO8
SPLYOS
SPLY10
SPLY11
R31474
SPLY13
R31475
SPLY16
SPLY17
R18591
R18592
R18593
R18594
R30584
R30585
R30586
R30587
R30588
R30589
R30591
R30592
R30593
R31554

10
10
10
10
10

10
11
11

10
12
10
10
11
11
12
11

11
10
11
10
10
11
11
11
11
i1
11
11
10
11

1
Y

10
10
11
10
10
11
10
11
12

11
11

12
10
11
10
11
11
11
12

11
10
10

10

11
10
10
12
10

10
10
12
12
10
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