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Abstract

This project was formulated with the purpose of advancing knowledge of the in-

vasion dynamics of rats within archipelagos in New Zealand. The concentration

on islands reflected the conservation focus of this project - islands are the last

refuges for many native New Zealand species that cannot survive in the wild on

the mainland.

This project can be divided into four areas:

1. Data collection: There was no intent for innovation here, but a deeper un-

derstanding of the environments in which rats are born, breed, migrate, and

die was developed.

2. Development of tools for data exploration:

• A user-friendly point-and-click graphical interface for the R program

was designed to allow any user to easily explore simple genetic charac-

teristics of the data.

• A novel method for exploring the genetic similarity between individuals

was developed and showcased with real data, proving successful in cases

of both high and low genetic differentiation, and in detecting likely

individual migrants.

3. Improvement of a method for estimating migration:

iii
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• An attempt was made to improve the Markov chain Monte Carlo pro-

cedure underlying this method.

• The migration model used by the method was significantly improved,

so that it could cope with any level of migration. Previously, results

from situations where migration rates were high were invalid.

4. Investigated topics of ecological interest:

• Field measurements of rats were used to show that Norway rats tend

to have larger masses than ship rats, southern rats are generally larger

than northern rats, but the effect on mass of living on an island as

opposed to the mainland depends on the latitude. It was also shown

that relative tail length is a good species discriminator.

• Multiple paternity was confirmed for both Norway and ship rats. This

breeding characteristic might form part of the explanation for why rats

are such successful invaders.

During the project, case studies involving rats on Big South Cape Island, Great

Barrier Island and in the Bay of Islands were used to highlight the methods devel-

oped, and provided some unexpected and fascinating results.
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Chapter 1

Introduction

1.1 Motivation and Goals of the Project

One’s ideas must be as broad as Nature if they are to interpret Nature.

Arthur Conan Doyle, “A Study in Scarlet”

New Zealand is home to many unique species of birds, insects and plants. These

species evolved in the absence of mammalian predators. Typical breeding strate-

gies of native New Zealand species, many birds in particular, result in low numbers

of offspring, at long intervals. It is theorised that such strategies evolve so that pop-

ulation numbers do not out-strip resources of limited availability (Stearns, 1992).

When humans began colonising New Zealand, they brought mammalian predators

with them, both intentionally and unintentionally. The earliest Polynesian settlers

introduced species such as dogs (Canis lupus familiaris) and kiore (Rattus exulans),

the Pacific rat, to New Zealand. Later, European settlers introduced goats (Capra

aegagrus hircus), cattle (Bos taurus), possums (Trichosurus vulpecula), pigs (Sus

scrofa domestica), stoats (Mustela erminea) and many other species. Invasive pests

1
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such as two species of rat, the Norway rat (Rattus norvegicus) and the ship rat

(Rattus rattus), were aboard the boats that berthed in New Zealand, and they

quickly managed to establish themselves.

The introduced predators had evolved in a world which required them to breed

often and in large numbers. This required large amounts of energy, and when

resources were plentiful, the numbers of these animals could increase exponentially

to take advantage of the situation.

Faced with these new invaders, much of the native flora and fauna of New Zealand

could not adapt to counter the threat these invaders posed. Many native species

were driven out of their natural areas of habitation, and back into the remote

habitats that were not easily accessible. Those species that could not find refuge

were quickly pushed to the brink of extinction, and often over it.

Rats are among the worst of these introduced pests. They adversely affect the sur-

vival of native species on many different levels, and they are remarkably successful

at establishing themselves in new territories.

Islands that have not been invaded by rats, or those that have been cleared of

rats and maintained as rat-free, are the last remaining refuges of some of New

Zealand’s most endangered native species. The more suitable island refuges that

can be identified, the greater the survival prospects for many of these species.

It is therefore important to understand what makes an island susceptible to rat

invasion.

This study aims to develop tools that will be of use when determining the suitability

of an island or island group as a refuge for threatened native species, once any rats

present are removed. A particular focus is to be able to detect if some islands

hold populations of rats originating from single invasion events, and are therefore

unlikely to be recolonised following successful eradication, or if there is frequent

movement in and out of these populations from populations on surrounding islands
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or the nearby mainland.

1.2 Species of Rattus in New Zealand

There are three species of rat known to have established in New Zealand - R.

norvegicus, R. rattus, and R. exulans. These three species are classed globally

as the three invasive species of rat (I. S. S. G., 2007) , and are a threat to New

Zealand’s natural biodiversity and native plants and animals. This threat arises

from:

• Direct predation;

• Resource competition;

• Habitat destruction;

• Predator attraction; and

• Reduction of breeding success.

(Towns et al. , 2006)

Rats, and in particular the larger rat species, R. norvegicus and R. rattus, are

known to prey directly on chicks and smaller bird and lizard species. However,

they can facilitate even more devastating effects by out-competing the native ani-

mals, or altering the natural surroundings. A large proportion of a rat’s diet can be

made up of insects such as weta (native New Zealand insects in the families Anos-

tostomatidae and Rhaphidophoridae), which native bird species may rely on. Also,

rats eat the seeds of native plant species which might be food sources for native

birds, or which grow into trees that comprise an integral part of the understory of

the forest, providing shelter for native species. In years of high density, rats can

attract their own larger mammalian predators in large numbers. When the density
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of rats decreases, their predators are forced to look elsewhere for food, readily tar-

geting native animal species. Native animals that have evolved in the absence of

mammalian predators are typically unprepared to cope with this situation. Finally,

studies have shown the mere presence of rats can contribute to a lower breeding

rate among native New Zealand birds (Imber et al. , 2000). This might be through

birds having fewer successful broods, or the adult birds abandoning their chicks in

the nest.

1.2.1 R. norvegicus, the Norway Rat

‘What’s a little wet to a Water Rat? I’m more in the water than out of it

most days.’

Kenneth Grahame, “The Wind in the Willows”, spoken by Ratty

R. norvegicus, commonly known as the Norway rat or the brown rat, is the largest

of the species of rat in New Zealand. Distinguishing features include small ears that

cannot easily be pulled to cover the eyes, and a tail which is typically visibly shorter

than the head-body length, with a pale underside. The upper coat is always brown,

while the underside is an irregular white and grey colour. It is the most commensal

of the rats in New Zealand, commonly being found close to human habitation, for

example in and around rubbish dumps and in sewer systems. Norway rats are

also known to prefer living around water sources, such as creeks or drains, and are

the most capable swimmers among the species, having been confirmed swimming

up to 400m across open water (Russell et al. , 2005), and thought to be able to

swim up to a kilometre from shore (Moors, 1990; Innes, 2001). For this reason,

our project initially focused on Norway rats, since they would be the most likely

to make intentional movements between islands.

While Norway rats are capable of climbing, they tend to prefer life on the ground,

commonly building burrows into soft banks. Norway rats are often typified as
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being the most aggressive of the three species, perhaps due in part to their size

and are thus expected to dominate the other species, and ultimately displace them

when they share an area (Yom-Tov et al. , 1999). This is the case in Europe, where

Norway rats have encroached upon the territories of the earlier established ship

rats, forcing the ship rats into smaller and smaller areas, and in some cases totally

replacing them (Russell and Clout, 2004). However, in New Zealand observations

seem to indicate it is the ship rats who are able to displace Norway rats, owing to

the observation that ship rats are much more widespread than Norway rats. This

might be because ship rats are more adaptable, living terrestrially or arboreally,

whereas Norway rats prefer to live on the ground. Introduced mammalian preda-

tors to New Zealand also tend to hunt on the ground, which leaves the Norway

rats more vulnerable. Without the presence of an arboreal predator to threaten

them, ship rats are able to take refuge in the canopy of trees.

Norway rats are particularly distrustful of new objects in their environment, a

psychological response known as neophobia. This means that it is often most

effective to leave traps baited but unset prior to an eradication campaign, in order

to familiarise Norway rats with the equipment, and reward any investigation.

1.2.2 R. rattus, the Ship Rat

‘Believe me, my young friend, there is nothing – absolute nothing – half

so much worth doing as simply messing about in boats. [...] In or out of

’em, it doesn’t matter. Nothing seems really to matter, that’s the charm

of it. Whether you get away, or whether you don’t; whether you arrive

at your destination or whether you reach somewhere else, or whether you

never get anywhere at all, you’re always busy, and you never do anything

in particular.’

Kenneth Grahame, “The Wind in the Willows”, spoken by Ratty
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Other common names for R. rattus are ship rats, bush rats, and black rats. Despite

the name, ship rats are no more likely to stow away aboard ships than Norway rats.

However, ship rats are not so adept at swimming, so migration between islands is

more likely to be unintentional, for example by stowing aboard boats that travel

between islands, or floating on natural materials that have been carried into the

water. Ship rats typically have smaller bodies than Norway rats, while their tails

are typically longer than their head-body length, perhaps useful when they spend

as much time climbing in trees as foraging on the ground. They have larger ears

than the Norway rat, which can easily be pulled forward by an investigator to

cover the eyes. Ship rats come in a variety of colours, with the three most common

morphs being:

• alexandrinus: Brown coat with grey underside

• frugivorous: Brown coat with creamy-white underside

• rattus: Black coat with grey underside

There have not been any studies to date to suggest that ship rats preferably mate

with the same morph, and intermediate morphs have been observed (Innes, 1990).

Ship rats are the most widespread rat found in New Zealand, fully capable of

displacing established colonies of Norway rats. For this reason, ship rats abound

in mainland areas, other than around human habitation, whereas Norway rats

typically only dominate on islands, in addition to urban areas. Because of their

widespread distribution, it was soon found to be necessary to include ship rats in

this study.
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1.2.3 R. exulans, the Pacific Rat

I must down to the seas again, for the call of the running tide,

Is a wild call and a clear call that may not be denied;

John Masefield, “Sea Fever”

R. exulans is the smallest of the rat species found in New Zealand, and can be easily

mistaken for immature ship rats, or mice. These rats are also known as Pacific rats,

or by the native Māori of New Zealand as kiore. A common misconception is that

kiore are a native species, when in fact they were introduced to New Zealand with

the early Polynesian settlers, possibly intentionally as a food source. Although

they have been in New Zealand much longer than the other two species, they

cannot be classed as native.

Perhaps due to their small size, it was once thought that kiore had little adverse

effect on the native animals of New Zealand, but subsequent analysis showed that

kiore were just as capable of eating seeds and insects that native birds relied on

for food, and destroying seeds of native plants before they had time to germinate,

thus causing habitat change. Despite their small size, kiore have been observed

taking eggs from the nests of ground dwelling birds (Booth et al. , 1996).

Kiore behave similarly to ship rats by foraging both on the ground and in trees.

Their ears will also easily cover their eyes when pulled forward, just as a ship rat’s.

The tail length is usually close to the length of the head and body combined, while

their colouration is similar to Norway rats’, or the frugivorous morph of the ship

rat. The most distinctive identifying feature of a kiore is a diamond-shaped patch

of darker hair which is found close to the ankle of the hind foot.

The kiore has been displaced by the larger, more recently arrived rat species, and

is now primarily found on distant off-shore islands, and in the deepest regions of

the bush in Fiordland, at the bottom of the South Island of New Zealand. Due
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to their rarity compared to the other rat species, and because we wished to be

sensitive to the culture of some of the native Māori people who regard the kiore as

a sacred treasure, we chose not to include the kiore as part of our study.

1.3 The Effect of Rats on New Zealand Ecosys-

tems

All three species of rat present in New Zealand are classed as invasive pests (I.

S. S. G., 2007). The native animals of New Zealand evolved in the absence of

mammalian predators. Indeed, the only mammals present in New Zealand prior

to the arrival of humans were insectivorous bats (Mystacina spp.; Chalinolobus

tuberculata). Consequently, the native birds of New Zealand did not have the

means or the inclination to defend themselves against mammalian invaders. For

example, many native birds are flightless, a strategy that does away with the

expense of energy required to fly. Many native birds are also slow breeding, perhaps

a measure to reduce the chances of overpopulation. Also many aspects of breeding

behaviour depend on sporadic naturally occurring signals or events, for example

the reluctance of kākāpō (Strigops habroptilus) to breed until there is a rimu tree

(Dacrydium cupressinum) mast.

It is hardly surprising then that rats and other introduced predators had such an

impact on the numbers of native animals when they invaded. This observation

may be clearer with the benefit of hindsight however, as the threat that rats

posed to native wildlife was not widely acknowledged until after the mid-1960s. A

classical example of this oversight is the 1960s invasion of Big South Cape Island

(Taukihepa) off the south-western coast of Stewart Island, at the southern extreme

of New Zealand. Around 1964, the presence of rats was first detected on the island.

Although there was a large amount of concern shown at this development, it was

countered by the opinion that the rats would reach a natural equilibrium with
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the native animals with no harm done in the long-term. By the time opponents

of this view could persuade authorities to mount a research mission to judge the

actual effects on the native biota, at least three native species found only on

Big South Cape had been driven to extinction. These were the Stewart Island

snipe Coenocorypha aucklandica iredalei, the New Zealand Greater Short-tailed

bat Mystacina robusta, and Stead’s bush wren Xenicus longipes variabilis. It is

possible even more species of birds, insects, and plants became extinct during

this time, with no record of the presence being made prior to their extinction. A

desperate rescue bid was made to save other critically endangered species from the

island once the effect of the rats was understood (Bell, 1978).

1.4 The Importance of Understanding the Inva-

sibility of Islands to Rats

He will win who knows when to fight and when not to fight.

If you know the enemy and know yourself, you need not fear the

result of a hundred battles. If you know yourself but not the enemy, for

every victory gained you will also suffer a defeat. If you know neither the

enemy nor yourself, you will succumb in every battle.

Sun Tzu, “The Art of War”

Islands are the last refuges for some of New Zealand’s rarest native species, lead-

ing to the islands being described as analogous to lifeboats (Bellamy et al. , 1990).

Because of their finite area, they are able to be scrupulously monitored to main-

tain a pest-free status. As such, they are ideally suited to the reintroduction of

threatened species which can be protected on the islands until they are ready to

be reintroduced to the mainland, if that possibility is ever feasible.
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However, the costs of ensuring that all pests are removed from an island, and that

the island remains pest-free are substantial. The risk that an island which has had

all the pest species eradicated is reinvaded might be enough to remove that island

from the list of suitable habitats for native recovery. It is therefore imperative to

be able to quantify the risk of reinvasion for any island under consideration for pest

eradication. By avoiding wasting time, energy, and resources where the chances

of success are relatively low, greater support can be built for treating areas where

the chances of maintaining a pest-free status are high, and the risk to some of New

Zealand’s rarest species is minimised.

To effectively treat an island so that it is suitable for native wildlife reintroduction,

it is necessary to

1. determine which pest species are present on the island;

2. eradicate the pest species on the island completely;

3. remove pest species from surrounding areas which might be able to repopu-

late the island in question; and

4. monitor the island’s pest status effectively so that any reinvasion is quickly

detected and treated.

The goal of this project is to develop statistical methods which contribute to the

identification of suitable island restoration habitats. In order to detect which

islands would make the most suitable habitat, it is necessary to determine the levels

of continuing migration of rats between the candidate island and surrounding rat

populations. The success of any eradication campaign relies on all the rats present

being eliminated, and neighbouring rats not migrating to fill the void once the

resident rats are eliminated. We want to investigate to what extent the eradication

campaign has to be applied in order to predict to a high probability that rats will

not reinvade the candidate island within a certain timeframe.
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In order to assess the levels of movement between populations, we chose to detect

migration events using genetic markers, rather than trying to physically tag ani-

mals in one population and attempting to detect migrants in another population.

Using the rats’ genetics, it is possible to detect a migration event that resulted

in a successful breeding (the only migration event that is ecologically important),

even if we had not detected the migrant rat prior to its movement away from its

original population, or once it arrived in its new population. The genetic markers

act like traditional tags, except every rat has a tag without any intervention from

the investigator. The downside is that the investigator does not get to choose the

form of the tag, and it might be from a population unknown to the investigator.

These are the problems that we attempt to resolve through our statistical analysis.
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Chapter 2

Fieldwork Methods

Thou, nature, art my goddess; to thy laws my services are bound.

William Shakespeare, “King Lear”, Act I Scene II

At the inception of this project, the aim was to characterise the spatial movements

of rats along an archipelago. The scope of the project was therefore restricted to

the Norway rat, R. norvegicus, since it is widely believed to be the most capable

and ready swimmer (Innes, 2001). To target this species, traps were laid in its

favoured habitats. Norway rats are known to be commensal with humans, so

traps were arranged around areas of human activity, particularly around food

sources such as rubbish bins. Away from human habitation, Norway rats are

thought to prefer proximity to water sources, such as streams, and areas around

the coastline (Moors, 1990). Rats from coastal habitat would be ideal for this

project, as these individuals or their close relatives would be the most likely to

intentionally migrate toward an opposing island, or find themselves washed into

the water and subsequently find their way to another island.

A pilot study was conducted on Waiheke Island, in the Hauraki Gulf of Auckland

(see Chapter 4). Only six rats were caught over 181.5 corrected trap nights, all

15
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ship rats, R. rattus. With the prospect of lean sample sizes, it was decided to

broaden the scope of the project to include ship rats. Contributing to this deci-

sion was the presence of ship rats on a number of archipelagos in New Zealand

where samples could be readily obtained. By the conclusion of the field-trapping

operations, it had been discovered that ship rats were far more commonly detected

on island archipelagos and around the surrounding coastal mainland than Norway

rats. Although ship rats are considered less likely to intentionally enter the water,

and less likely to successfully traverse long distances between islands (Innes, 1990),

it is likely that they benefit from human assisted transportation between islands,

perhaps on small boats or rubbish barges. Populations of ship rats in mainland

coastal forest habitat seem to be able to prevent Norway rat populations from

establishing. Because ship rats predominate in these coastal regions, rats uninten-

tionally swept into the ocean and carried to the islands are more likely to be of

this species.

2.1 Study Sites

Study regions were concentrated on the upper North Island of New Zealand for

logistical reasons, but an important region was also established on Stewart Island

in southern-most New Zealand. See Figure 2.1 for a map of the major study

areas. Table 2.1 details the number of samples taken and the number of samples

genotyped at each location.

2.2 Fieldwork Methods

Fieldwork methods were based on close variations of Department of Conservation

standard operating procedure (Roberts, 2003; NZ DoC, 2004). These skills were

acquired at the beginning of this project on a five-day fieldtrip to Moturemu Is-
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Figure 2.1: Map of New Zealand showing the major sampling areas for this project. See

Table 2.1 for details of the number of samples taken in each area, and chapter references

in this thesis where these areas are featured.
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Samples Chapter

Location Provided Genotyped References

A. Bay of Islands 497 424 9, 11, 13, 14

99 R. rattus

325 R. norvegicus

B. Great Barrier Island 224 218 9, 11, 13

R. rattus

C. Stewart Island 292 238 7, 9, 13

198 R. rattus

40 R. norvegicus

D. Hauraki Gulf 74 56 4, 13, 14

39 R. rattus

17 R. norvegicus

E. Kaipara Harbour 31 27 13

R. norvegicus

F. Goat Island, Leigh 94 94 8, 13

93 R. rattus

1 R. norvegicus

Table 2.1: Table of geographical areas from which samples were obtained. Alphabetical

labels refer to the areas marked in Figure 2.1

land in the Kaipara Harbour as part of an associated investigation. This fieldtrip

involved:

• evaluating the ability of wax tags to detect rat activity

• kill-trapping rats using snap traps

• live-trapping rats using live traps

• anaesthetising live rats and taking morphological measurements

• taking genetic samples from all rats caught
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For the purposes of the project presented in this thesis, no live trapping of rats

was carried out, nor were wax tags used to detect rat presence. However, the trap

layout style and method of collecting genetic samples learned during this fieldtrip

were applied to all future fieldwork associated with this research.

On Moturemu, snap-traps were covered with prefabricated squares of wire-netting,

shaped to form three-dimensional covers. A hole was left at the opening to allow

rats to enter, but was small enough to prevent larger non-target species from

entering. Wire covers have been shown to be the most effective cover types based

on catch success in earlier studies (Weihong et al. , 1999). This might be because

the rats are more comfortable entering the cover when they can still monitor the

surrounding environment. However, these covers are also more prone to result

in the capture of non-target species than other trap covers, and are not weather

resistant. This means that bait has to be replaced whenever there has been rain

in the previous day.

For future fieldtrips, trap-covers were prefabricated from 0.5mm gauge aluminium,

precut and folded so that they could be carried flattened, then shaped by hand

(Figure 2.2). These covers were open at both ends, although the front of the cover

was adjustable to prevent larger non-target species from approaching the traps.

Because the rear of the covers was left open, they had to be backed against a solid

surface so that the rats approached the trap from the front. Alternatively, two

traps and covers could be set back-to-back, so that regardless of the direction of

entry, a rat would approach a trap from the correct direction. The front of the

covers could be variably bent to increase or decrease the size of the opening, which

was useful on uneven ground. Research has suggested that rats show increased

wariness to shiny objects (Weihong et al. , 1999), so surrounding plant material

was draped across the covers to reduce their lustre. Despite being unable to see

beneath a trap cover prior to entry, rats are unlikely to be reticent about entering

beneath the cover since they are faced with the same scenario whenever entering

a ground-nesting bird’s burrow.
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340mm

300mm

100mm

113mm

40mm

Figure 2.2: Schematic for the construction of a rat-trap cover. Dashed lines are to be

cut, dotted lines are to be folded.

In the Bay of Islands, snap traps were to be set in the presence of threatened native

species, so it was imperative to ensure no such species were able to reach the snap

traps. Trap covers were fabricated from corrugated plastic mounted to a fibreboard

floor which fully encompassed the traps. These covers were about 150cm in length.

At the back, the opening was covered by metal wire that was held flush to the cover

by the stake used to anchor the cover to the ground. The trap could be slipped

in and out through this opening. A steel staple was hammered into the baseboard

about 20cm from the rear. The snap-trap sat with its back against the staple. In

this way it would be impossible for any birds, including the long beak of a kiwi, to

reach the trap from the front of the cover or the reverse, through the wire grille.

The front of the cover was designed so that no animal bigger than a rat could

enter.

Where possible, traps were placed on level ground along linear traplines at 50m

spacings. On smaller islands, traps were often laid out on an approximate grid.

Traps were staked to the ground with pegs to prevent a trapped rat, or scavenger,

from dragging the trap away from the trap site. Once baited and set, covers were

placed over the traps, and where possible these were themselves staked to the
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ground. The majority of trap sites in the Bay of Islands and Great Barrier Island

had their GPS location recorded in Easting and Northing coordinates.

During the Moturemu and surrounding mainland fieldtrips, the bait used for the

traps was smooth peanut butter. On a subsequent fieldtrip to Waiheke Island in the

Hauraki Gulf, two different types of bait were investigated: cubes of tasty cheese,

and a concoction of smooth peanut butter, oats, and tinned sardines. Peanut

butter is a common bait recommended for traps, and the addition of oats is said to

increase the durability and lifetime of the peanut butter. Sardines were added in an

attempt to increase the area within which the bait could be detected. Norway rats

in particular are known to scavenge seafood from the shoreline (Harper, 2006). The

tasty cheese was trialled for the same reason. Additionally, strong scents should

mask any smell of humans on the trapping equipment which might otherwise deter

the rats for a time (although since rats commonly invade houses, the smell of

humans is unlikely to be off-putting for long). The results of this trial showed no

significant difference in bait attractiveness (Chapter 4). Subsequently only peanut

butter based baits were used because they did not dry and crumble as readily as

the cheese.

Following the fieldtrips to Moturemu and Waiheke, and weeks trapping the main-

land around Moturemu at Tauhoa, all fieldtrips originating from the University

of Auckland used dual-spring Victor professional rat-traps. Prior to this, older

single-spring traps were used which were coming to the end of their useful lives.

Traps were maintained through post-fieldtrip washing, and oiling with cooking oil.

The smell of the oil should have been an extra enticement for the rats, and again

might have helped mask any scent of fieldworkers.

A small amount of bait (a ball of approximately 1cm diameter) was applied to the

trap-plate, then the trap was carefully set, ensuring that any accidental discharge

would not catch the fieldworkers’ fingers. Traps were set as finely as possible, so

that any contact with the bait should have resulted in a catch. The newer traps

had much better spring and catch rates than the older traps, where the trapping
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plate mechanisms had begun to stiffen over time, and the single springs had relaxed

so that a kill was not guaranteed. The incidence of traps being sprung without

resulting in a capture dramatically reduced after the introduction of the new traps.

Traps were checked on a daily basis where possible. This ensured the maximum

number of active-trap nights, and the most accurate index of density based on

catches per trap night. It was also necessary to check the traps regularly so that

corpses were less likely to be disturbed by predators, or consumed by insects, and

to preserve biological samples before the DNA started to deteriorate.

Logbooks were kept to keep a record of activity amongst the traps, as well as

record information about the trapping site and overnight weather conditions. Notes

were written in pencil in case the notes became wet. It was convenient to keep

a separate logbook for the site detail and weather conditions, and the trap and

capture details. Site detail entailed a description of the area in which the trap was

set, a GPS reading where possible, some note about the surrounding vegetation,

and the arrangement of the traps, if more than one was set at a site. This detail was

to aid in the location of the site until it became familiar. Biodegradable fluorescent

flagging tape was also used to indicate the position of traps, and was removed at

the conclusion of the trapping.

An example of a page of site details is shown in Figure 2.3, from the fieldtrip to

Waiheke Island (Chapter 4). Easting and northing coordinates have been abbre-

viated to only those digits that vary across the geographical range of the sampling

sites. Occasionally elevation has been recorded. For this field trip, the hundreds-

digit of the trap site numbers distinguished trapping regions. The 300-series was

around the coast at Otakawhe Bay, while the 400-series followed a private road

down to a beach at Waikopou Bay. Alphabetical letters were used to distinguish

traps set at the same site. Since this fieldtrip investigated the effectiveness of bait

type (cheese or a mixture of oats, peanut butter, and sardines), this was recorded

also. Trap site details aid in the location of the traps if they are not in plain

sight (for example, traps set at site 306 were set in the bowl of a pōhutukawa
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Figure 2.3: An example of a page from a notebook detailing the sites set up during a

trapping expedition.

tree (Metrosideros excelsa) growing out of an embankment above the shoreline), or

record details that might affect capture success (for example, site 406 was among

various human detritus and abandoned apiaries, which was expected to appeal to

nearby rats). The trap pair at site 407 is described as being set “BTB”, back-to-

back, which negated the need to block the back of the trap covers to ensure rats

approached the traps from the front.

Trap detail indicated whether the trap had been sprung and whether the bait

looked like it had been touched. If a catch had been made, the weight, head-body

length (from the nose tip to base of the tail), and tail length were measured. Inspec-

tion was made to determine species and sex, and a note was made if the specimen

looked mature (for males, this was if the testes had descended; for females, this
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was if the vaginal opening was perforate, and a rat’s lactating status). For ship

rats, the colour morph of the specimen was recorded. Space was included for any

additional notes that might be relevant, like distinguishing features, completeness

of the corpse, presence of ants or slugs which might account for bait condition,

general health of the rat etc. Tissue samples were taken by amputating a 1-2 inch

section of tail from the tip, and in some cases removing a fore-paw. If these fea-

tures were not available, any retrievable piece of tissue was collected, and a note

made. Tissue samples were stored in 5ml vials filled with 70-95% ethanol. Labels

on the vials indicated the date and area of capture, the trap number and line, the

species, and the sex. Latex or vinyl gloves were used at all times while handling

the samples. Instruments used to remove tissue samples were cleaned between

operations in order to prevent cross-contamination of samples. The possibility of

contamination between samples was virtually eliminated by using tissue from the

middle of the samples collected in the field.

Figure 2.4 shows an example of a page of capture-notebook entries. Later in the

project, all traps were set with the same type of bait. However, in this instance,

different types of baits were assessed for their effectiveness attracting and capturing

rats. On this occassion it was therefore necessary to distinguish between traps at

a single site, and record the type of bait on each trap (cf. site 405). The trap

condition was recorded as “U” for unsprung traps, “D” for sprung traps with

no captures, and “C” for captures. The bait condition was recorded as “I” for

intact bait, “N” if the bait had been obviously nibbled, and “G” if the bait was

completely gone. The captured rat in this example was mistakenly identified as a

Norway rat in the field, but was later genetically confirmed as a ship rat using the

procedures described in Chapter 8. Notes provide additional details here, such as

the possibility that bait disturbance was due to non-target species such as mice

or ants at some sites, and that the rat sample may be suffering DNA degradation

due to a delay in preserving the tissue. A note about the previous night’s weather

was made at the start of the day.
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Figure 2.4: An example of a page of capture details.
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Chapter 3

Labwork and Data-cleaning

3.1 Introduction

Through the process of meiosis, offspring inherit genetic characteristics from their

parents by inheriting fractions of their parents’ deoxyribonucelic acid (DNA). DNA

carries genetic information in the form of sequences of chemicals known as nu-

cleotides. There are four types of nucleotide: adenine, thymine, cytosine and

guanine (abbreviated A, T, C and G respectively).

DNA consists of two chains of nucleotides held together by hydrogen bonds, and

twisted in a double-helix formation. Nucleotides in one chain are paired with

their complementary nucleotides in the other chain, so that adenine will always

be paired with thymine, and cytosine will always be paired with guanine. It is

therefore sufficient to know the sequence of one chain of nucleotides only, since the

other chain will simply be the sequence of complementary nucleotides. The length

of DNA is often expressed in terms of millions of base-pairs (Mbp), where the term

“base-pair” refers to the complementary pair of nucleotides at a point along the

DNA molecule.

27
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Figure 3.1: A simplified cross-section of an animal cell. The cell nucleus and a repre-

sentation of the mitochondria are indicated.

The sequence of these nucleotides in a chain of DNA determines the genetic char-

acteristics of an individual. DNA is stored within chromosomes. There are two

types of DNA that exist in animal cells:

1. Nuclear DNA

2. Mitochondrial DNA

(Figure 3.1)

3.1.1 Nuclear DNA

DNA within a cell’s nucleus is known as nuclear DNA. In diploid organisms, the

chromosomes inside the nucleus are arranged as pairs. The DNA in one of a

homologous pair of chromosomes is donated by one of an individual’s parents, and

the DNA in the other of the pair is provided by the other parent. An individual’s

genetic makeup is therefore some combination of the DNA possessed by each of

their parents.
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In most species, there is more than one pair of chromosomes within a nucleus.

The choice of the DNA provided from a parent to one of its offspring during the

process of meiosis is independent between each pair of chromosomes, since the

chromosomes are separate physical units (“physically unlinked”). This means the

probability of inheritance can be assessed for each chromosome individually, and

combined multiplicatively to provide the probability of inheriting the offspring’s

full genotype across all chromosomes.

The lengths of DNA sequences found in nuclei differ between species, but they are

typically in the order of many millions of nucleotides.

3.1.2 Mitochondrial DNA

Mitochondria are small, intra-cellular structures (organelles) that convert sugar

into energy for use by the cell. It has been postulated that mitochondria were once

independently existing organisms. At some point in time they chose to merge with

animal cells, providing energy in exchange for protection and cellular regulatory

services (Wallin, 1923; Martin and Muller, 1998). Mitochondria have their own

DNA, which is typically passed intact from a mother to her offspring. That is,

assuming no mutation occurs, an individual’s mitochondrial DNA is almost always

identical to his or her mother’s. During fertilisation, the sperm will also contribute

mitochondria from the father to the zygote, but either due to a biological process

that destroys or rejects the paternal mitochondria, or simply due to the weight of

numbers of maternal mitochondria in the egg relative to the number of paternal

mitochondria in the sperm, embryos will generally develop with copies of only

maternal mitochondria. Mitochondrial DNA is commonly abbreviated as mtDNA.

Most cells contain many mitochondria, and each mitochondrion typically carries

between 5 and 20 copies of the mitochondrial chromosome. Thus, there can be

many thousands of copies of the mitochondrial genome in a single cell, while there

is only ever one copy of the nuclear DNA genome. Because of its abundance,
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mitochondrial DNA is often used when studying ancient remains, where a large

proportion of DNA is degraded and unusable. Unlike nuclear DNA, mitochondrial

DNA is typically arranged in an unpaired, circular chromosome. Mitochondrial

DNA is also much shorter than the nuclear DNA of animals, in the range of 13-18

thousand nucleotides.

3.1.3 Characterising DNA

There are several features that can be used to characterise DNA. For instance, the

entire sequence of nucleotides can be examined. The process of determining this

information is known as sequencing. The typical length of a genome, the complete

set of information available from DNA, is in the order of billions of base-pairs. It

is therefore usual to sequence only a small section of the genome. Even then, this

process is time-consuming and expensive.

An alternative to sequencing is to examine the length of microsatellites at par-

ticular regions (loci) of the genome. Microsatellites consist of small groups of

nucleotides, typically between two and four nucleotides long, which are repeated

many times. For example, the dinucleotide pair AC might be repeated 5 times

at a particular region in the DNA, (AC)5 = ACACACACAC. Microsatellites in

the order of 5 to 20 repeated units are sometimes referred to as Short Tandem

Repeats (STRs). The term “microsatellite” is generally used to refer to regions of

DNA with at least 50 repeating nucelotide groups.

Microsatellites are drawn from regions of the DNA which do not code for proteins,

i.e. from regions which aren’t associated with genes. These regions are known as

“non-coding DNA”, and also commonly referred to as “junk DNA”. Because these

regions are not associated with a particular characteristic, there is no reason to

favour individuals that inherit a particular variant over any other. That is, there

is no selection pressure on the inheritance of microsatellites. Microsatellites are

therefore inherited at random, which makes them useful for statistical analysis.
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Because the microsatellite regions are not associated with the production of pro-

teins, they can generally mutate without negative consequences. Mutation involves

a decrease, or more commonly an increase in the number of nucleotide units along

a particular region of DNA associated with a microsatellite. For example, a DNA

sequence with 60 copies of the dinucleotide pair AC at a microsatellite locus, i.e.

a microsatellite with a length of 120 nucleotides, might mutate to a sequence with

62 pairs of AC at that locus, i.e. the microsatellite now consists of 124 nucleotides.

The high degree of polymorphism of microsatellites across a species makes them

particularly useful for genetic studies. Within a population there will generally be

a large number of variants of microsatellites (alleles), as measured by the number

of repeated nucleotide units. The population-specific proportions of these variants

can be used to calculate the probability that an individual belongs to a particular

population, or has recent ancestors who belonged to that population. It also means

that it takes a relatively short time, on an evolutionary scale, for two populations

that have diverged from a common population and are isolated from each other

to acquire distinctive genetic profiles in terms of microsatellite allele frequencies.

The resolution provided by the variety of microsatellites can also usually be used

to identify closely related groups of individuals within the same population.

One reason for the high variability of microsatellites is the rate at which microsatel-

lites mutate. Microsatellite variants are determined by the number of repeated

nucleotide sequences they possess. When DNA is being replicated, it is possible

for a slippage error to occur at the region of DNA containing a microsatellite. This

is when a portion of the microsatellite is bunched up, rather than lying straight, as

the DNA is being copied. Because microsatellites are not necessary for producing

proteins, it is thought the procedures for ensuring accurate transcription are not

applied rigorously. It is therefore not critical for a microsatellite to be copied with

the exact number of repeated units.
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3.2 DNA Extraction, PCR and Allele Identifica-

tion

The technical extraction of genetic information from tissue samples described be-

low was performed by Hamish MacInnes in the Molecular Ecology laboratory in

the School of Biological Sciences at the University of Auckland. This involved

the digestion of the tissue samples and preparation for Polymerase Chain Reaction

(PCR) amplification, subjecting the resulting PCR product to electrophoresis, and

classifying the resulting raw microsatellite lengths determined by the electrophore-

sis.

I was responsible for classifying raw microsatellite lengths with allele labels (a

process known as “binning” alleles). Hamish provided advice where alleles from

reference samples were inconsistent across runs, and repeated the extraction and

technical procedures where necessary. Ensuring allele labels were standardised

between results from separate machines was also a task that I performed.

3.2.1 Microsatellites

The Norway rat, R. norvegicus, has been extensively studied in laboratories. 12

variable microsatellite loci were selected for this study, based on previous work

performed with this species (Jacob et al. , 1995). Each locus was selected from a

separate chromosome, so that the inheritance of alleles at each locus was indepen-

dent of the inheritance at any other locus.

Microsatellite loci are known to be relatively consistent between closely related

species. The same 12 loci were therefore examined for ship rats, R. rattus.

The loci selected were
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• D1Rat29

• D2Rat234

• D5Rat83

• D7Rat13

• D10Rat20

• D11Mgh5

• D12Rat76

• D15Rat77

• D16Rat81

• D18Rat96

• D19Mit2

• D20Rat46

as categorised by Jacob et al. (1995).

3.2.2 Polymerase Chain Reaction

Polymerase Chain Reaction is a process that replicates strands of DNA so that

there are suitable quantities for analysis. This process is also used to extract the

desired regions from the genome. It is a three stage iterative process. At the end of

each iteration, the number of desired DNA fragments is double the number from

the previous iteration. This process of increasing the amount of DNA from an

initial sample is referred to as “amplification”.

The materials required for PCR amplification are:

• The original sample of DNA, often referred to as the “template”;

• A DNA polymerase, which is an enzyme used for the replication and repair of

DNA. For the purpose of PCR, this should operate best at high temperatures;

• Free nucleotides, for use as building blocks to construct new copies of the

DNA;

• A pair of primers, which are short chains of nucleotides matching the patterns

of nucleotides known to exist at either end of the desired region of DNA
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containing a microsatellite. One primer matches the nucleotides found at

one end of the locus on one strand of DNA, and is therefore complementary

to the nucleotides found at the same position on the other strand of DNA.

The other primer matches the nucleotides at the other end of the locus on

the other strand of DNA, thereby complementing the nucleotides on the first

strand of DNA at that end of the locus.

• A chemical solution with additional ions to expedite the process

The following steps in the amplification process are illustrated in Figures 3.2, 3.3

and 3.4.

Step 1: Denaturation

The double-stranded DNA is subjected to high temperatures. This energy is suf-

ficient to break the bonds holding the complementary nucleotides on each strand

of DNA together. The result is two single strands of complementary nucleotides.

Step 2: Annealing

The temperature is reduced, which allows one primer to attach to each single strand

of DNA at the end of the locus with a complementary pattern of nucleotides. The

temperature must not be lowered too far, or the single strands of DNA might start

reattaching, rather than allowing the primers to attach to each single strand.

Step 3: Elongation

The temperature is slightly increased. This increase is not enough to break the

newly formed bonds between the primers and the single strands of DNA, but is

enough to prevent any primers that remain unattached from participating in the
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next step. The resulting temperature is the ideal temperature for the polymerase

enzyme to activate and start using the free nucleotides to fill in the templates,

starting at one side of the attached primers and moving in the desired direction,

over the locus of interest.

At the conclusion of the first iteration of the PCR (Figure 3.2), there are two,

partially double-stranded copies of the original DNA. The region of the DNA that

lies behind each primer, away from the desired locus, remains single-stranded.

The region of DNA ahead of each primer has been completed with the pattern of

nucleotides complementary to the pattern on the template DNA. This include the

desired locus, but stretches past this locus, to the end of the genome.

The process is repeated for a second iteration (Figure 3.3). Primers attaching to

the single strands of the original template DNA during annealing will perform in

the exact same way as described for the first iteration. However, the shorter single

strands of DNA that were built during the first iteration are treated differently.

Because each of the pair of primers was designed to be complementary to the

opposite single strands of template DNA, the only primer that can attach to the

replicated strands must be the opposite primer than attached during the first

iteration. Obviously, the same primer that attached during the first iteration

cannot attach to itself, because it is not complementary to itself. Upon elongation,

the free nucleotides are built to complement the locus containing the microsatellite,

and extend to complement the primer that attached in iteration one. That is as

far as they can progress, because there are no further nucleotides behind the first

primer. Thus, the DNA replicated in the second iteration are either identical to

the DNA replicated in the first iteration, or double-stranded for the length of the

desired microsatellite, plus the length of the primer sequences on either end, and

single stranded for the rest of the genome.

For the third iteration (Figure 3.4), the DNA that is identical to the input in

the second iteration is treated just as it was in the second iteration. For the

DNA which is double-stranded over the microsatellite, and single-stranded for the
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Figure 3.2: A simplified diagrammatic representation of the first iteration of PCR amplification. Grey blocks represent the DNA outside

the locus of interest. The diagram is not to scale, and these areas will typically be much longer than the microsatellites. Pink and orange

blocks represent complementary primer regions. For simplicity, the primer regions to the left and right of the microsatellite are structurally

identical in this example. The blue and green blocks represent the complementary microsatellite sequences. The separate pink blocks to

the right represent free primers. There should be one from each DNA strand, and they must not be a complementary pair. Because the left

and right primer pairs are identical in this example, these free primers must also be identical.
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Figure 3.3: A simplified diagrammatic representation of the second iteration of PCR amplification. Both products from the first iteration

(1A or 1B) are treated identically, so only one transformation is shown here. Notice at the end of the reaction the two products are not

of the same length. Product 2A is identical to the input DNA to this iteration. Product 2B is still partially double stranded, but is much

shorter than Product 2A, having lost the double-stranded DNA that is not part of the microsatellite of interest.
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extraneous DNA on one side, the amplification process produces a new set of

products. After denaturation, the single strand that still holds of the extraneous

tail is processed as it was in the second iteration, producing a product identical

to the input for this third iteration. However, the other single strand, consisting

of just the microsatellite and primers, produces a double-stranded DNA molecule

that is exactly the same length, i.e. a completely double-stranded copy of the

microsatellite and primers. It is the length of this molecule that we are interested

in.

Subsequent iterations will employ the transformations shown in Figures 3.2, 3.3

and 3.4, plus the transformation of the double-stranded microsatellite, which will

obviously produce two copies of the double-stranded microsatellite.

Since each transformation takes one fully or partially double-stranded DNA mole-

cule as input, and returns two molecules as output, the number of DNA molecules

doubles after each iteration. Table 3.1 indicates the number of each type of DNA

molecule in the solution after a given number of runs.

It can be easily seen that the proportion of the desired double-stranded microsatel-

lite molecules increases with each iteration, and constitutes more than 99.9% of

the DNA molecules in the solution after the 15th iteration. At this stage, there are

nearly 33 thousand times as many DNA molecules in the solution as there were

in the original sample of DNA. Due to the exponential increase of molecules per

cycle, by the 30th iteration, there are more than 1 × 109 as many molecules as

there were originally, where the vast majority of these molecules are the desired

double-stranded microsatellites.

The results from the PCR are then subjected to electrophoresis in order to classify

the lengths of the microsatellites. Recall that the alleles, or varieties, of a mi-

crosatellite are characterised by the length of the DNA consisting of the repeated

units found at the microsatellite locus, i.e. the region of a chromosome containing

the microsatellite.
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Figure 3.4: A simplified diagrammatic representation of the third iteration of PCR amplification. Product 2A from the second iteration

is treated in the same way as Products 1A and 1B in the second iteration, so that transformation is not shown. Notice at the end of the

reaction for Product 2B that Product 3A is identical to the input DNA (Product 2B), but Product 3B is a completely double-stranded copy

of the microsatellite of interest, plus primers.
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Table 3.1: The number of each type of DNA molecules resulting from PCR amplification (see Figures 3.2, 3.3 and 3.4) after a given

number of iterations. Let there be N copies of the template DNA in the original sample.

Double-stranded Partially Double-stranded Partially Double-Stranded Double-stranded Total

Full length Full length Microsatellite + Tail Microsatellite

(e.g. template DNA) (e.g. Products 1A and 1B) (e.g. Product 2B) (e.g. Product 3B)

Originally N 0 0 0 N

After:

Iteration 1 0 2N 0 0 2N

Iteration 2 0 2N 2N 0 4N

Iteration 3 0 2N 4N 2N 8N

Iteration 4 0 2N 6N 8N 16N

Iteration 5 0 2N 8N 22N 32N

. . .

Iteration r 0 2N 2(r − 1)N (2r − 2r)N 2rN
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3.2.3 Electrophoresis of Microsatellites

Electrophoresis refers to the migration of the microsatellite fragments from one

side of a porous gel to the opposite side, impelled by an electrical current. The

chemical structure of DNA gives it a negative charge, so the microsatellites want

to move away from an anode (negatively charged terminal), and toward a cathode

(positively charged terminal).

Long fragments of DNA have more trouble moving through the porous gel than

smaller fragments. Therefore longer microsatellites will not make as much progress

away from the anode and towards the cathode as shorter microsatellites over the

same duration. Before they are subjected to electrophoresis, the microsatellite

fragments are tagged with a fluorescent dye. After they have been given enough

time to separate through the gel, a laser is shone on the gel, causing the microsatel-

lites to fluoresce. Microsatellite DNA fragments are detected in the gel where the

intensity of fluorescence peaks, and this allows the distances the microsatellites

progressed through the gel to be measured. These positions are compared with a

standard, a set of DNA fragments of known length that were released in the gel at

the same time as the sample fragments. Based on the distance the known-length

standard fragments travelled, the lengths of the microsatellites can be imputed.

The small proportion of the PCR product that involves DNA consisting of more

than just the microsatellite and primers on each end (i.e. the original double-

stranded DNA and the partially double-stranded DNA produced as part of the

PCR replication) makes essentially no progress through the DNA, since the tem-

plate ends that extend beyond the primers are much longer than the length of the

microsatellites themselves. This product is easily identified at the foot of the gel

and ignored for the purpose of the analysis.

There are only three dye colours that are typically used for electrophoresis. Using

these different dyes, microsatellites from three different regions of the DNA can

be run through the same part of the gel simultaneously. Each dye fluoresces at



42 CHAPTER 3. LABWORK AND DATA-CLEANING

a different frequency of the laser, so the microsatellites from different loci can be

differentiated. In order to improve efficiency, sometimes the same dye colour is

applied to microsatellites from different loci that are run through the gel together.

This is possible when the range of lengths of microsatellites from one locus does

not overlap the range of lengths from the other locus. This requires some previous

knowledge of the typical lengths of microsatellites from each locus. There is a

danger that an extraordinary microsatellite will be in the sample whose length

coincides with the range of another locus whose microsatellites are the same colour.

This is detectable, because there will be no allele observed in the range of lengths

for one locus. In the other locus, it is possible three alleles will be observed from a

single sample, which is impossible for a diploid species. However, it is also possible

the erroneous allele will be undetectable. In this case, although the error might be

detected, it is necessary to rerun the affected samples through electrophoresis.

There are two common methods of electrophoresis,

• Slab gel electrophoresis

• Capillary gel electrophoresis

The difference between these two methods is due to the form of the gel used to

separate the DNA fragments. Slab gel electrophoresis uses a solid slab of gel.

Multiple tracks are laid through the gel to separate microsatellites that could be

confused (i.e. are of overlapping lengths and are coloured with the same dye).

Slab gels can build up heat due to the electric current being passed through them.

This heat affects the rate of migration, and hence the separation of microsatellites

through the gel.

Capillary electrophoresis is a more recent method of performing electrophoresis.

Here, the gel is held inside transparent tubes. The laser light used to fluoresce the

dyed microsatellites can be applied directly to the tubes. Because there is therefore

no need to handle the gel, the gel can be in a liquid state. Because of this, and
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the thinness of the capillaries, heat is dissipated more effectively than in slab gel

electrophoresis. There is also no danger of cross contamination from one capillary

to another, as there is across tracks in a slab of gel, since the capillary tubes are

physically separate from each other.

At the start of this project, slab gel electrophoresis was used to identify the lengths

of microsatellites. This was replaced by capillary gel electrophoresis during the

span of the project. Differences in the technologies meant that microsatellites

of the same length migrated different distances depending on the technique of

electrophoresis used. This required all lengths determined by the capillary machine

to be standardised with the lengths identified by the slab machine. This was

achieved by ensuring samples run on both machines were classified as having the

same lengths, despite the difference in output from the different electrophoresis

machines. The lengths of other microsatellites could then be adjusted according

to the relative differences of their lengths.

Samples that are run through electrophoresis multiple times are known as reference

samples. These were vital to standardise lengths classified by the two electrophore-

sis machines. However, they are also used to ensure consistency between runs on

the same machine. Reference samples are most useful when they possess a wide

variety of alleles, which cover the known allele-length ranges of the loci examined.

The differences between machines were not necessarily uniform across alleles - short

microsatellites were sometimes affected differently from longer microsatellites.

3.2.4 mtDNA Sequencing

The mtDNA was sequenced at a particular locus on its chromosome known as the

D-loop. These sequences were around 430 nucleotides long. The vast majority of

nucleotides along these sequences were identical between rats, even to the point

where it was possible to align sequences for ship rats with those for Norway rats.

Due to this similarity, it is typical to mention only those nucleotides that differ
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between samples. Such differences found in this way are known as Single Nucleotide

Polymorphisms (SNPs).

3.2.5 Identification of Microsatellite Alleles

Output from the electrophoresis consists of traces showing the reflected intensity

of particular frequencies of light across a capillary (or a track of a slab gel). Ideally,

this trace should be flat, aside from a peak of light intensity at the point the laser

passes over a microsatellite.

As mentioned, diploid individuals have pairs of chromosomes, one contributed from

each of their parents. A locus therefore refers to a region on each of a chromosome

pair. There are thus two possible alleles at any locus, one from each chromosome

in a pair. For two different alleles, we would expect to see two intensity peaks.

However, if both alleles are identical, only one peak would be expected.

A complication arises due to the amplification of the sample through PCR. During

the amplification, occasional errors occur where some number of repeats is omitted

from a copy of a strand of DNA. This occurs in the same way as mutation occurs in

nature, due to slippage (Section 3.1.3). Unfortunately, once this error has occurred,

this erroneous copy of the microsatellite is itself copied during the PCR. These

erroneous copies are not as prevalent as correct copies of the microsatellite in the

PCR product. Therefore they provide less intensity when they are fluoresced in

the gel by the laser during electrophoresis. This results in smaller peaks of light

intensity around the highest peak, where the highest peak represents the true

length of the microsatellite. These subsidiary peaks are known as stutter. Stutter

peaks differ from the true peak by some multiple of the length of the nucleotide

group that forms the microsatellite. For example, for a dinucleotide repeat, such

as (AC)n, stutter peaks will fall a multiple of 2 away from the true peak, because a

whole number of repeats is lost as part of the error. Almost always, stutter peaks

decrease in intensity as they get further from the true peak. There is commonly
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one small peak that is a single repeat unit larger than the true peak. Figure 3.5

shows examples of traces from three heterozygous and one homozygous genotype.

Stutter is only a serious problem when an individual has two alleles that lie close

together, for example when the lengths of the individual’s two microsatellites at

a locus differ by a single repeat unit. In this case, the stutter from the two mi-

crosatellites combine, and it may be difficult to isolate the two highest peaks.

In some cases, one microsatellite might fluoresce much more strongly than the

other microsatellite in the pair, so the intensity of the stutter from the strong

microsatellite could saturate the output, overshadowing the intensity of the true

peak of the other microsatellite which could result in that microsatellite remaining

undetected.

Most of the time, logical reasoning can be used to appropriately identify the correct

allele peaks. In the few instances where it is impossible to be sure of the correct

peak classification, the sample must be rerun through the PCR and electrophoresis,

or treated as unknown. Figure 3.5(c) shows an example of two alleles that lie

a single repeat unit from each other. The trailing stutter of the longer allele is

amplified by the trace of the shorter allele. The common identifying feature of such

a heterozygous genotype is the clear peak ahead of the highest peak. Although it is

possible to have stutter that is longer than (i.e. to the right of) the true allele size,

which usually has the highest peak, the height of such stutter peaks is typically

very low.

Stutter was advantageous in one instance. The trace of intensities for microsatel-

lites from the D12Rat76 locus for ship rats show no stutter (Figure 3.6). Rather

than being a blessing, this indicates the primers of this locus were not extracting

a microsatellite from the ship rat genome. It was therefore necessary to drop this

locus from the analysis for ship rats.
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Figure 3.5: An example of the scan traces from electrophoresis. Parts (a), (b) and

(c) show traces for heterozygous genotypes, with two separate alleles. Part (d) is the

trace for a homozygous genotype. For homozygotes, both alleles are the same size, so

there is only one peak labelled in the trace. All four traces demonstrate the effect of

microsatellite stutter. Notice also the non-integer allele labels, and differences which

are not multiples of the length of the repeat unit (2 nucleotides). Part (a) shows a

heterozygote where one allele is much longer than the other. It is common for the

shorter allele to be better amplified during the PCR reaction than the longer allele, as

can be seen by the relative size differences of the peaks. Part (b) shows the trace from

an unambiguous heterozygote. Part (c) shows how stutter can make the identification

of heterozygotes difficult when the allele sizes are similar. The characterising feature is

the right-most peak height, which is only slightly smaller than the next peak back. The

homozygote in part (d) could be a true homozygote, or an apparent homozygote due to

one allele being undetected (e.g. due to being a null allele, allelic dropout, being beyond

the range of alleles considered for this locus, weak signal with respect to the intensity of

the detectable allele). There is no way to determine this from the trace.
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Figure 3.6: An example of the trace for an allele from a ship rat (R. rattus) at locus

D12Rat76. There is a single peak with virtually no stutter. Microsatellites are expected

to have stutter due to slippage during PCR amplification. It is possible that there is no

microsatellite at this locus for ship rats. This locus was excluded from the analysis for

ship rats.
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Figure 3.7: A plot demonstrating the binning of alleles. Raw allele values are shown as

open circles. Alleles with similar lengths form groups. However, alleles within a group

will not all have identical raw lengths. A group of alleles is assigned an integer label

in common. They can then be treated as instances of the same microsatellite based on

their label. These “bin” labels are indicated as solid red circles.

3.3 Data-cleaning and Binning

Nuclear DNA results arrive as a table of double-precision values. Microsatellites of

the same length do not necessarily take exactly the same time to migrate through

the gel, due to stochastic variability. For example, two individuals with the same

allele with label 224 might be given the raw allele labels 224.17 and 223.94. Using

these raw labels, these would be classed as different alleles by an algorithm. It is

therefore necessary to determine which ranges of time relate to microsatellites of

the same length and bin them into a consistent allele category accordingly. To do

this, the raw allele values were sorted numerically and plotted. It was generally

possible to determine separate groups of alleles that belonged together under the

same label. Groups separated by a length of two were consistent with the use of

dinucleotide repeat units for the microsatellites. See Figure 3.7.

However, there were a few alleles that appeared to differ in length from surround-
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ing alleles by a single nucleotide. This was particularly true at the D18Rat96 locus

for ship rats. This could be due to a mutation that has included a new nucleotide

within the microsatellite. Another explanation is that the polymerase enzyme used

in the PCR will occasionally add an extra Adenine nucleotide to the microsatel-

lite. Single-nucleotide differences are easy to detect when they lie between alleles

which are the standard two nucleotides apart. Because the labels assigned to mi-

crosatellites are not analysed as numerical data, it does not matter what label is

given to a set of alleles, so long as all alleles which are considered to be of the

same length have the same label. Giving an even-length label to an allele which is

actually an odd-length is not a problem, so long as there are no correctly classified

alleles with that allele at present, and checks are made in the future to ensure no

new alleles are given this label if they are not of the same size. For example,

the first point in Figure 3.7, at the bottom-left, has a raw length of about 229.

Because the majority of microsatellites at this locus have even binned lengths, this

raw length is rounded down to 228. Even if the true length of this allele should

be 229, there is no adverse effect, since there are no other alleles with the 228

or 229 label. This microsatellite is still different from every other microsatellite

detected at this locus, regardless of labelling. However, any other alleles that have

raw lengths of about 229 must also be binned with the 228 label. Additionally, if

alleles are subsequently detected that have raw lengths of around 228, either these

alleles must be given a label different from 228 (e.g. perhaps 227), or the alleles

belonging to the group with raw values around 229 must be given different labels

(e.g. 229 or 230), to distinguish between these two groups of microsatellites.

In order to standardise the microsatellite labels between results from gel slab elec-

trophoresis and capillary gel electrophoresis, reference samples that were analysed

using both techniques were used to convert lengths from the capillary machine

to match those from the slab machine. During the course of this project, many

more samples were processed on the capillary machine, so it may have been wiser

to standardise the results from the slab machine to match the capillary machine.

The exact lengths are not important for the analyses we perform however, so long
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as microsatellites of the same length are assigned identical labels.

3.4 Genotyping Errors

Genotyping error can either refer to the incorrect classification of an allele, or the

inability to detect an allele. The methods employed in this study do not rely on

the relative lengths of microsatellites being accurate. It is sufficient that at each

locus, microsatellites with the same number of repeat units are given the same

label. The state of technology has rendered this a practical certainty during the

analysis of a single set of DNA samples.

However, it is necessary to ensure consistency across all sets of samples analysed.

For this purpose, reference sets were included during genotyping. This refers to

the practice of placing samples that have been typed previously in with samples

which are to be typed for the first time. Ideally, the samples in the reference

set should have the same alleles identified every time they are run. If they do

not, it is likely the difference between their alleles between analyses is a result

of some factor affecting the entire sample, e.g. the gel matrix the microsatellites

must migrate through was of a non-standard consistency, or the ladder relating

standard microsatellite sizes with their distance moved through the gel was out

of alignment. Choosing reference samples with a high diversity of alleles, which

span the range of allele lengths at a locus is a good idea. This allows the effect

of the error to be gauged for most alleles at a locus. Other than the effect of

switching the electrophoresis technology from gel slabs to capillaries, we did not

encounter inconsistencies across entire samples. This is a testament to the skill of

our analyst, Hamish MacInnes, and the rigor of his protocols.

Another form of genotyping error is when alleles remain undetected. This could be

due to a technical failure during the extraction, amplification or electrophoresis,

in which case repeating the analysis usually detects the missing allele. This error
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is commonly referred to as “allelic dropout”. However, sometimes it is possible

that an allele will never be able to be detected. Such alleles are referred to as

“null alleles”. The terms “allelic dropout” and “null alleles” are occasionally used

interchangeably to refer to such errors. In this manuscript, null alleles will refer to

alleles that can never be detected in the analysis, without changing the protocols

or chemicals used. One common cause of null alleles is a mutation in the region

used to attach primers during PCR. An insertion, deletion or substitution of a

single nucleotide in this flanking region will cause the primer to overlook that end

of the microsatellite.

Such null alleles are hereditary, and passed from parents to offspring. Individuals

homozygous for a null allele will return flat light intensity traces, even over repeated

analyses. However, if one allele is undetectable but the other is not null, a single

peak will be seen in the trace. This will lead to the mistaken conclusion that the

individual is homozygous for the allele that is detectable, rather than heterozygous

for both the detectable allele and the null allele. Again, repeated analysis of this

sample cannot detect the null allele.

Allelic dropout refers to the case when some technical error results in an allele

being undetected for a particular run. This might be due to a low concentration of

the allele in the PCR result. This is particularly common for heterozygous alleles

when one allele is much longer than the other. Allelic dropout presents in the same

way as null alleles. However, repeating the analysis usually corrects the error, and

detects the missing allele or alleles.

When both alleles from a diploid individual are unable to be detected, no genotype

is attributable, so detection is straight-forward. In the case of allelic dropout,

repeated analysis should correct the problem. If the error lies with null alleles,

routines can be designed to cope with a lack of information at that locus.

However, if only a single allele is undetected, the output from the electrophoresis

looks as it should if the locus holds two copies of the same allele. There is no in-
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dication that an error has occurred. In this case, a spurious homozygous genotype

will be identified, rather than the correct heterozygous genotype. Inflated levels

of homozygosity can be detected by comparing the observed proportion of ho-

mozygotes in a population with the expected proportion of homozygotes using the

Hardy-Weinberg Equilibrium equations. Unfortunately, natural phenomena such

as inbreeding within a population will also inflate homozygosity above the expected

level, thus confounding the effect of null alleles or allelic dropout. However, nat-

ural causes of increased homozygosity should affect every locus similarly, whereas

null alleles and allelic dropout will probably not. Calculating the deficit between

observed and expected proportions of homozygosity at every locus is therefore one

method for detecting the presence of genotyping error due to null alleles or allelic

dropout, although calculating the actual proportion of missing alleles in a sample

is a much more difficult task.



Chapter 4

Pilot Study: Waiheke Island, May

2004

4.1 Introduction

Some luck lies in not getting what you thought you wanted but getting

what you have, which once you have got it you may be smart enough to

see is what you would have wanted had you known.

Garrison Keillor

This chapter describes a pilot study undertaken to familiarise myself and Rachel

Fewster, my supervisor and principal investigator for the study of which this

project is a part, with the fieldwork practice required to obtain genetic samples.

An island chain selected as being potentially useful lay in the Hauraki Gulf, off

the city of Auckland, New Zealand. This chain comprises the islands of Waiheke,

Pakatoa, Rotoroa, Ponui, Pakihi, Karamuramu and the point of the mainland

around Koherurahi Point (see Figure 4.1 (a)). Researchers outside of this project

were willing to provide samples from their own studies on Ponui Island and Pakihi

53
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(a) (b)

Figure 4.1: (a) Map of the eastern Hauraki Gulf island chain; (b) Map of sampling sites

on Waiheke.

Island. Rats were known to periodically invade Pakatoa and Rotoroa Islands.

However, the private managers of these two islands both reported having recently

carried out exterminations, so the rat densities on these islands were too low to

warrant immediate investigation.

It was therefore decided to acquire samples from the south-eastern coast of Waiheke

Island. Waiheke is a large (9333 hectare) island, approximately 5 kilometres from

the closest point on the mainland. At the nearest points, Waiheke lies about 2.5

kilometres from both Pakatoa and Rotoroa, and about 1.5 kilometres from Ponui.

These distances are outside the known swimming ranges of both Norway and ship

rats, but there are a small number of stepping-stone islets in between the islands,

and boat traffic, particularly to the resort on Pakatoa is not infrequent.

Due to a modicum of experience in practical ecology, this pilot study on Waiheke

was intended to gain practical field experience in the laying and monitoring of
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traps, and to get a first-hand feeling for the area from which the samples were to

be taken.

During the month of May 2004, a five day field-trip was undertaken in order to

trap rats at sites along the south-eastern coast of Waiheke from which invasion

along the remaining chain was likely to be originating. Because the purpose of this

fieldwork was to gain experience, the design of the trapping programme was not

a balanced experimental design. Rather, a range of techniques and philosophies

were employed to get a feel for which were most suitable for the project.

In total, three sites were selected in which to lay traps. For a detailed description

of the number of trap-nights accrued at each site, see Table 4.3. The trapping

programme was carried out over four nights.

One site followed the coast along a public walkway from Otakawhe Bay, past

Pohutukawa Bay and around Orapiu Bay. The traps at this site were seldom more

than 10 meters from the high-tide mark.

Another site followed a publicly-accessible road through a wooded reserve down to

Waikopou Bay.

The third site was situated around a private house and on a hill at the base of a

peninsula at Arran Bay.

These sites are shown in Figure 4.1 (b) and described in Section 4.2.

Three different types of bait were used on the rat-traps. One was a mixture of

rolled oats, smooth peanut butter and sardines, henceforth referred to as “oats”.

Another was small cubes of Anchor tasty cheddar cheese, from now on referred to

as “cheese”. A third bait was made by covering the outside of cubes of the cheese

with the oats, which for this study is referred to as “mix”. For further information

about the types of baits recommended for trapping rats, see Weihong et al. (1999),

Cunningham and Moors (1996), and Taylor (1984).
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Traps were of the of the typical snap-trap variety available at hardware stores,

most being of the Ezeset “Supreme” variety. The traps were pinned to the ground

to prevent trapped animals moving the traps, and the traps were covered with

aluminium tunnels to prevent the capture of non-target species such as birds and

domestic cats, as advised by Cunningham and Moors (1996), and Taylor (1984).

Where possible, these covers were staked down to prevent them being blown over

by the wind or overturned by dogs or cats. The backs of these covers were left

open, so it was necessary to place them with their backs to a solid object, or

place two covers back-to-back in order to orientate the traps so that animals must

enter from the front entrances. The front entrances of the traps were bent forward

so that non-target species would be put off entering the traps, due to the tight

squeeze. See Chapter 2 for a diagram of the trap covers. In most cases, two traps

were laid out at a given location, often one baited with cheese and the other with

oats. Traps were checked once every day1, and bait was typically replaced after

two days if it remained intact or had only been partially nibbled. In general, it was

attempted to lay traps at 50 meter intervals, but this was sometimes impractical

due to physical restrictions.

Records were kept describing the terrain the traps were laid in, the type of bait

used on a given trap, whether the bait was untouched, nibbled or gone, whether

the trap mechanism was still set, sprung without a capture or a capture had been

made, and the previous night’s weather conditions. When a rodent was captured,

the head-and-body length was recorded along with the tail length, the weight, an

educated guess of the sex2 and comments concerning any irregularities or items of

interest. Example pages from these notes are given in Chapter 2.

1One location consisting of two traps at Otakawhe Bay was not checked after the third night,

which is why two traps remained out on the fourth night at this site.
2Mice were difficult to morph due to their size, and sexing was tenuous.
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4.2 Trap-site Details

As mentioned in Section 4.1, there were three separate trap-sites selected on the

south-eastern coast of Waiheke for this pilot study. These three sites shall be

referred to as “Otakawhe Bay”, “Waikopou Bay” and “Arran Bay”.

4.2.1 Otakawhe Bay

This site was the first site at which traps were laid. This trap-line followed a

coastal walkway around Otakawhe Bay, Pohutukawa Bay and Orapiu Bay. This

was the longest of the three trap-lines, and involved the most traps, being 38 traps

at 20 locations. The traps were typically not more than 10 meters from the high-

tide mark. Notable locations included behind a prefabricated public toilet (with

a dripping tap and refuse bins nearby), close to a picnic area on the walkway and

in the grounds of a backpackers’ lodge. Many locations were in the bowls of trees

living close to the shoreline, in particular pōhutukawa (Metrosideros excelsa), and

some were in scrub next to the track as it climbed over hills. Human habitation

was close by at several of the locations. The manager of the lodge informed us

that there were many mice and rats around, although a poisoning campaign had

been recently undertaken behind Otakawhe Bay at the Te Matuku reserve and

bird sanctuary. This trap-site was laid with traps at least a day earlier than the

other lines, and was also discontinued a day earlier.

4.2.2 Waikopou Bay

This site was the second site to be laid with traps, and consisted of 28 traps

laid at 12 separate locations. It followed an unsealed private road designed for

residents living at the bay at the bottom of the road. The road was publicly

accessible by foot, but only residents were able to take their cars down it. The road
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passed through fairly dense native bush, from which several public walking tracks

branched out. There was one private residence along the road as it descended,

and several more at the beach at the bottom. The residents at the house part-way

down the road gave permission to trap on their land and produced evidence of the

presence of rats (gnawed walls and dessicated rat bodies under the eaves). They

said rat density was highest when the house had been uninhabited for lengths

of time, but they had their dogs with them on this occasion, which might have

deterred some rats from approaching the house during the trapping period. The

beach and access road were open to the public, with a public long-drop toilet

along the road, and a public barbecue at one end of the beach. Notable trapping

sites were located at the aforementioned toilet and barbecue, around the private

residence part-way down the road, including a lean-to used to park the owners’

car, at a rubbish skip down at the beach, and at an apparent rubbish area next to

a watertank and close to the lean-to, which smelled of honey from several decrepit

hive-boxes that were scattered around.

4.2.3 Arran Bay

This was the final site to be accessed, and held only 12 traps at two distinct lo-

cations. This site was particularly troublesome to gain access to as it lay at the

bottom of a private road, and there was no public ground beyond the Queen’s

chain. One private landowner gave permission to trap on his property. Of particu-

lar interest were a fresh-water drain leading to the beach, a lightly forested section

behind the house and a drainpipe leading to the house. The homeowner confirmed

the presence of rats and no longer had pets to control them, but had taken stren-

uous measures to prevent their access to the house. There were still several areas

around the house and bush that would have appealed to rats however. There was

a peninsula at one end of Arran Bay which looked as if it would encourage rats

to attempt to cross the water to nearby Rotoroa Island in particular. Traps were

laid on a steep slope on this peninsula, where there were several holes which might
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have been rat burrows, with fresh dung at the entrances.

4.3 Results

In total there were 224 trap-nights, which reduced to 181.5 corrected trap-nights

(Cunningham and Moors, 1996) (see Table 4.3). Corrected trap nights adjust the

number of traps used over the number of trapping nights for the inability of traps

that have been sprung, whether making a capture or not, to participate further in

the trapping until they are reset. As a rough estimate, half a night is deducted

for each trap that has been sprung or made a capture, implying the capture was

made around halfway during that night’s trapping period. Additional corrections

are necessary if traps are not checked daily.

The total catch comprised of:

6 ship rats Rattus rattus

18 mice Mus musculus

1 hedgehog Erinaceus europaeus

1 blackbird Turdus merula

Of the six rats that were caught, none was caught on the first night, one was caught

on the second night, three on the third night, and two on the fourth night. Only

one rat was caught at Otakawhe Bay, whereas three were caught at Waikopou

Bay, and two at Arran Bay. This makes the catch rate of rats per 100 corrected

trap-nights (ctn):

1.08 rats / 100 ctn for Otakawhe Bay

4.32 rats / 100 ctn for Waikopou Bay

10.26 rats / 100 ctn for Arran Bay

3.31 rats / 100 ctn over all sites

Ignoring the two instances when the trap condition was not known, a Chi-square
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Table 4.1: Table showing the calculation of the number of corrected trap nights, by site.

Otakawhe Bay Waikopou Bay Arran Bay

Raw Corrected Raw Corrected Raw Corrected

Trap- Traps Trap- Trap- Traps Trap- Trap- Traps Trap- Total

Night nights Catches Sprung nights nights Catches Sprung nights nights Catches Sprung nights CTN

1 38 5 6 32.5 0 0 0 0 0 0 0 0 32.5

2 38 4 12 30 28 2 5 24.5 0 0 0 0 54.5

3 38 3 15 28.53 28 4 11 20.5 12 2 2 10 59

4 2 1 0 1.5 28 2 5 24.5 12 3 2 9.5 35.5

Totals 116 13 33 92.5 84 8 21 69.5 24 5 4 19.5 181.5

The trap which made the capture on the 24th of June at Otakawhe Bay was not checked the previous night, so must be presumed to have been

inactive for one day, rather than the usual half, with the extra half day deduction being allocated to the night of the 23rd of June.
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test of independence between the type of bait and the incidence of the bait being

touched (that is, the bait being either nibbled or gone, or the trap catching an

animal) indicated there was weak evidence suggesting a relationship between the

two (χ2 = 5.43616, df = 2, p = 0.066), but no significant relationship at the 5%

level. The main contributions to the statistic resulted from fewer instances of the

mix remaining intact than expected, and more instances of the cheese remaining

intact than expected. For a discussion of this, see Section 4.4.

The type of bait used did not significantly affect how likely a trap was to be sprung

(χ2 = 1.14278, df = 2, p = 0.565). That is, considering only traps which have shown

signs of interference, there is no evidence against the hypothesis that the type of

bait used and the condition of the trap as sprung or set are independent.

4.4 Discussion of Results

A man of genius makes no mistakes. His errors are volitional and are the

portals of discovery.

James Joyce, “Ulysses”

The main purpose of this pilot study was to gain experience in the trapping of

rats. The number of rats caught during the study was not as high as hoped, but

valuable lessons were learned pertaining to the amount of time required to set up

trap lines, efficient processes for setting up traps and processing captures, and the

likely behaviour of animals around traps.

Although not an intended purpose of this study, some tentative observations can

be drawn from the results of the study relating to the attractiveness of certain baits

and the effectiveness of those baits at springing the traps when they are disturbed.

There was no suggestion that any of the three baits of cheese, the oats mixture,
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or a combination of the cheese and oats mixture, had any effect on the incidence

of the trap being sprung when the baits were disturbed. However, the majority of

catches made were of mice, which suggests the density of mice was quite high, at

least at the beginning of the trapping. Since the traps were designed to catch rats,

it is quite plausible that the bait was often disturbed by mice which did not have

sufficient mass to set the trap off. It should therefore be considered that some baits

might still be more likely to set the trap off than others when the bait is disturbed

by rats. For example, it might be reasonable to expect the peanut butter bait

to return more captures than cheese if the the cheese cannot be anchored to the

trigger plate. The cheese could then easily be dislodged by a rat, whereas in order

to obtain the majority of the peanut butter bait, the rat has to be close enough to

the trigger to be able to lick the bait from the plate.

There was some evidence to suggest that the type of bait used in the trap affected

the attractiveness of the trap to animals. In particular, the mixture was left intact

less often than would be expected if the bait and attractiveness were independent,

while the cheese remained intact more often than expected. A possible explanation

of the mixture remaining intact less often than expected could be due to the high

incidence of extraordinarily large ants at the Arran Bay site (the sole site where the

oats/cheese mixture was tested). These ants were consistently found around the

traps in large numbers as they were checked, and there were indications to suggest

that the baits could quite easily have been removed by the ants, rather than mice

or rats. Note should also be made of the relatively small number of trapping

nights at the Arran Bay site compared to the other two sites. Since the Chi-square

test is based on large sample approximations, there may have been insufficient

observations made with the mix to appropriately assess the bait’s attractiveness

using this statistic.

The aim of this study was not to make strong conclusions, but rather to gain field

experience trapping rats. As such, a selection of this experience follows which

might aid other novice ecologists who intend to perform trapping:
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• Placing, checking and setting traps generally takes longer than you

might expect.

– In the case of this study, it took almost the entire first day for two

workers to lay 38 traps at 20 locations. This time would decrease as

experience at laying the traps grows, and the time would vary according

to the terrain.

– Remember to take into account the time it takes to move between widely

separated sites.

– Be prepared well in advance to get private landowners’ permission to

cross or set traps on their land. A general letter with contact details,

a brief outline of the overall project, the duration and methodology of

the study is very handy. From our experience, landowners are generally

happy to help, and often offer useful information.

– The time taken to check and set traps is highly variable depending upon

whether a catch has been made. It is a judgment call as to whether to

unset traps during the day (to avoid catching non-target species) and

whether to refresh the bait for all traps every day. Since mice form

no part of this project, there was no need to process such captures,

and time could have been saved by discarding such samples. However,

by collecting and storing the samples, valuable data might have been

preserved at little additional expense for some future study.

• Keep prolific, well-organised notes. The more information rec-

orded, the better.

– A brief description of the location in which a trap is set is not only

useful for locating the trap again and recalling the site in the future,

but might also be useful if it is thought terrain might be an interesting

covariate.

– Keeping a record of the overnight weather is advisable, as current liter-

ature seems to suggest weather is an important contributing factor to
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the number of captures made in a night (Weihong et al. , 1999).

– A GPS locator is a handy tool to have. During placement it can give

rough distance estimates to aid in the regular spacing of traps, it is useful

for replacing traps which may have been moved, and the geographical

positions can be analysed using spatial statistics.

– Keep a record of whether a trap is sprung or not, whether the bait has

been touched, and allow space for comments. Do not be loath to write

down plenty of comments, as seemingly insignificant details may turn

out to be particularly useful in the future.

• Patience is a virtue.

– Rats’ caution toward new objects in their environment (“neophobia”) is

well documented (Cunningham and Moors, 1996; Taylor, 1984; Innes,

1990; Innes, 2001). It might be advisable to place traps in advance of

setting them to get the rats accustomed to their presence, particularly

if a solid covering is to be used, as was the case in this study. Rats have

been shown to be more cautious about investigating traps laid under

solid or reflective metal covers than they are when traps are uncovered

or use wire-frame covers. However, solid covers are more effective at

avoiding trapping non-target-species, and preserve the condition of the

bait for longer (Weihong et al. , 1999). Pre-feeding, particularly by

baiting but not setting the traps for a few days in advance is also useful

for overcoming rats’ neophobia, by leading to an association between

the traps and a supply of food.

– It might be necessary to remove dense populations of non-target animals

such as mice before the rats have a chance to reach the baited traps.

The one rat trapped at Otakawhe Bay was trapped on the final night,

after numerous mice had been removed over previous nights.

• Miscellanea
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– Contrary to some findings, we were catching different species in the

same traps, suggesting that those species’ territories overlapped rather

than were distinct (cf. Innes, 1990). Of particular interest, mice were

surviving (possibly even outcompeting) in the presence of rats.

– We did not see as much activity as we expected immediately proximate

to human habitation (for example, at the rubbish skip, barbecue and

lean-to at Waikopou Bay, and the public toilet at Otakawhe Bay). Per-

haps this was because the habitation might have been disused for some

time, or perhaps previous poisoning campaigns had been intensive in

those areas. Neophobia is also generally stronger in commensal rats,

and rats living at low density and with abundant sources of food can

afford to be more cautious in the presence of unknown objects. This

particularly relates to trapping mainland rats, or rats on islands large

enough to be considered effectively part of the mainland, such as Wai-

heke4.

4This finding was supported by experience at other fieldwork sites. For example, in the Bay of

Islands, rats of both species living at very high density on small islands almost completely filled

dozens of traps over a single week of trapping. However, trapping on the opposing mainland

returned many fewer captures, requiring the use of two trapping occasions stretching over many

weeks to get close to a satisfactory sample size.
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PART II - Exploratory Methods
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Chapter 5

Literature Review for Exploratory

Methods of Investigating Genetic

Differentiation

This chapter provides a review of some common methods of exploring the relation-

ships between individuals based on genetics.

5.1 F -statistics

Wright (1951) introduced the notion of F -statistics as convenient means of sum-

marising population structure. To appreciate how these statistics relate to popu-

lation structure, it is helpful to introduce the model underlying their derivation.

This model is shown diagrammatically in Figure 5.1. This figure is taken from

page 16 of Weir (1996).

The model assumes that there was one superpopulation in the past from which

all modern populations descended. This implies that all observed populations

69
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Figure 5.1: Graphical representation of the process of evolution underlying the deriva-

tion of F -statistics according to Weir (1996). Genetic sampling causes the populations

to differ, while statistical sampling leads to differences between the samples. Nei (1977)

does not assume there are multiple replicate populations, instead relating F -statistics to

a single finite population.
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are replicates descending from the same superpopulation. Differences between

observed populations are due to stochasticity occurring over those populations’

evolution, but the expected values of parameters taken over all possible replicate

populations are unbiased estimates of the parameters for the ancestral superpop-

ulation.

In the simplest version of this model, as shown here, the only process affecting

the replicate populations’ genetic profiles is drift. There is no migration between

populations, and no mutation of alleles. Populations are of a constant size over

time, and all replicate populations are of the same size. This is so that the effect of

population size on the rate of drift is constant across time and between populations.

Generally, only a sample is taken from the modern populations with which to

estimate population parameters, so sampling adds another layer of variability into

the estimation of the superpopulation’s parameters.

Wright (1951) introduced three parameters:

• FIS: This parameter is commonly known as the within-population inbreed-

ing coefficient or fixation index. It is derived for any modern population in

isolation, and as such does not consider the evolution of replicate popula-

tions from a common superpopulation. It refers to the excess homozygosity

observed above that expected under Hardy Weinberg equilibrium for indi-

viduals within a specific population. It takes values in the range -1 to 1,

although to satisfy the so-called “inbreeding model” (Ayers and Balding,

1998), its lower bound is constrained to be
−pmin
1−pmin

, where pmin is the min-

imum allele frequency found at a locus for a locus-specific value of FIS, or

across all loci for an individual-level FIS value. The further this statistic

is from zero, the more incorrect the assumption of Hardy-Weinberg equilib-

rium. Any departure from equilibrium is often attributed to non-random

breeding (inbreeding, leading to inflated homozygosity and signalled by a

value greater than zero; or outbreeding, resulting in a homozygosity deficit,
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and indicated by a negative FIS value). However, homozygosity is based on a

complex web of dependencies, so it is often difficult to conclusively attribute

a departure from equilibrium to a single cause. For example, genotyping

error from null alleles (Chapter 3) will also inflate apparent homozygosity,

potentially leading to a high FIS value.

• FIT: This parameter also measures the departure from Hardy-Weinberg equi-

librium, like FIS, but from the perspective of the superpopulation. The ex-

pected proportion of homozygotes under equilibrium is based on estimated

allele frequencies taken from all sampled individuals, as is the observed pro-

portion of homozygotes. This is because all modern populations are deemed

to be replicates, so their individuals can be treated as belonging to a single

population. Like FIS, this statistic is theoretically bound between -1 and 1,

and also like FIS, the lower boundary is usually higher than -1 in order to

ensure consistency with the inbreeding model.

• FST: This statistic also considers the range of possible replicate populations

stemming from a superpopulation. Like FIT, allele frequencies are estimates

treating all individuals as belonging to the same population. However, in-

stead of estimating the proportion of homozygotes in the collection of all

populations (like FIT), or for a specific population (like FIS), this statis-

tic estimates the probability of getting two copies of the same allele from

two separate individuals from the same randomly chosen population. Thus,

instead of calculating the difference between an observed proportion of ho-

mozygotes and an expected proportion of homozygotes at equilibrium, in a

specific population (FIS) or treating all individuals as belonging to a single

population (FIT), FST calculates the differences between the expected equilib-

rium proportion of homozygotes averaged across all populations and the ex-

pected equilibrium proportion of homozygotes if all individuals were treated

as having come from the same superpopulation. Thus, FST is not testing

for a departure from Hardy-Weinberg equilibrium, but rather indicates how

appropriate it is to group individuals together under the umbrella of the su-
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perpopulation. The value of FST is always positive and scaled so that it lies

in the interval [0, 1]. The longer a set of populations evolve independently of

each other, the more divergent the genetics of the populations are likely to

be, and the less appropriate it is to treat the individuals as belonging to the

same population, leading to a larger value of FST. Large values of FST there-

fore indicate genetic dissimilarity between populations, and are commonly

used as a type of genetic distance measure.

The two most popular formulations of estimates for these parameters are due to Nei

(1977), and Weir and Cockerham (1984). These two approaches are covered in more

detail below. These formulations rely on statistical models to derive the estimates

and their statistical properties. For general cases, and when considering multiple

loci, each with multiple alleles, the statistical properties of these estimates are

not understood well, and are difficult to derive (Weir and Cockerham, 1984; Weir,

1996). With the advent of Markov-chain Monte Carlo methods for empirically

deriving distributional properties of parameters, Ayers and Balding (1998) propose

using MCMC to investigate inbreeding within populations. Their method could

be extended to investigate the other F -statistics.

5.1.1 Nei’s Equations

Nei (1977) formulated F -statistics in terms of ratios of heterozygosities. For a

system where there are s populations, and r alleles at each locus, the definitions

for a locus are:

FIS =
HS − HO

HS

FST =
HT − HS

HT

FIT =
HT − HO

HT
(5.1)
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where

HO ≈

∑s
i=1 (1 −

∑r
k=1 Pik)

s

HS ≈

∑s
i=1 (1 −

∑r
k=1 p2

ik)

s

HT = 1 −

r
∑

k=1

p̄2
k

where Pik is the proportion of genotypes in population i that are homozygous for

allele k, pik is the proportion of alleles in population i that are of type k, and p̄k is

the average proportion of alleles that are of type k across all populations. That is,

p̄k ≈
� s

i=1
pik

s
. Approximated values assume that all populations are similar sizes.

If population sizes are known, the contributions from each population should be

weighted by wi = ni

N
rather than by 1

s
, where ni is the population size of population

i and N =
∑s

i=1 ni.

For independent loci, these statistics can be combined in a similar fashion as sug-

gested by Weir and Cockerham (1984), by taking the sum of the numerators over

the sum of the denominators for the ratios in Equation 5.1.

HO is thus the average observed proportion of heterozygosity over the s populations,

HS is the average expected proportion of heterozygosity over the s populations,

and HT is the expected proportion of heterozygosity if there was no population

structure, i.e. all individuals could be considered as belonging to a single super-

population. The expected proportions are calculated assuming the populations are

in Hardy-Weinberg equilibrium.

Nei and Chesser (1983) further developed these equations to take into account the

estimates of the parameters are based on sample allele and genotype frequencies.

They go on to detail the distributional properties of these estimates.
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5.1.2 Weir and Cockerham’s Equations

Weir and Cockerham (W&C) (1984) developed analysis-of-variance analogues of

Wright’s F -statistics. Their model assumes that r populations of equal size de-

scended from a single ancestral population that was in Hardy-Weinberg and link-

age equilibria. These populations were subject to the same conditions during their

evolution, so they are replicate realisations from the same stochastic process.

After t generations, a single sample is taken from each of the r populations. These

samples need not be of equal size. These samples are single realisations from the

set of all possible samples of their respective sizes from each of their respective pop-

ulations. By taking expectations of observed statistics from these samples across

all possible samples that could have been taken from these populations, and all

possible populations that could have evolved under the same process, sampling

variance attributable to the physical sampling within the populations, and genetic

sampling between each generation during the evolution of the populations is re-

moved. The parameters estimated as the expected values of the observed statistics

therefore depend only on the size of the populations, and the shared conditions

through which the populations evolved.

W&C introduce the parameters with the notation f , θ, and F , which they consider

analogous to FIS, FST, and FIT respectively. The parameters f and F are referred

to as “inbreeding coefficients”, the former being population specific and the latter

for the system as a whole, and θ is referred to as the “coancestry coefficient”. The

sample estimates of these parameters are f̂ , θ̂, and F̂ . The variance of the observed

frequency of a single allele can be split into three components:

• a: observed variance between populations;

• b: observed variance between individuals within populations; and

• c: observed variance between gametes within individuals.
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The expectations of these observed statistics are defined as

E (a) = p (1 − p) θ,

E (b) = p (1 − p) (F − θ) ,

E (c) = p (1 − p) (1 − F )

where p the frequency of the target allele in the ancestral superpopulation.

It is easily shown that E (a + b + c) = E (a) + E (b) + E (c) = p (1 − p). That is,

the expected variance of an allele across all replicate populations and individuals

is simply a function of the superpopulation allele frequency.

Rearranging these equations provides formulae for the parameters of interest:

θ =
E (a)

E (a) + E (b) + E (c)

F =
E (a) + E (b)

E (a) + E (b) + E (c)

(5.2)

Using the identity relating f to F and θ, f = F−θ
1−θ

, it is seen that

f =
E (b)

E (b) + E (c)
,

and doesn’t involve the variance component describing variation between popula-

tions, since only a single population is assumed (i.e. there is no consideration of

replicate populations).

Formulae for the observed sample statistics, f̂ , θ̂, and F̂ are derived by replacing

the expectations of the variance components with the observed components, a, b,

and c. Insofar as the expectations of these ratios of variance components are similar

to the ratio of their expectations in Equation 5.2, the expectations of the statistics

are similar to the parameter definitions, and the statistics are thus approximately

unbiased estimators of the parameters. W&C show through simulations that there

is usually little bias due to the ratio of the expected variance components not

matching the expectation of the ratio of those components.
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Equations for the calculation of a, b, and c are given in Weir and Cockerham (1984),

and not repeated here. To combine the results from more than two alleles at a

locus, and across multiple loci, Weir and Cockerham (1984) advocate summing

the individual variance components over all alleles at every locus in the ratios

described, as opposed to taking the average of the ratios calculated for each allele

at each locus. The approach suggested results in approximately unbiased estimates

of the parameters, to a first approximation (Weir and Cockerham, 1984). A single

estimate of the parameters for all alleles and all loci assumes that all alleles and

all loci are subject to the same processes controlled by the parameters. If, for

example, the neutral locus model could not be assumed so that inbreeding could

occur at different rates for each locus, a separate estimate of the parameters should

be calculated for each locus.

It is important to estimate the variance of the estimates produced according to

W&C. This can be achieved through a jackknife procedure by calculating the

estimates while excluding each locus in turn (Weir and Cockerham, 1984), or

by bootstrapping the denominator and numerator of ratios used to calculate the

parameters as described by Weir (1996).

Although these equations are arguably the most commonly used to estimate F -

statistics in practice today, assumptions such as equal and constant historical pop-

ulation sizes, statistical independence of the populations’ evolution, and absence

of mutation are common criticisms, and are unlikely to hold in practice (Nei, 1986;

Whitlock and McCauley, 1999).

In practice, FST is often reported between pairs of populations as having been

calculated according to W&C (that is, a pairwise estimate of θ). According to

the specification here, this is an inappropriate application of the formula, since

the parameter θ is estimated by considering all populations in a system. By not

including every population, the estimate θ̂ is not as precise an estimate of θ as it

could be. However, Rousset (1997) describes how pairwise calculations of FST can

be used to relate genetic distance to geographical distance between populations



78 CHAPTER 5. EXPLORATORY METHODS LITERATURE REVIEW

on a two-dimensional plane. He estimated FST with θ̂. It is now commonplace to

use W&C’s θ̂ calculated with samples from pairs of populations to characterise the

pairwise genetic distances between those populations.

5.2 Genetic Distances

There have been many genetic distance measures developed to describe the ge-

netic dissimilarity between populations. For example, some of the more popular

between-population genetic distances are Cavalli-Sforza’s Chord Distance (Cavalli-

Sforza and Edwards, 1967; Cavalli-Sforza, 1969), Nei’s Standard Genetic Distance

(Nei, 1972), Reynolds’ Distance (Reynolds et al. , 1983), and Goldstein’s Distance

(Goldstein et al. , 1995).

When calculated between two populations, the F -statistic FST can also be thought

of as a pairwise distance measure. Using this pairwise estimate, it can be shown

that the ratio
FST

1−FST
is linearly related to the logarithm of the geographical dis-

tance between the two populations in a two dimensional habitat under isolation

by distance models(Rousset, 1997, 2001).

For the purposes of this project, it was desired to investigate genetic dissimilarities

between individuals. This was because it was presumed that examining movement

between populations at the population level would not offer enough definition to

adequately characterise migration in a system. Also, there are inherent difficulties

in defining populations. While this problem is somewhat alleviated in this case,

where there is the luxury of physical separation between population units (i.e.

islands), there might still be problems when certain islands are more connected

via migration than others.

The literature involving genetic distances between individuals is much thinner than

for distances involving populations. Jin and Chakraborty (1994) give a method
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for describing genetic dissimilarity between individuals based on the proportion of

shared alleles. This shared-allele distance is calculated as

DSA = 1 −

∑m
i=1 f (X1i, X2i)

2m

where X1i and X2i are the genotypes at the ith locus of individuals 1 and 2 re-

spectively, m is the number of individuals being compared, and

f (X1i, X2i) =



















2 if X1i and X2i are identical;

1 if X1i and X2i share one allele;

0 otherwise.

This distance therefore measures the average proportion of alleles that two indi-

viduals share across all loci. Individuals who share many alleles are considered to

be more genetically similar and will therefore have a smaller genetic distance.

Cornuet et al. (1999) desired to calculate the distance between individuals and

populations. This was achieved by calculating the average shared-allele distance

between the desired individual and every individual in the population of interest.

This distance measure is not always ideal. For a discussion concerning situations

where this distance is inappropriate, and an alternative distance measure, see

Chapter 8.

5.3 Trees

One common method of graphically displaying distances between units is to con-

struct trees. For this project, this was investigated using hierarchical clustering

algorithms. A pairwise distance matrix is provided as input. These distances can

be between individuals or between populations. For the purposes of providing an

illustration of these methods, Figure 5.2 was constructed using inter-population
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genetic distances. These algorithms create bifurcating trees by iteratively select-

ing two existing clusters to merge into a single cluster, subject to some specified

criterion.

At initiation, all individuals are treated as belonging to their own, single-member

clusters. The algorithm terminates once all individuals have been assigned to a

single cluster. Individuals within the same cluster are considered to be more alike,

and the longer it takes two clusters to merge, the more dissimilar their respective

members.

5.3.1 Aggregation methods

There are various criteria that can be used to choose the clusters to merge at each

step. Each clustering method can result in differing aggregations of individuals.

Pritchard et al. (2000) described distance-based clustering methods as easy to ap-

ply and visually appealing, but noted that there are disadvantages to these meth-

ods. This is because such methods do not rely on a model that relates members

of clusters to one another parametrically. They particularly note that the clus-

tering arrangement can be heavily dependent on the choice of distance measure

and the clustering algorithm employed. Figure 5.2 shows an example of different

tree topologies suggested for a common set of populations using various clustering

algorithms.

Ward’s Minimum Variance criterion is described as resulting in compact hyper-

spherical clusters. Clusters are merged to result in the minimum total within-

cluster variance. The Single Linkage clustering criterion merges the two clusters

which have the minimum distance between their two closest members at each

iteration. This method commonly results in a mix of long sequential arrangements

of clusters with a few single-entity clusters. Complete Linkage takes the converse

approach to Single Linkage by merging a pair of clusters which have the minimum
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Figure 5.2: Tree topologies generated with hierarchical clustering using three different distances and three

agglomeration methods. The columns distinguish populations using Cavalli-Sforza’s Chord Distance, the average

Euclidean Distance, and Nei’s Distance from left to right. The rows use Ward’s Minimum Variance criterion, the

Complete Linkage criterion, and the Single Linkage criterion from top to bottom. Data are from ship rats grouped

according to their general sampling sites, and coloured according to the geographical area they were sampled from.

Red = Bay of Islands, green = Great Barrier Island, magenta = eastern Hauraki Gulf, and navy blue = Stewart

Island. Samples from Leigh (cyan) and Fiji (orange) were also included.
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distance between their most distant members at an iteration.

While general aggregations are similar between most distance metrics and cluster-

ing algorithms, none of the trees present identical topologies. General groups that

are found in most of the plots in Figure 5.2 are the Great Barrier Island regional

sites, sites from Stewart Island, although Big South Cape Island and Southland

samples are not always collected with this group, the two Hauraki Gulf islands

of Waiheke and Ponui, and the mainland sites in the Bay of Islands along with

samples from Leigh.

Complete Linkage and Ward’s method seem to pull out the clusters that most

closely match those expected considering the geographical distances between the

sample regions. While the Single Linkage clustering algorithm returns strange

looking trees that are difficult to interpret, it does do a good job of separating the

oddest looking groups early on. That is, groups from Taukihepa, the archipelago

in the Bay of Islands and the single sample from Fiji are separated from the rest

of the samples near the root of the tree.

5.4 Summary

These exploratory methods provide some insight when investigating population

structure and connections, but signals are often confused, especially when consid-

ering the large range of options available.

FST is readily calculable, but generally provides wide confidence intervals for the

sample sizes employed in this project. While it can give a useful indication of

the genetic similarity of populations, it was unlikely to be of use for inferential

purposes, particularly for the stated aim of characterising relatedness between

individuals, rather than populations. The appropriateness of combining disparate

estimates across alleles and loci is also unclear.
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Trees are highly dependent on the choice of agglomeration method and type of

distance used. They can be useful for exploratory purposes however, so long as

their limitations are recognised.
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Chapter 6

Graphical User Interface

A graphical user interface (GUI) was developed for the R statistical program (R

Development Core Team, 2007). The program R was chosen as the base for this

development because it is freely available open source software, comprises powerful

statistical functionality, and is readily extensible. However, it was recognised that

not all users would be au fait with the standard command-line interface of R, so

a graphical point-and-click front-end was developed. Once the relevant genetic

and geographical data has been imported into R, the interface is brought up with

a single command, and from there the user interacts with the data by selecting

populations by clicking on a map of the desired area, and producing output through

interacting with a collection of buttons present on a side-menu. These buttons

access a suite of helper functions developed for use with the interface.

The CD accompanying this thesis contains an R environment holding objects and

functions for generating the GUI for three of the study areas investigated. There

are also three text files containing demonstration data, and a README text file with

information concerning how to initiate the functions in R. The R environment and

accompanying text files are also able to be downloaded in a zip file from http:

//www.stat.auckland.ac.nz/∼smiller/GUI example.zip. The R function used

to generate the GUI, mig.gui.func(), was originally developed in Linux. The
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version in the zip file has been adapted to suit R running under Windows. For

a copy of the Linux version of the commands, please contact the author.

Also on the CD is a recording demonstrating the use of the GUI in a Shockwave

Flash (swf) format, or self-executable file (exe). These files can also be down-

loaded from the internet, from http://www.stat.auckland.ac.nz/∼smiller/

GUI movie.swf and http://www.stat.auckland.ac.nz/∼smiller/GUI movie.

exe respectively.

6.1 Map Creation in R

This section goes into detail about the creation of 2-dimensional and 3-dimensional

representations of islands for use with the GUI. The level of detail expressed is

designed to allow the reader to reproduce maps in this fashion. This section may

be skipped if desired, without affecting the understanding of the following sections.

For the purposes of this interface, maps are stored as list objects in R. Each list

element corresponds to a geographical area, either an island or a section of the

mainland. These elements are lists themselves, and consist of an “x” element, and

a “y” element, each vectors which store the x- and y-coordinate locations of the

outlines of the areas they represent. The units used to specify these coordinates are

reproduced on the maps. Areas of the map which are not covered by geographical

objects are assumed to represent water, and are consequently coloured blue. Areas

of land are coloured green. There is currently no way to represent a body of water

within an area of land, but this could be easily achieved, perhaps by incorporating

the ability to specify the colour of objects in the map list. In this way, “islands” of

water could be superimposed on areas of land. This would necessitate the objects

representing the bodies of water to occur after the land areas they lie over in the

list, so that the coloured layers are drawn in an appropriate order.
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Like regular maps, the orientation of the map window sees the x-coordinate increase

from left to right, and the y-coordinate increase from the bottom of the window

upwards.

Although not necessary, it might be useful to name certain geographical objects

in the map list. If they are given the same name as the geographical names of

populations used in the data, it is possible to bring up individual maps of just

these objects by selecting their corresponding populations through the interface

(see Section 6.4.3).

Coastline coordinates can be downloaded from online sources, for example from the

United States’ National Oceanic and Atmospheric Administration’s page at http:

//rimmer.ngdc.noaa.gov/coast/. This is a convenient resource, but worldwide

geographical coordinates are only available at the scale of 1:250,000. This reso-

lution is unacceptable for the vast majority of the small islands studied as part

of this project. An alternative method for creating the map coordinates for New

Zealand islands was to visit the Land Information New Zealand interactive topo-

graphic map at http://www.nztopoonline.linz.govt.nz/website/nzmgtopo/

terms cond.htm. Once the area of interest has been located and displayed at an

acceptable size, a screenshot can be taken, or a copy of the page can be printed-to-

file from the left-hand sidebar menu (screenshots are recommended because what

you see on screen is what is saved to file, the range of file formats is more exten-

sive, and there is no additional download time). Under the Windows operating

system, capturing a screen is achieved by pressing the “Print Scrn” button on the

keyboard (typically to the right of the function keys, and left of the scroll-lock key,

at the top of the keyboard), then choosing to “Paste” from the “Edit” menu avail-

able in most graphics programs (such as Windows Paint), and saving the image.

Under the Linux operating system, a screen-capture application will be required.

It is recommended that all but the desired geographical details be turned off us-

ing the “Visible layers” button on the left-hand toolbar. A minimum set would

comprise the options NZMG grid, Island (boundary), and Coastline. The NZMG
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Figure 6.1: An example of the NZTopoOnline website. In this instance, layers for

the NZMG grid, island boundaries, coastlines and contours are displayed. The button

labelled A brings up a list of checkboxes for displaying the different layers. Button B is

the printing option, if the user prefers not to take a screenshot.

grid is necessary to infer the coordinates of the coastlines in units of easting and

northing, standard on most detailed topographical maps. The coastline option will

only display the coastline of mainland New Zealand, making the island-boundary

option essential for the depiction of any islands. See Figure 6.1 for an example of

a screen from the Land Information New Zealand topographic map website.

Once a topographical map of the area has been obtained, it is necessary to im-

port the picture into a graphics program capable of detecting the outline of the

geographical regions, or allowing the drawing of lines freehand, and saving coor-

dinates in an accessible format. For the purposes of this project, the graphical

program Xfig for the Linux operating system was used (it should be noted that
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the Windows analogue, WinFig, did not allow the freehand drawing of lines at

the time of writing). It is recommended a corner of the image be placed at the

(0,0) drawing-window coordinate, and a consistent scaling used (the actual-size of

the picture is recommended) so that the map can be re-inserted at a later date,

perhaps to trace additional objects. After importing the map image, select the

polyline drawing object from the left-hand menu, and commence tracing the out-

line of geographical areas by clicking the middle mouse button. It is advisable to

disable the mouse pointer from snapping to an invisible grid by selecting the “Point

Posn” option for polylines at the bottom of the screen, and changing the setting

to “ANY”. Zooming in can improve the accuracy of the tracing, but the the region

to trace might then stretch outside the screen. To reposition the screen, end the

current polyline by clicking the middle mouse button again, move the screen, then

start a new freehand polyline. Separate polylines can be joined together by select-

ing the adjacent endpoints with the “Join lines” option. Similarly, mistakes can

be erased point-by-point using the “Delete points” command. The map drawing

function in R will automatically join the last point to the first, so it is not strictly

necessary to join these points at this time, though the terminal points of the traced

outline for an object should lie close to one another. For mainland areas, it might

be preferred to draw straight lines to represent the boundaries between the map

edge and the continuing mainland. This can also be achieved by manually adding

a coordinate to such map objects at the intersection of the x- and y-coordinate

extremes. Figure 6.2 displays an example of an island outline being traced in the

Xfig graphics program.

Once all desired outlines have been traced, the topographic map image can be

deleted, leaving the traced outlines. It does not matter how far these outlines

stretch over a page or lie from the center of the drawing region, so long as their

relative positions are accurate. If this picture is saved as an Xfig object with the

.fig extension, the graphical coordinates of the plotted points are available in plain

text by opening the picture file with any text editor. The first several lines relate

to the picture setup itself, and can be ignored. There follows blocks of indented
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Figure 6.2: An example of the Xfig graphics program. Button A elects to draw a

polyline object. Button B is used for joining the ends of separate polylines together.

Button C defines the grid the polyline will snap to during drawing. This should be set

to “ANY” to allow smooth outlines to be drawn.
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coordinates preceded by unindented lines that code for the characteristics of the

polylines defined by the coordinates. The last number in the unindented lines is

the number of points that make up the polyline - this information is occasionally

of use. The indented blocks of coordinates are comprised of x and y pairs, so that

each consecutive pair of coordinates refer to the graphical x and y coordinate of a

single point. For the purposes of the graphical interface developed in R, each of

these blocks is represented by a list element in the map list, and the odd-indexed

x coordinates must be separated from the even-indexed y coordinates, with each

stored as a vector within their corresponding list element. An example of the

information within a .fig file from Xfig is shown in Figure 6.3. The editing

necessary to convert the Xfig file into code for constructing an R object was

achieved for this project using the PERL programming language.

The graphical coordinates available directly from the Xfig object can be retained

as they are if desired. However, it is important to note that the orientation of the

graphical coordinates from Xfig do not match the orientation of the map window

in R, so the resulting map appears upside-down. This is most simply corrected

by taking the negative of the y-coordinates. However, this problem can also be

corrected by converting the graphical coordinates into geographical coordinates.

If possible, this could be achieved by modifying the graphical coordinates prior

to tracing in the graphics program. If this was not done, it is simple enough to

write a function in R, or some other language, to convert the coordinates from

the graphics program into their geographical equivalents. It is necessary however

to have some reference that equates a known set of graphical coordinates to their

known geographical counterparts. This can be achieved by returning to the graph-

ics program and re-importing the map image downloaded from the internet and

placing it at the same position as it lay for the tracing (one corner at (0, 0), and to

scale if the above advice was followed). If the NZMG grid lines were superimposed

on this image, it is a simple matter of placing points at a minimum of two grid

intersections with diverse easting and northing coordinates, and recording the ge-

ographical coordinates corresponding to these intersections. After saving this, the
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Figure 6.3: An example of the information inside a .fig file from the Xfig graphics

program. The header information is not necessary for our purposes. New objects are

preceded by a line identifying their attributes. The first attribute is the object type,

which for polylines is 2. The last attribute is the number of points recorded for the

object. Each point along a polyline has an associated x- and y-coordinate. Alternating

x- and y-coordinates are found below the line of attributes with which they correspond.

#FIG 3.2

Landscape

Center

Inches

Letter

100.00

Single

-2

1200 2

2 1 0 1 0 7 50 -1 -1 0.000 0 0 -1 0 0 25

21133 8934 21160 8947 21186 8967 21200 8994 21226 9014 21246 9041

21273 9054 21300 9067 21326 9067 21353 9054 21373 9027 21380 9001

21366 8974 21340 8967 21313 8967 21313 8941 21306 8914 21280 8907

21253 8901 21233 8874 21213 8847 21186 8854 21160 8867 21133 8887

21120 8914

2 1 0 1 0 7 50 -1 -1 0.000 0 0 -1 0 0 116

21400 9214 21406 9241 21413 9267 21426 9294 21433 9321 21446 9347

21453 9374 21453 9401 21453 9427 21460 9454 21460 9481 21460 9507

21466 9534 21466 9561 21466 9587 21466 9614 21480 9641 21500 9667

21513 9694 21526 9721 21546 9747 21560 9774 21560 9801 21553 9827

21546 9854 21546 9881 21546 9907 21533 9934 21513 9961 21486 9967



6.1. MAP CREATION IN R 93

Xfig object can be opened with a text editor, and the matching graphical coor-

dinates noted. Using the linear relationship between the changes in geographical

coordinates per unit changes in graphical coordinates, the coordinates in the map

list can be transformed to reflect their geographical nature. This transformation

should have the additional effect of righting the orientation of the map from the

raw Xfig output, if necessary.

The helper-function map.plot() I designed can be used to generate the map from

the list object, without the need of additional data. This function requires the

map list as its first argument. An additional Boolean argument, grid, deter-

mines whether gridlines should be drawn for each unit change in coordinate. This

is TRUE by default, and will include axis labels “Easting” and “Northing”. If

FALSE, the labels are not displayed. If the map spans a large range of coordi-

nates, the gridlines might begin to obscure the map, so should be turned off. The

map is drawn on a black background. The two axes are scaled so that units are the

same length over both axes, so if the range of coordinates in one direction exceeds

the range in the other, the map is centered and any additional space is coloured

white. Between the extreme coordinates on either axis, the background is coloured

blue, to represent water. List elements represent land, and are coloured green when

plotted as polygons onto this background. Additional plotting arguments can be

passed to this mapping function. Figure 6.4 shows an example of a map generated

by the map.plot() function.

6.1.1 Three-dimensional Islands

Sometimes it is useful to see the geography of an area as it would appear in three

dimensions. Physical travel to the site may not always be a possibility. The

following section describes how to construct three-dimensional representations of

islands using the topographical maps available from LINZ and statistical functions

available in R. This aids in an appreciation of the physical features of an island,
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Figure 6.4: A finished example of a map download from the Land Information New

Zealand website, traced in Xfig, imported into R and converted into geographical co-

ordinates, and displayed with the map.plot() function.
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e.g. bays with soft gradients which are ideal landing sites for rats, coastline with

steep gradients on which rats would have difficulty landing, and valleys which are

likely to include small streams, ideal Norway rat habitat.

Information is required about the height of the area at given x- and y-coordinates.

This is best achieved by regularly spacing x- and y-coordinates on a grid covering

the area, and calculating the height of the terrain at these grid points. This

information can then be processed with the wireframe function in the lattice

package,or the persp function in the graphics package. Altitudes on regularly-

spaced grids are also available from the NOAA website, but again, the islands of

interest for this project were too small to show up adequately on even the highest

resolution grids available. If it is infeasible to personally collect such data, a close

representation can be made by using contour maps of the area. For New Zealand

locations, these too are available from LINZ’s TopoOnline service. All that is

required is to follow the steps to generate the two-dimensional map, but also check

the box for “Contours” on the LayerList, accessible from the left-hand toolbar

(Button A in Figure 6.1).

After capturing the map image as before, trace every contour, in the same manner

as described for coastlines in two dimensional maps. Make a note of the order

the contour lines were traced, since this information can’t be stored by Xfig

automatically. To aid in the process, it is recommended that contours be traced

in either ascending or descending order, where traces of all contours at a height

are completed before moving to the next level of contours. Import the data into

R in the same way as described previously, and convert the Xfig coordinates into

easting and northing. The data then need to be transferred to a dataframe with

three columns:

1. Easting coordinate (x)

2. Northing coordinate (y)

3. Height of contour
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An example of such a dataframe would look like

x y z

1 2716395 6557507 0

2 2716393 6557510 0

3 2716390 6557511 0

4 2716389 6557515 0

...

1180 2716396 6557499 0

1181 2716395 6557502 0

1182 2716395 6557505 0

1183 2716399 6557398 20

1184 2716396 6557397 20

1185 2716395 6557394 20

...

The columns from this dataframe are then passed to the interp function in the

akima package. Output-grid arguments xo and yo can be constructed of more

or fewer points to increase or decrease the resolution of the resulting shape. The

output-grid does not need to be regular. Setting the resolution too fine results in

flat patches and a tiered structure when using contours for areas with low gradient.

Extrapolation via the extrap argument is not advised, and it might be necessary

to handle duplicate x-y coordinate pairs if any exist. Duplication is generally a

result of sharp gradients, where contours lie close together, or where they have

identical ending and starting points.

The resulting object can be plotted with the persp function. The argument scale

should be set to FALSE to retain the relative dimensions. Setting shade to some

value between 0 and 1 provides shading to the object, and border = NA removes

the gridlines from the plot. An appropriate matrix of colour values can be supplied.

The matrix of colours corresponds with the midpoints of the squares of the grid
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supplied by xo and yo, so consequently should be shorter than the supplied grid by

one unit in each dimension. Islands are typically much wider than they are high,

and consequently may end up looking too flat. The relative ratio of the y-axis

to the x-axis can be modified using the expand argument, which allows the user

to emphasise geographical features. The direction and angle the island is viewed

from can be designated using the arguments theta and phi respectively, and the

same can be done for the light source to the picture, using ltheta and lphi. An

example is shown in Figure 6.5.

6.2 Genetic Data Format for the GUI

The format for genetic data input to the GUI follows that specified for the

BayesAss+ program (Wilson and Rannala, 2003). This information is held within

a dataframe in the R environment and passed as an argument to the GUI’s coor-

dinating function mig.gui.func(). The format requires the data to be arranged

into a dataframe with five columns. Each row is an instance of a diploid indi-

vidual’s genotype at a specified locus. Each individual must be genotyped at the

same number of loci as any other individual. If some individuals have not been

genotyped at as many loci as other individuals in the data set, or if the genotyp-

ing was unsuccessful, the genotypes at such loci must be recorded as missing (see

below). The number of rows is therefore equal to the product of the number of

distinct individuals and the number of loci genotyped. The columns are specified

in the order:

1. Individual ID

2. Population

3. Locus

4. Allele 1
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Figure 6.5: A contrast between a two-dimensional representation of an island, gener-

ated as described in Section 6.1, and a three-dimensional representation as described in

Section 6.1.1. Land was coloured green above three metres, and yellow between zero and

three meters. Notice the flat patches along some ridges of the island where the gradi-

ent was so slight that contour lines were too widely separated to smooth the regions in

between.
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5. Allele 2

For example:

ID Population Locus Allele 1 Allele 2

Ind1 Pop1 Loc1 69 69

Ind2 Pop1 Loc1 69 71

Ind3 Pop2 Loc1 0 0

...
...

...
...

...

Ind1 Pop1 Loc2 122 138

Ind2 Pop1 Loc2 122 138

Ind3 Pop2 Loc2 124 138

...
...

...
...

...

Notice that the first category for grouping is the locus, i.e. all records for a given

locus are grouped together. The next level of grouping is by population, i.e. all

records for a given locus are grouped by the population membership of the indi-

viduals. Individuals which are homozygous for an allele at a particular locus (e.g.

Ind1 at Loc1) are required to have both copies of the allele indicated, not just the

one. Missing alleles are permitted, and are required to be represented as “0” alleles

(e.g. Ind3 at Loc1). See Chapter 3 for the methods used to determine allele labels,

and Chapter 7 for a method used to handle missing data in the investigation of

genetic similarity between individuals and populations.

Individuals’ ID labels are not used by any of the functions accessed from the GUI,

and are not required to be in any specified format. It is necessary that an individ-

ual’s name is consistent across all records associated with it in the dataframe. The

GUI functions are case-sensitive, so any names in the data must remain exactly

the same across all corresponding records.

It is not necessary for every individual in the dataframe to belong to a population

that appears on the associated map in the GUI. Records relating to individuals
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belonging to populations that are not shown in the display are ignored. It is there-

fore suggested that the dataframe comprise the genetic results from all individuals

genotyped as part of the study. The same data set can then be passed to the

GUI, regardless of which area is being displayed at that moment. One proviso

is that every distinct population in the dataframe must have a unique identifier.

Information displayed on the map window in the GUI is drawn from the dataframe

by matching the population names in the window with the population names in

the dataframe. It is therefore necessary to use the same names to identify the

populations on the screen as those used to identify the populations in the data set.

Like individual labels, population labels are case-sensitive.

6.3 Specifying Population Locations for the GUI

Each population is represented by a black dot on the map window in the interface.

The coordinates for these dots are required to be passed to the interface function.

This is most easily achieved by creating a dataframe with the site information

for the populations. This dataframe has three variables. The first is the popula-

tion name, and as mentioned, this must match the names used in the dataframe

containing the genetic data. The next two variables are x and y coordinates respec-

tively for the position of the site label and its associated marker. These coordinates

must be in the same units as those used to draw the map. To aid in the creation of

this dataframe, there is a helper function called site.df.func(). This takes two

compulsory arguments: n, the number of populations to label; and map, the name

of the map to use. A third argument, names, allows the user to provide a vector

of names for the populations. If these names are not provided, the populations

are named sequentially 1 to n. This function plots the specified map, using the

map.plot() helper function, then gets the user to click n times on the map to

indicate where the population markers are to lie. Each point is indicated with a

white dot. Once all n points are indicated on the map, the appropriate names are
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displayed beside them, and a dataframe with the relevant information is returned.

This dataframe should be saved for future use with the GUI. Note that the order

the names are specified in the names argument is the order they will appear on the

map. For instance, the first point indicated on the map will have the first name in

the names argument, and so on.

6.4 Features of the GUI

This section is designed as a brief users’ guide to the GUI. It illustrates the options

available to the user, and the information displayed on the screen.

Three items are necessary to start the interface:

1. A dataframe of genetic information of individuals (Section 6.2).

2. A list comprising the coordinates of the outlines of geographical objects to

plot (Section 6.1).

3. A dataframe indicating where desired populations lie on the map

(Section 6.3).

These items are passed as arguments to the mig.gui.func() function. An addi-

tional argument, gridlines, is a Boolean that indicates whether gridlines should

be superimposed on the map or not. It is TRUE by default. A screenshot of the

interface is displayed in Figure 6.6.

6.4.1 Site-Selection Menu

At the positions specified by the dataframe of population sites, black dots are

displayed. The associated population labels are displayed alongside these dots in
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Figure 6.6: An example of the interface produced by the mig.gui.func() function.

Three groups have been selected, with the third currently active. Members of the third

group are coloured a bright yellow. Members of the second group are also coloured

yellow, but while they are inactive, this is a dark yellow. Members of the first group

are coloured red, and because they are currently inactive, their colour is also darkened.

Sample sites which are not yet assigned to groups are coloured black. The centre of each

sample site indicates how many samples from that site are in the genetic dataframe. The

indicator box at the top of the right-hand panel shows the index of the currently active

group, and the number of samples from within that group. See Section 6.4.1 for details.
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purple. Within a dot, the number of individuals in the genetic dataframe from

that population is displayed. If there are no individuals in the genetic dataframe

with the same population name as any site, the number inside the black dot is

zero.

The site dots can be selected and unselected by clicking them. When an unselected

site is selected, it becomes coloured. When unselecting a site, its dot returns

to black. Individual populations can be aggregated into groups. Geographical

boundaries do not necessarily imply genetic boundaries, so it is often useful to be

able to compare one group of individuals’ genetics with another’s. Certain genetic

measures available from the GUI are based on group comparisons, so it is necessary

to define more than one group for these measures. These are also statistical genetic

measures, where each individual is seen as a random draw from its group’s genetic

profile. It is therefore necessary to include more than one individual in a group

for most genetic measures to be calculated in the GUI, in order to characterise the

statistical variability of the measures. Dots for the sites selected for the first group

are coloured red. Sites allocated to subsequent groups are coloured yellow. The

central number in the white square found in the top row of the Site Selection Menu,

to the right of the map window, indicates the index of the current group in black.

The grey number to the bottom right of this square is the number of individuals

belonging to sites currently selected within this group. This increases as sites

with one or more individuals are selected as part of the current group in the map

window. The dark grey buttons either side of the white box, labelled “<<” and

“>>”, decrease or increase the group index respectively. This changes which group

is currently “active”. The next available group with no sites currently associated

with it is able to be selected by either increasing the index with the “>>” button

from the group with the highest index of groups consisting of selected sites, or by

decreasing the index from the first group using the “<<” button. Until sites are

selected for this available group, it is not classed as a group in any of the GUI

operations, and increasing the index from such an empty group will return to the

first group. Groups are populated by sites, not individuals, so even if a group



104 CHAPTER 6. GRAPHICAL USER INTERFACE

consists of sites with no individuals, it is a valid group.

While the index of a group is not displayed in the white box, that group is unable

to be modified. Groups not referenced by the index in the white box are said to

be “inactive”. The only group that can have sites added or subtracted from them

is the one whose index is displayed in the white box. When a group’s index is

not displayed in the white box, any sites associated with the group are coloured a

darker colour. Sites associated with the currently active group are coloured more

brightly.

Note that a group can consist of one or more sites, but a site can belong to either

only one group or no group. Thus, for an active group, sites with black dots are

able to be added to that group, and sites with brightly coloured dots are able to be

removed from that group. Sites with dull coloured dots already belong to another

group, so are unavailable for selection, and can only be removed from their group

when that group is active.

The “Clear” button in the Site Selection Menu performs two different functions,

depending on whether the currently active group is populated or empty. If the

current group has sites associated with it, clicking the “Clear” button will remove

all those sites from that group, so that the group is empty. At that point, the

group’s index is unchanged, so any sites selected at that time are allocated to

that same group. However, groups that are empty are no longer recognised by the

functions in the GUI, so increasing or decreasing the group index at this point will

see the group numbers rearranged so that there is no gap. That is, any groups

with indices higher than the empty group will have their indices reduced by one

as soon as the empty group is made inactive. Clicking the “Clear” button when

the active group is already empty unselects all sites. That is, the map is reset to

its original state where there are no populated groups.

The first selected group is known as the “hub”, and is treated differently from

the other “satellite” groups by some of the functions in the GUI. However, to
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most functions in the GUI, this distinction is inconsequential. To illustrate the

difference, the hub group is coloured red, while all satellite groups are coloured

yellow. The hub group could be regarded as the population from which individuals

in all of the satellite groups might have originated. For this reason, the first

group typically consists of mainland sites, or sites from the largest islands in an

archipelago. If a user wishes to specify a particular satellite group as the new hub,

they should make the desired group active, then press the “New Hub” button. The

active satellite group becomes the new hub, with the group index 1, and all sites

associated with it are coloured red. The former hub group is given the index of

the former satellite group, and all of its sites are now coloured yellow. If the active

site was empty when it was designated the new hub, the hub will be empty and

there will be no red sites on the map. New sites can be selected for the hub at

this time. If the index is changed while the hub is empty, every group will have its

index reduced by one, so that the former group 2 will become the new hub.

Changing the colours of sites between black, red and yellow is achieved in the

GUI by superimposing a coloured dot of the same area on top of the previously

coloured dot. The graphics window in R continues to draw layers that have since

been coloured over. This can get tiresome when there have been many colour

changes, as stacks of dots are redrawn whenever the window is refreshed. Clicking

the “Refresh” button in the Site-Selection Menu redraws the screen with sites

initialised with the same colour they had at the same time the “Refresh” button

was pushed. Certain operations in the GUI will automatically call the refresh

command.

The “STOP” button is the proper way to exit the GUI. It is also possible to

achieve this by closing the R graphics window the GUI is operating in, but this

will produce an error in the command line window.

At the bottom of the menu panel, “Previous Page” and “Next Page” buttons allow

the user to traverse through the various menus available to them. This does not

alter the display of the Site Selection Menu, which remains at the top of the panel
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regardless of the page. This is because the selection of sites and groups is the most

fundamental aspect of this interface, so is always available.

6.4.2 Display Menu

Two analyses are available from the Display Menu: barplots of the allele profiles of

populations, and Weir and Cockerham’s F -statistics (Weir and Cockerham, 1984)

(see Chapter 5).

Allele Barplots

For any statistical problem, exploratory plots are an important first step in forming

an understanding of the situation. One way to characterise the relatedness of

populations is to compare barplots of the profiles of allele frequencies between

the populations. This option is available under the Display Menu by clicking

the “PLOT” button. The barplot type may be selected as either “frequency” or

“count” by clicking the button next to the “Barplot type:” indicator.

A new window opens to display the plots. The resulting graphs are arranged in

three columns to a window. Each column represents the allele profiles for one locus,

i.e. reading down a column, all plots refer to the same locus. Each row represents

a separate group, ranging from group 1 (the hub group) at the top of the window

downwards. Colouration follows the scheme set out in the main screen, where the

hub profiles are coloured in red, while the satellite profiles are yellow. The titles

of the graphs indicate the locus they refer to, which group they are for, and the

number of samples in that group. The y-axis represents the number of alleles,

or frequency of alleles, depending on the option for the barplot type. Barplots of

counts are plotted on the same vertical scale for each locus. The y-axis for barplots

of frequencies is always between 0 and 1, for every locus. The x-axis describes each

allele found in at least one of the groups. The allele names are treated as labels,
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not numerically, so the difference in microsatellite lengths between adjacent alleles

is not necessarily uniform across the range of alleles. Clicking on the barplot screen

advances the plots to the next set of three loci. Once all loci have been displayed,

clicking the window will close it and return the user to the main window. While

the barplot window is displayed, the main GUI cannot be used.

Satellite groups might be theorised to have been founded by descendants of the

hub group individuals. As such, they could be expected to have similar proportions

of alleles and, in the absence of mutation, no alleles that are absent from the hub

group sites. The alleles carried by the historical founders of a population will have

a strong influence over the genetic profile of that population in the future. The

fewer founders, the less like the hub population a descendant satellite population

will look genetically. Although the assumption of no mutation, the belief that

all individuals in a satellite group hailed from the hub group, and that all alleles

across the hub sites have been detected might be unrealistic, the identification

of unique alleles in the satellite populations is still an informative method that

is useful when characterising population structure qualitatively. As such, alleles

found in a satellite population but absent in the hub population are highlighted

in green. The number of unique alleles that a satellite group possesses across all

loci, and the frequency or number of those unique alleles within each locus might

indicate which assumptions are most likely to be invalid.

Figure 6.7 shows an example of allele frequency barplots for three loci across the

three populations show in Figure 6.6.

Weir and Cockerham’s F -statistics

Also in the Display Menu are buttons to calculate Weir and Cockerham’s analogues

to Wright’s F-statistics, FIS, FST, and FIT.

FIS is commonly known as the “inbreeding” coefficient and is calculated for each
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Figure 6.7: Barplots of allele frequencies. Each column represents one locus. Each row

represents one group. There are not many alleles that occur in the satellite populations

that do not also occur in the hub population, for example allele 238 in locus D18Rat96 for

Group 2. The distribution of allele frequencies are quite dissimilar however, particularly

for Group 3 at the first locus, and both Groups 2 and 3 at the third locus. There are

some moderately common alleles in Group 3 that are not seen in Group 1 at the third

locus.
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separate group. It is the only statistic of these three that is calculable when there

is only one group selected. Mathematically, an inbreeding statistic is calculable

for every distinct allele found at each locus. However, theoretically each allele at

a locus should be subject to the same inbreeding effect in the absence of selection.

This might also be assumed for locus-specific inbreeding calculations. Following the

equation suggested in Weir and Cockerham (1984) a single inbreeding coefficient

is calculated for each population.

FST is known as the “coancestry coefficient”. It is commonly used in the literature

to characterise the genetic distance between pairs of populations. As such it is

calculated for every pair of groups possible when two or more groups are selected.

However, according to the theory behind the calculation of this statistic, each pop-

ulation is supposed to be a replicate of a theoretical descendant from a common

ancestral distribution. By this way of thinking, the expected time since the sep-

aration of the present populations should be the same, and calculations should

not be restricted to pairwise cases, but rather calculated based on all populations

present, where a larger number of populations provides a more precise estimate

relating to the time of coalescence.

FIT can be thought of as the total inbreeding coefficient. It is not as commonly

used in practice as the other two statistics. It is calculated in the same manner as

FIS if every individual in every selected population belonged to the same group.

Each of these statistics provides a point estimate with an associated degree of

uncertainty in the form of a bootstrap confidence interval. The distributional

properties of these statistics are not well defined (Weir and Cockerham, 1984), so

this uncertainty is characterised by bootstrap replications of the statistics across

loci. These intervals are typically wide. For FIS and FIT, wide confidence intervals

are most likely when the assumption that each allele and each locus is subject to

the same inbreeding effect is violated. The resulting combinations of estimates

over the bootstrap process would then be expected to vary widely, resulting in the

large confidence intervals for the point estimates. Since the inbreeding coefficient
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is related to the excess homozygosity observed in the sample, a wide confidence

interval will also result for loci possessing null alleles (Chapter 3).

Similarly for FST, if the present populations cannot be considered to be replicates

of the same descendant population, their estimate of their coancestry time will

not be consistent. This variability is heightened if there are few populations, and

population sizes are small. As mentioned, pairwise population comparisons are

not theoretically valid when the statistic was developed to include all populations

simultaneously.

Inbreeding coefficients for the three groups selected in Figure 6.6 are:

INBREEDING COEFFICIENTS (f)

Group 1

0.1665 (0.06144, 0.30411)

Group 2

0.05281 (-0.09745, 0.22705)

Group 3

0.05796 (-0.0121, 0.14193)

Coancestry coefficients for each pair of populations selected in Figure 6.6 are:

PAIRWISE COANCESTRY COEFFICIENTS (theta)

Between Group 1 and ...

Group 2

0.1258 (0.05092, 0.24415)
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Group 3

0.12986 (0.06293, 0.22895)

Between Group 2 and ...

Group 3

0.10579 (0.04042, 0.22162)

The inbreeding coefficient for all three groups is:

POPULATION INBREEDING COEFFICIENT (F)

From all 3 groups ...

0.20898 (0.11128, 0.34149)

6.4.3 GIS Menu

The Geographical Information System menu allows users to get a better apprecia-

tion for the geography of the sample sites. The user can choose between plotting a

separate map for each of the named islands in the map list, or a plot of a selection

of islands using the black button. Plotting is achieved by pressing the green button

marked “PLOT”. If a selection of islands is desired, a window will open centred

on those islands with names in the map list that match site names selected on

the main map screen. This is a handy way of seeing close up views of particular

island groups. If the option is set to “All”, every object that is named in the

map list is plotted individually in the map window. Maps are cycled through by

clicking on the map window. If the data frame containing the genetic information

has the geographical coordinates where a sample was trapped in the sixth and

seventh columns, these points are indicated on the map with red dots, by default.
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Figure 6.8: An example of plotting capture sites on a two-dimensional map.

Figure 6.8 shows the plot resulting from plotting the captures from two sample

sites on one island in different colours. Figure 6.9 demonstrates the usefulness of

reproducing the same plot in three dimensions.
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Figure 6.9: An example of plotting capture sites on a three-dimensional map. This

representation shows the populations are separated by steep terrain. This might inhibit

migration between these populations, despite their proximity.
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Chapter 7

Survivors or Reinvaders?

Introduction to Population

Identification

The eradication of pests from an island is an expensive undertaking in terms of

time, effort, and money. If pests are caught on an island following an eradication,

it is important to be able to determine whether the eradication failed or whether

the island has been reinvaded. That is, are the individuals caught following the

eradication survivors from the population on the island prior to the eradication, or

are they migrants from another population that arrived after the eradication was

completed?

A failed eradication might require that the eradication be repeated, or it might

indicate that eradication of the pest species is infeasible. Reinvasion might signal

the need for better monitoring of the island’s coastline to intercept invaders or

better mainland control to prevent invasion at the source, or the conclusion might

be drawn it is unsuitable to maintain a pest free status on the island.

In order to use genetic samples to determine which scenario is more likely, it is

115



116 CHAPTER 7. SURVIVORS OR REINVADERS?

necessary to have a record of the genetic profile of the island population that

existed prior to the eradication attempt. That is, genetic samples must be taken

from the pest population on an island prior to the eradication. This requires a

degree of planning that needs to be in place prior to the onset of the eradication.

To class the post-eradication individuals as migrants, it is not strictly necessary to

determine which population they have come from. If the post-eradication individ-

uals are clearly genetically different from the pre-eradication population, it is safe

to conclude that the island has been reinvaded. However, some benchmark needs

to be set at which point to conclude that an individual did not come from the

pre-eradication population. The higher the uncertainty about the genetic profile

of the original population (for example, if the sample size of pre-eradication indi-

viduals is small), or the closer the genetic similarity between the pre-eradication

population and the source population of the invaders, the more difficult it is to

classify the new individuals as invaders with certainty.

Taking representative samples of surrounding populations can increase the con-

fidence of detecting reinvaders. It is not necessary to take genetic samples from

surrounding populations prior to the eradication on the island, as these popula-

tions will persist beyond the treatment of the island, and if they are of sufficient

size, their genetic profiles should remain consistent for at least a few generations.

7.1 Pearl Island

Pearl Island sits in the entrance to Port Pegasus on the east coast of Stewart Island,

New Zealand (Figure 7.1). It is an important island for conservation purposes,

being considered a back-up island if the islands currently home to the endangered

kākāpō (Strigops habroptilus) need to be abandoned. All three species of rat found

in New Zealand were known to be on Pearl Island as of 2004. The New Zealand

Department of Conservation intended to attempt an eradication of the rat species



7.1. PEARL ISLAND 117

Figure 7.1: A map showing (A) New Zealand, (B) Stewart Island, and (C) Pearl Island.

present on the island to improve its suitability for any potential relocation of

kākāpō and other threatened species. This is the only time all three species of

invasive rat have been targeted for eradication on a single island simultaneously

(Russell et al. , in review).

Pearl Island lies no more than 250 metres from the nearest point on mainland

Stewart Island. This is easily within swimming distance for Norway rats, and

possibly within the range of ship rats. It is therefore possible that migration

between the populations of rats on Pearl Island and the opposite mainland is

frequent. However, the latitude of Pearl Island means that the water temperature

is comparatively cold. This might restrict the number of successful migrations

between the islands. There is very little boat traffic landing on Pearl Island due

to its remote location and status as a protected reserve.

The eradication was carried out in mid-2005 (winter). There was no sign of rats
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on the island following the eradication for nine months. The first sign of rats

was observed within the island’s interior in May 2006 (late autumn), without

any indication from monitoring stations along the island’s mainland-facing coast.

Subsequent trapping efforts over two months resulted in captures of both Norway

rats and ship rats. No young rats were captured, suggesting recent breeding had

not occurred on the island. Tissue samples from 10 Norway rats and 1 ship rat

caught on Pearl Island post-eradication were supplied.

To classify the rats caught after the eradication as survivors from the pre-eradi-

cation population or reinvaders from a mainland population, it was necessary to

have a representative sample of rats from the pre-eradication population. A small

set of samples was available from a study of habitat usage by the rats undertaken

a month before the eradication (Harper, 2006). This set consisted of 12 Norway

rats and 10 ship rats from a trap-line set on the coast of Pearl Island facing the

mainland. Samples from the opposing mainland on Stewart Island were not taken

until three months after the capture of the post-eradication rats on Pearl Island,

more than a year after the collection of the pre-eradication samples. This returned

9 Norway rat samples and 8 ship rat samples.

7.2 Analysis

A common class of approaches used to determine individuals’ genetic populations

of origin are assignment tests. These calculate the probability of observing an

individual’s multilocus genotype given it descended from one of each of a set of

identified populations. That is, these assignment probabilities are calculated as

Pr (Observe an individual’s genotype|That individual descended from population I)

The general approach is to assign the individual to the population associated with

the highest assignment probability.

This approach can be undertaken with the publicly available software
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GeneClass2 (Piry et al. , 2004). One method for calculating the assignment

probability is described by Rannala and Mountain (1997), which is incorporated

in GeneClass2. This method treats the unknown population allele frequencies

as random. The distribution of a population’s allele frequencies at a locus is de-

rived by multiplying the conditional multinomial likelihood of the observed sample

allele counts, given a set of population allele frequencies, by a conjugate Dirichlet

prior distribution for those allele frequencies. The probability density function for

a Dirichlet distribution is

f (x1, . . . , xk−1; α1, . . . , αk) = Γ

(

k
∑

i=1

αi

)

k
∏

i=1

xαi−1
i

Γ (αi)

for observations x1, . . . , xk, where xk = 1 −
∑k−1

i=1 xi, and parameters α1, . . . , αk.

In Rannala and Mountain cite*rannala97, the prior distribution is described as

assigning equal probability density to any set of allele frequencies at a locus j for

a population i in the absence of a priori information by choosing a Dirichlet prior

distribution with αh = 1
kj

, for h = 1, . . . , kj, where kj is the number of distinct

alleles found at locus j. In fact, this choice of prior distribution parameters does

not equally prefer any set of allele frequencies as intended, instead preferring cases

involving one very common allele and (kj − 1) very rare alleles. The choice of

parameters for a prior distribution which assigns equal probability density to any

set of allele frequencies at a locus is αh = 1, for h = 1, . . . , kj.

For a given collection of population allele frequency sets, one for each popula-

tion, the assignment probability for an individual is calculated using the Hardy-

Weinberg Equilibrium equations. Let pijk be the frequency of allele i at locus j in

population k. The Hardy-Weinberg Equilibrium equations are then

Pr (Homozygous for allele i at locus j|Population k) = p2
ijk

Pr (Heterozygous for alleles i and i′ at locus j|Population k) = 2pijkpi′jk

If the genotyping is done at L independent loci, the multilocus assignment proba-
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bility is simply the product of the L single-locus genotype probabilities.

Therefore the probability an individual’s multilocus genotype is observed is cal-

culated for each population, based on random draws of allele frequencies from

their posterior distributions for those populations. This produces a distribution of

assignment probabilities for that individual for each of the identified populations.

Since the distributions of the population allele frequencies are not of interest,

the expected probability of an individual’s genotype is derived by integrating the

Hardy-Weinberg equations over all possible population allele frequency arrange-

ments, multiplied by the probability of those arrangements. Because the result

for a multilocus genotype is the product of multiple frequencies, each between 0

and 1, the probability of observing an individual’s genotype if it descended from

a given population can be in the order of 10−7 to 10−30 for as few as ten loci.

Therefore, the logarithms of the probabilities are often calculated for each locus,

and the results summed across loci.

7.3 Methods of Interpreting the Output

For each individual, the logarithm of the expected conditional probability of ob-

serving that individual’s multilocus genotype is calculated for each possible popu-

lation from which it could have descended.

The simplest application of this output involves assigning each individual to the

population which is associated with the largest assignment probability. A major

disadvantage of this approach is that it doesn’t recognise whether the assignment

probabilities for two or more populations are similar.

For two identified populations, these log-probabilities are easily visualised by plot-

ting each individual’s pair of log-probabilities as a scatterplot. The line y = x

indicates where an individual’s genotype is equally probable to have come from
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either population. This approach is demonstrated in Paetkau et al. (2004).

GeneClass2 will also calculate a set of scores for each individual, one score for

each identified population. These scores are calculated as the ratio of the assign-

ment probability for a particular population divided by the sum of assignment

probabilities for that individual across all populations. The score is therefore be-

tween 0 and 1 and represents the strength of the assignment probability for a

certain population, relative to the strengths of probabilities for all the identified

populations. Take a situation where there are two putative populations. Let P1

be the assignment probability for an individual associated with population 1, and

P2 be the assignment probability for that individual associated with population 2.

Let a be a particular score value, where 0 ≤ a ≤ 1. The score value is defined as:

a =
P1

P1 + P2

for 0 ≤ a, P1, P2 ≤ 1.

It is clear that this relationship holds for more than one set of assignment probabil-

ities. For example, a score value of 0.8 could correspond to P1 = 0.8 and P2 = 0.2,

but could equally refer to P1 = 0.96 and P2 = 0.24. Indeed, all probability pairs

along the line P2 = 1−a
a

P1 will have a score value of a for P1. A particular score

value does not refer to a unique pair of assignment probabilities.

As mentioned, the log of the assignment probabilities for each individual relating

to one of the two populations can be plotted in a scatter plot. For the set of

assignment probabilities which return the same score a, the relationship between

the log of these probabilities is

log (P2) = log

(

1 − a

a
P1

)

= log (P1) + log

(

1 − a

a

)

Therefore on the plot of log-scaled probabilities, all values on the line y = x + c
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Figure 7.2: A sketch of log-probabilities from one of two possible populations. The solid

line shows where the multi-locus probability is equal for each population. The dashed

lines show all points at which an individual’s assignment probability for one population is

19 times greater than its assignment probability for the other population. Individuals at

points A and B have equal probabilities for each population. However, point B fits both

populations fairly well genetically, whereas point A fits neither population particularly

well. Their scores are identical however.

provide the same score value, where y is the log-assignment probability to popu-

lation 1, x is the log-assignment probability to population 2, and c is a constant,

which is determined by the desired score value. An example is shown in Figure 7.2.

In this figure, the solid line shows the points at which the genotype probabilities

given either population are equal. The dashed lines show the points at which the

score for population 1 is 0.95 (above the solid line), or conversely, where the score

for population 2 is 0.95 (below the solid line; i.e. the score for population 1 is

0.05). It is interesting to note that at even the fairly moderate scale in this plot

(the minimum log-probability for multilocus genotypes involving 10 loci often gets

as low as -50), the area of the plot where there is less than 19 times the amount

of support for one population over the other is a fairly narrow diagonal band.

The loss of relative information by using score values is their major weakness. For

example, a score value of 0.5 indicates there is as much support an individual could

have descended from one population as it could have the other. However, this does

not reveal whether this individual is strongly related to both populations, or if the
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individual is not likely to have descended from either. If the individual has a

high assignment probability for both populations (e.g. point B in Figure 7.2), this

suggests that these populations might be genetically similar, or that the individual

has recent ancestry from both populations (for example, one parent from each

population). In the case where the individual does not have a high assignment

probability for either population (e.g. point A in Figure 7.2), the suspicion might

be the individual is from an unsampled population. Despite the evidence pointing

to these two individuals descending from different populations, their score values

would be identical.

During our investigations, we have found these score values to be of little practical

use. For cases involving two populations, the assignment probability is usually

many orders of magnitude greater for one population than the alternative. Scores

are therefore usually close to zero or one. This is why it is necessary to take the

logarithm of these probabilities, so that patterns are better revealed in the prob-

abilities. Further on in this chapter, Figures 7.3 and 7.4 show the two boundaries

representing score values of 90% for each of two populations respectively. It is

clear that the majority of individuals lie beyond these two boundaries, and since

the plots are on a log-scale, the scores for such individuals are very close to 1 for

the population corresponding to the side of the line y = x on which they are lying.

7.4 Missing Data

A mathematician is a blind man in a dark room looking for a black cat

which isn’t there.

Charles Darwin

As mentioned in Chapter 3, there are occasionally failures when genotyping sam-

ples, particularly when the samples have not been preserved close to the time of
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death. Some of the samples taken from rats found on Pearl Island following the

eradication had remained unpreserved for several days.

One approach is to omit loci which have been unsuccessfully genotyped when

calculating the assignment probability for each population for an individual. With

respect to that individual, the assignment probabilities are each calculated over the

same set of loci, and so are comparable with each other. These probabilities can

be ranked, and assignment based on which population corresponds to the highest

probability. However, the probabilities for this individual cannot be contrasted

with those for an individual calculated over a different number of loci. The product

of single locus probabilities would be over different numbers of loci, so the resulting

multilocus probabilities would be incomparable. Similarly, if the same number of

loci was used for each individual, but the loci used were not the same, the multi-

locus probabilities would be incomparable between individuals.

However, the scores are comparable between individuals typed at different sets of

loci. This is because the scores are ratios which map the comparable assignment

probabilities within an individual onto a common range, a score between 0 and 1.

However, as noted previously, this mapping is not unique. Calculating this ratio

loses the information regarding the magnitude of the assignment probabilities for

an individual. This reduces the ability to differentiate between individuals in

certain cases when those individuals are in fact genetically distinct.

The rationale followed in GeneClass2 is to remove any locus where all individuals

from a reference group are missing data at that locus. If an individual who is being

assigned is missing data at a locus, calculations ignore this locus. Although a note

is made about the loci involved in the calculations for each individual, individuals

are not grouped with others who are missing the same loci. This could lead to the

inappropriate comparison of individuals typed at different sets of loci.
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7.4.1 Replacing Missing Data

Another approach is to impute the alleles that were not typed, or counteract the

effect of being unable to calculate the contribution to the multilocus probabilities

of every locus.

In the first instance, the alleles could be replaced with random sampling. The

choice of sampling scheme could have a critical impact on the effect of this ap-

proach. What set of alleles should be available for selection - all alleles observed

across all sample sites, or only alleles detected at the same sampling site the incom-

plete genotype comes from? With what probability should each allele be selected

- e.g. uniformly, relatively to their observed frequencies, parametrically? Should

population specific effects such as inbreeding be accounted for? These and other

such considerations all affect the choice of alleles to replace the missing data.

An alternative presented in this thesis is to impute the effect of the missing geno-

types on the overall multilocus genotype. This is achieved by multiplying the

assignment probability for the incomplete multilocus genotype belonging to an

individual with an estimate of the Hardy-Weinberg probability associated with

its missing loci. This multiplicative factor can be inferred from information in

the typed loci, and the distribution of probabilities from other individuals for the

missing loci.

For an individual who has an incomplete set of genotypes, the assignment prob-

ability for each population is calculated based on only those loci that have been

successfully typed. Using only those loci, probabilities are then calculated for all

individuals whose genotypes are complete, i.e. who are not missing any loci. The

probabilities calculated for the individual with missing loci are directly comparable

to these probabilities, and are ranked amongst them. The individual with missing

loci then has a rank for each population based on the loci it has been typed for,

with respect to the assignment probabilities for individuals with no missing loci,



126 CHAPTER 7. SURVIVORS OR REINVADERS?

but who have been restricted to using only those loci possessed by the incomplete

individual.

The assignment probabilities for the individuals with no missing data are then

calculated based on their full sets of loci. Empirical densities of these multi-locus

probabilities are constructed. The probabilities from these densities corresponding

with the ranks of the individual with missing data pertaining to the probabilities

calculated from the reduced set of loci are attributed to that individual. That

is, from a distribution of assignment probabilities for full genotypes, the assign-

ment probability for an individual with an incomplete genotype is matched with

the quantile the incomplete genotype is found at in a distribution of comparable

assignment probabilities calculated on the reduced set of loci.

To summarise, for individual X with missing genotypes at certain loci:

• Take all individuals who have complete genotypes.

• Calculate the assignment probabilities to each population for all these indi-

viduals and individual X, based solely on the loci that X possesses.

• Rank individual X’s assignment probabilities amongst the sets of probabili-

ties.

• Calculate the assignment probabilities for the individuals with full genotypes

based on all of their loci, and construct empirical distributions using these

probabilities for each population.

• From these empirical assignment probability distributions, draw the proba-

bilities at the quantile that correspond to individual X’s reduced-set assign-

ment probability rankings. If the missing loci held the same information

about X’s chances of being assigned to a population as the loci that re-

main, the relative position of X’s assignment probabilities should remain

unchanged, regardless of how many loci are typed.
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For example, consider a scenario where there are two populations identified, α and

β. Of a sample of 25 individuals, 24 are successfully genotyped at four loci. Let

individual X be typed successfully at loci 1, 2, and 4. This individual’s genotype

for locus 3 was unsuccessful. The multilocus probability of individual X descend-

ing from populations α or β are calculated based on the incomplete information

available, i.e. using only loci 1, 2, and 4. The probabilities for every individual

who was successfully typed at all loci are calculated for populations α and β, but

using only loci 1, 2, and 4. Of the set of assignment probabilities for population α

based on only these three loci, individual X has the 17th lowest probability out of

25 individuals. For population β, X’s assignment probability is the 11th lowest.

The assignment probabilities from populations α and β are then recalculated for

individuals with no missing data, but this time they are calculated based on the

full data set, i.e. across all four loci. Empirical distributions for these assignment

probabilities, one for each population, are constructed using a kernel smoother. In-

dividual X’s full-genotype assignment probability for population α is taken to be

the 17−1+0.5
25

= 16.5
25

th quantile of the empirical distribution of full-genotype assign-

ment probabilities for population α. Similarly, the inferred assignment probability

for individual X with respect to population β is the 10.5
25

th quantile of the empirical

distribution of full-genotype assignment probabilities for population β.

For this method to be valid, it must be assumed that the information from the

missing data affecting the calculation of the assignment probabilities for each pop-

ulation is the same as the information from loci that were successfully genotyped.

If the loci that were not successfully genotyped contained information that signifi-

cantly altered the assignment probabilities for the populations, this method would

incorrectly impute the full-loci probabilities. For this reason, this method should

only be applied when a small number of loci are unsuccessfully typed for an indi-

vidual. Individuals with a substantial number of missing loci should be excluded

from the analysis.
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7.5 Application

The method of imputing full-genotype assignment probabilities described above

was applied to the data collected from Pearl Island. Two populations were iden-

tified: the population on Pearl Island prior to eradication, and the population

from the surrounding mainland. Interest lay in assigning individuals taken from

Pearl Island after the eradication to the pre-eradication population (the “survivor”

hypothesis), or the mainland population (the “reinvader” hypothesis).

The expected assignment probabilities for each of the Pearl Island post-eradication

rats were calculated according to Rannala and Mountain’s method (1997).

Initially, six Norway rats had missing alleles for at least one locus:

• Pre-eradication Pearl Island Population:

– 1 rat missing 1 locus

• Mainland Port Pegasus:

– 1 rat missing 1 locus

– 1 rat missing 3 loci

• Rats from Pearl Island Post-eradication:

– 2 rats missing 2 loci

– 1 rat missing 6 loci

For the ship rats, all of the rats caught on Pearl Island prior to the eradication

were missing alleles at one of the loci. This locus (D5Rat83) had to be excluded for

all ship rats, because including a reference population which has no information

about alleles over an entire locus can lead to misleading results. From the nine

remaining loci, three rats from Port Pegasus were missing alleles at one locus,

though none from the same locus.
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Missing data has a greater effect when it occurs in individuals belonging to refer-

ence populations because the results will affect the placement of all other individu-

als in the analysis. For individuals in the post-eradication Pearl Island population,

which is not a reference population, missing data will only affect each individual’s

assignment probabilities. The effect of this missing data was imputed to estimate

full-loci probabilities in the manner described above.

The genotypes of individuals who were missing data were subsequently reanalysed.

For the Norway rats, nearly all missing data were filled in. The one exception was

the rat taken from the Port Pegasus population which previously had had

three untyped loci, and now had only one untyped locus. Only one of the three

ship rats from Port Pegasus was successfully retyped at its missing locus.

Figure 7.3 shows the results from this analysis for Norway rats. The two plots

appear remarkably similar, despite the second plot having only one instance of a

sample with a missing locus. This suggests the imputation method for correcting

missing data is working well. Part of the similarity will be due to only 5 of the 14

corrected missing genotypes belonging to rats in the pre-eradication Pearl Island

and mainland Port Pegasus reference populations. In particular, the rat which had

6 missing loci in plot (a), but a full multi-locus genotype in plot (b) belonged to the

post-eradication population. Therefore, the imputation of genotype probability for

this rat in plot (a) affected only the placement of this rat.

All 10 Norway rats caught on Pearl Island following the eradication were at-

tributed higher assignment probabilities for the mainland population than for the

pre-eradication population on Pearl Island. That is, all post-invasion rats were

consistent with the hypothesis of reinvasion of the island. An interesting feature of

the plot of probabilities is the lack of differentiation between the populations in the

y-axis. This implies that individuals sampled from both the mainland population

and the pre-eradication Pearl Island population fit equally well in the hypothesised

mainland population. There is clear differentiation between the samples from the

populations in the x-axis however. This implies that the genetic profile of the pop-



130 CHAPTER 7. SURVIVORS OR REINVADERS?

(a) (b)

Figure 7.3: Scatterplots of the logarithms of the posterior assignment probabilities for

Norway rats for the pre-eradication Pearl Island (“survivor”) population and the main-

land Port Pegasus (“reinvader”) population. Plot (a) shows the imputed probabilities

when there was a total of 15 missing genotypes across 6 rats. Individuals A. and B. are

missing 1 locus, C. and D. are missing 2 loci, E. is missing 3 loci, and F. is missing 6 loci.

Plot (b) is the picture after 14 of those 15 genotypes were successfully re-typed, and only

individual E. still has missing information, at 1 locus. The populations represented are

� = pre-eradication rats on Pearl Island, + = Port Pegasus, and  = post-eradication

Pearl Island. The solid line indicates where the posterior assignment probabilities for

both populations are equal. The dashed lines represent the points at which the posterior

assignment probability for one population is 9 times larger than the probability for the

other.

ulation of rats on Pearl Island tends to exclude rats sampled from the mainland

population. This result would be expected if the genetic profile of rats in the island

population is a subset of the profile for the mainland population. In this way, is-

land rats would share the most common alleles found in the mainland population,

but mainland rats might have rare alleles that do not exist in the pre-eradication

island population.

Figure 7.4 shows the results of using imputation to reconstruct the full-genotype

probabilities for the ship rats, both before and after re-typing the three samples
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with missing data. As can be seen, introducing a single previously missing genotype

for one of the mainland rats does little to change the overall interpretation of

the graph. One of the samples from the mainland population that had a higher

assignment probability for the pre-eradication island population in Figure 7.4(a)

develops a higher assignment probability for the mainland population in part (b).

Otherwise much is the same. Other than the post-eradication rat and one mainland

sample, the assignment probability for the mainland population (y-axis) again does

little to distinguish the populations, again indicative of a situation where the island

genetic profile is a subset of the mainland genetic profile.

The sample from the sole ship rat caught after the eradication, which is the sample

of most interest for this investigation, has a higher assignment probability for the

mainland population than for the pre-eradication island population. However, both

multi-locus probabilities are rather low, so it is possible this rat is from neither

of the reference populations examined in this study. The existence of rats in the

Port Pegasus population who fit the mainland and island genetic profiles as badly

as the rat caught on Pearl Island following the eradication suggests there may be

several distinct populations of ship rats in the Port Pegasus area.

One mainland rat appears to be more inclined to associate with the island pop-

ulation prior to the eradication rather than the mainland population from which

it was sampled. This is interesting, because there was no apparent indication of

migration amongst the Norway rats, which are the more capable swimmers. If the

low water temperature prevents Norway rats from swimming between the island

and mainland frequently, it suggests this ship rat might have migrated through

some means other than swimming. The similarity could also be due to genetic

similarity between the populations and relatively small sample sizes. The sample

sizes might not have been great enough to allow for perfect distinction between

the two, closely related populations.

The assignment probability to the pre-eradication island population for the main-

land ship rat with the lowest value on the y-axis (individual A. in Figure 7.4) is
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more than 9 times its probability for the population from which it was sampled,

i.e. its score value would be less than 0.1 for the Port Pegasus population. Despite

this, its position relative to the other rats sampled from Pearl Island before the

eradication suggests it is not a representative of this population. This result high-

lights the loss of information that occurs when the score values are interpreted.

Although this rat has a higher assignment probability for the island population

than for the mainland population, neither of these probabilities are particularly

high relative to other rats. This rat fits the genetic profile of the island population

much more poorly than any of the island rats in the sample, and the plot indicates

that mainland rats are more spread out than the comparatively tighter cluster

of pre-eradication rats. It is therefore possible that this rat, and perhaps the rat

caught on Pearl Island following the eradication, descend from another, unsampled

population, which happens to be more genetically similar to the island population

than the majority of the Port Pegasus population, but is unrepresentative of the

island population nonetheless.

7.6 Discussion

There is something fascinating about science. One gets such wholesome

returns of conjecture out of such a trifling investment of fact.

Mark Twain

This chapter has shown how a graphical representation of genetic characteristics

between groups can help aid in the discrimination between survivor and reinvader

hypotheses in cases where there are samples from each of the two reference popu-

lations.

The graphical representation is a powerful tool. The score values available from

the GeneClass2 software have serious shortcomings when used for this purpose.
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(a) (b)

Figure 7.4: Scatterplots of the logarithms of the posterior assignment probabilities for

ship rats for the pre-eradication Pearl Island (“survivor”) population and the mainland

Port Pegasus (“reinvader”) population. Plot (a) shows the imputed posterior assignment

probabilities when there were 1 missing genotype for each of 3 rats. Plot (b) is the

picture after one of those genotypes were successfully re-typed (for individual C.). The

populations represented are � = pre-eradication rats on Pearl Island, + = Port Pegasus,

and  = post-eradication Pearl Island. The solid line indicates where the posterior

assignment probabilities are equal. The dashed lines represent the points at which the

posterior assignment probability for one population is 9 times larger than the probability

for the other.
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The graphical representation is easier to take in than a list of log-probabilities. In

this example, it illustrates how the island rats cluster, despite the small sample

size from this population, and convincingly (qualitatively, if not quantitatively)

discounts some suspicions, e.g. that the ship rat caught on Pearl Island after the

eradication descended from the original island population (Figure 7.4).

An extra level of complexity is added when more than two populations are identi-

fied. The set of probabilities of belonging to each of these populations cannot be

represented exactly in a two-dimensional plot.

An additional consideration is the precision of the expected probabilities. Points

on the graphs are the expected assignment probabilities after integrating out the

uncertainty due to the sample allele frequencies. Populations from which smaller

samples are taken will be expected to have higher variability between the sets of

allele frequencies drawn from the posterior Dirichlet distribution. I have developed

a formula for the variance of the assignment probabilities, shown in Appendix A.5.

Also, no account is taken of inbreeding. Individuals within a population experi-

encing inbreeding are more likely to be homozygous than heterozygous. This could

be an important consideration when determining the population an individual is

most likely to have descended from. I produce equations incorporating inbreeding

into the Rannala and Mountain (1997) model in Appendix A.4.



Chapter 8

Multivariate Posterior

Assignment Probabilities

Once a number is produced, something, perhaps everything, of value has

been lost.

Bryan Sykes

One of the first steps that should be undertaken in any statistical analysis is

visualisation of the data. There are numerous ways to display genetic data between

populations. One of the simplest methods is to plot bar plots of relative frequencies

of alleles for each population (see Chapter 6). Closely related populations will have

similar profiles. Isolated populations, especially those evolved from a small number

of founders, will have relatively few distinct alleles present. This is known as allele-

fixation due to the process of genetic drift.

To present a picture of the separation of populations from each other, it is necessary

to think in terms of genetic dissimilarity. These differences can be regarded at the

level of populations, or at the individual level. A measure commonly used for

measuring the genetic separation between populations is Wright’s FST, or some

135
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similar measure, such as Weir and Cockerham’s coancestry coefficient (Weir and

Cockerham, 1984; Wright, 1951) (see Chapter 5). At the individual level, a measure

such as the average number of shared alleles per locus is commonly used (Jin and

Chakraborty, 1994).

We propose a new measure for assessing the genetic dissimilarity between individ-

uals. It is calculated at the individual level, but incorporates information about

the population structure assumed in the system. This means that the method is

not assumption free, since the populations must be explicitly defined, but is more

informative than assumption free measures such as the shared-allele distance, due

to the inclusion of this additional information.

The method works by calculating assignment probabilities, the probabilities of

observing individuals’ genotypes assuming they descend from certain populations,

as is the case for individual assignment tests. However, instead of regarding only

the single largest probability for each individual, as many assignment tests do,

we consider the profile of probabilities that each individual possesses. This is

the predominant advantage of our method over a method such as shared allele

distances, since in the case where two individuals do not share the same allele,

a notion can be made of how likely it would be to observe such alleles were the

individuals to be members of the same population.

We can then plot the arrangement of individuals based on the relationship of their

probability profiles.

8.1 Assignment Probability

The standard Hardy-Weinberg Equilibrium equations can be used to calculate the

genotype probability for an individual based on a set of population allele frequen-
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cies:

Pr(Homozygous for allele a) = p2
hja

Pr(Heterozygous for alleles a and b) = 2phjaphjb

(8.1)

where phji is the frequency of allele i at locus j in population h.

In order for a population to be in Hardy-Weinberg equilibrium, the following set

of conditions must be met:

• There can be no mutation of alleles can occur

• No migration into or out of the population

• The population size must be effectively infinite

• Mating is random, i.e. individuals must pair by chance and every individual

is free to mate with every other

• There must be no selection of alleles, i.e. there are no alleles that provide a

competitive advantage or deleterious effect

In natural populations, these conditions are rarely, if ever, satisfied. For this

project, the condition of non-selection should be met - microsatellites do not code

for proteins, so are assumed to provide no inherent advantage or disadvantage

to those who possess them. In evolutionary terms, they are selectively neutral.

Although microsatellites are rapidly evolving through mutation, by restricting our

analysis to only recently founded populations, mutation should not be a serious

issue. We found that samples taken from as long as 40 years ago were remarkably

similar to samples taken from the same modern populations for this project.

However, the remaining conditions are unlikely to hold. This project investigated

the means by which rats invade islands - such invasion pathways are unlikely to be
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one-off options, so repeated migration is a possibility. No population is of infinite

size, but on the islands investigated, it is unlikely the populations will be any larger

than moderate with respect to those required to satisfy the conditions. Although

the mating system of rats ranges from polygynous - where male rats possess harems

with which they have exclusive mating rights - to promiscuous - where male and

female rats may have multiple partners - according to density, it is unlikely that

their breeding patterns are truly random, as there are spatial barriers to mating.

That is, rats are more likely to breed with partners who live closer to them, or

who are easier to reach.

Despite these problems, it was felt it was appropriate to use the Hardy-Weinberg

equations to assess the relatedness of individuals and populations through graph-

ical methods. This is because we are not relying on any numerical tests which

require the satisfaction of the Hardy-Weinberg conditions in order to be able to

make distributional assumptions about the observations. Instead, we are using

the probabilities calculated to suggest hypotheses which are worth investigating.

The relationships suggested through this method are unlikely to be substantially

altered if the assumptions are not met perfectly.

8.2 Calculating the Probabilities

To calculate a rat’s assignment probability for a population, a record is required

of allele frequencies at every locus for that population. Because the only knowl-

edge of these frequencies comes from the rats sampled from that population, it

is possible that the rarest alleles from those populations were not observed. By

using the observed frequency of alleles, p̂, in the probability calculations, there is

the possibility that rats receive a probability of zero for a population because they

possess an allele that was not sampled from that population, even if every other

allele held by the individual is common in that population. It is also possible for

rats to have zero probability of belonging to every proposed population.
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The distributions of the unknown allele frequencies at a locus for each popula-

tion can be estimated under the Bayesian framework. To do this, the counts of

observed alleles are modelled with multinomial distributions. By specifying con-

jugate Dirichlet priors, the distributions of unknown allele frequencies will also be

Dirichlet distributed. Sets of allele frequencies can be drawn for each population

from these posterior distributions, and these can be used for the probability cal-

culations. Not only does this remove the possibility of any allele frequency being

zero, even if no instances of that an allele were sampled in some of the populations

(unlike the classical method of estimating these frequencies), but the variance of

the frequencies drawn reflects the certainty of a population’s allele frequency pro-

file, which is based on the number of alleles in the entire sample. For this project,

a uniform Dirichlet distribution (i.e. αi = 1 for all i; see Section 7.2)is used for

the “prior” distribution for our multinomial models of allele counts. This reflects

the lack of knowledge about what allele frequencies to expect prior to sampling.

In order to remove bias, when calculating an individual’s assignment probability for

the population from which they were sampled, that individual’s alleles are removed

from the table of allele counts for that population. This cross-validation ensures

that an individual is not more likely to belong to the population from which it was

captured by virtue of its own genes being included in that population.

Because the loci used in this study were chosen to come from different Norway

rat chromosomes, they are structurally unlinked and therefore inheritance of al-

leles across loci is independent for Norway rats. The ship rat genome is less well

studied, so we can only assume that the same loci are independent for ship rats.

The independence of loci allows the probability of inheriting an entire multilocus

genotype to be calculated as the product of the single locus genotype probabilities

for each locus. Because these products are typically very low, commonly in the

order of 10−7 to 10−30 for 10 loci, it is more usual to take the log of the product of

probabilities, or the sum of the log of the probabilities calculated for each locus.

The result is a set of probabilities for every sampled individual, where each set rep-
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resents how well an individual’s genetics fit into each of the proposed populations.

Replication is carried out by drawing new sets of population allele frequencies

from the Dirichlet posterior distribution conditional on the sample allele counts.

A point-wise graphical representation of the relationships between individuals can

be constructed by taking the mean of the replicated probability profiles for each in-

dividual. Projecting the set of probabilities for an individual from each replication

onto the resulting plot can give an indication of the reliability of the relationships

identified from the point-wise mean estimates alone. Populations which had few

samples taken from them will have variable allele frequency densities, so infor-

mation about relationships between individuals provided by these populations is

likely to be variable, and thus not very informative.

8.3 Displaying the Probability Profiles

The picture-examining eye is the best finder we have of the wholly unan-

ticipated.

John Tukey

A table is constructed where each row represents an individual and each column

represents an identified population. Cells in this table describe the mean posterior

assignment probability for an individual for each population. I have termed the

set of probabilities for a single individual (i.e. a row of the table spanning all the

columns) the individual’s “probability profile”. Individuals with similar genetics

will have similar assignment probabilities for most populations, just as they would

have similar shared-allele proportions with other individuals using a shared-allele

distance metric. However, this method will also provide similar probabilities for

individuals who have alleles which are similarly common to a population, even

though the alleles themselves are not identical.



8.3. DISPLAYING THE PROBABILITY PROFILES 141

Table 8.1: Population frequencies of three alleles at a single locus for two hypothetical

populations.

Allele A Allele B Allele C

Population 1 0.5 0.1 0.4

Population 2 0.2 0.6 0.2

As an example of this innovation, consider the case where there are two popula-

tions. Three alleles are detected at a single locus. The population allele frequencies

for each of the populations are shown in Table 8.1. Note that in practice we would

estimate these frequencies by sampling them from their posterior Dirichlet distri-

bution.

Three sampled individuals have genotypes:

• Individual 1 = {A, A}

• Individual 2 = {A, B}

• Individual 3 = {C, C}

On the basis of shared alleles, Individuals 1 and 2 are the most similar because they

share a single allele. However, this does not take into account that Individuals 1

and 3 have genotypes containing alleles that are common in Population 1, whereas

Individual 2 has an allele that is much more common in Population 2.

The Hardy-Weinberg probability profiles for these individuals are shown in Ta-

ble 8.2. In this case, Individuals 1 and 3 both have higher assignment probabilities

for the first population than the second, whereas Individual 2 has a higher assign-

ment probability for the second population. An assignment test would therefore

place Individuals 1 and 3 together. The Euclidean distance between the profiles

of these two individuals is also smaller than the distance from these individuals
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Table 8.2: Probability profiles for the three individuals across the two hypothetical

populations.

Population 1 Population 2

Individual 1 0.25 0.04

Individual 2 0.1 0.24

Individual 3 0.16 0.04

to Individual 2. This can be demonstrated graphically with a scatterplot of the

assignment probabilities for each of the populations.

The intent in displaying these measurements graphically is to group together indi-

viduals who have similar probability profiles, either because of genetic similarity,

or due to having genetics which are characteristic of a particular population. As

shown in Chapter 7, these plots can be a useful tool for identifying migrants be-

tween populations or descendants from those populations. However, using only

two reference populations does not provide much resolution, particularly if those

two populations are genetically similar. In situations where more than two pop-

ulations have been identified, it is necessary to extend the method introduced in

Chapter 7.

When there are more than two reference populations, the ability to produce scat-

terplots of the probability profiles becomes more complicated. The points repre-

senting the probability profiles of the individuals now lie in a multi-dimensional

space with more than two dimensions. Scatterplots of the probabilities for each

potential pair of populations can be produced, but the number of these plots grows

exponentially with the number of populations identified. In the interest of sim-

plicity, statistical dimension reduction techniques can be employed to produce the

plots which provide the greatest amount of information in a two-dimensional plot.

Information is typically measured as the greatest separation between groups or

variation across the individual points.
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Figure 8.1: A map of Goat Island and Leigh, New Zealand

A Principal Components Analysis (PCA) can be performed on the table of prob-

ability profiles. Each individual is treated as an observation and each population

is treated as a variable on which the individuals are assessed. The PCA finds

orthogonal orientations of the cloud of individual points, ordered to display the

orientations which capture the widest variation between the individual points first.

Figure 8.2(a) shows an example of the first two components from a PCA on the

table of probability profiles for ship rats sampled from Leigh, New Zealand. Sam-

ples were taken from three adjacent mainland areas, and from Goat Island, a small

island lying less than 100 metres from the mainland (Figure 8.1). Although the is-

land is easily within swimming distance of the mainland for rats, there is a strong

current that runs through the channel separating the mainland and the island.

Only one sample was taken from one of the mainland populations, so it was not

included as a population for the purposes of generating probability profiles. This

is because the draws of allele frequencies from this population would have been so

variable that they would have done nothing to aid in exploration of this scenario.
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Figure 8.2: Two-dimensional plots from a Principal Components Analysis on the prob-

ability profiles of samples taken from Leigh, New Zealand. Plot (a) shows the first and

second principal components, while plot (b) shows the first and third components. The

percentage of the variation seen in the data expressed by each dimension is shown in

parentheses. The four groups represented are � = Goat Island, N = Mainland Area A,

# = Mainland Area B, and × = Mainland Area C.

The first dimension plotted in Figure 8.2 shows there is clear separation between

the group of rats found on Goat Island and the surrounding mainland. This

suggests that there is not frequent migration between the mainland and the island.

One mainland individual seems to lie much closer to the island population than

the other mainland samples. This could be an individual who shares ancestry

from both populations. The second dimension highlights a problem of performing

a PCA on the individual genetic profiles. A single rat from one of the mainland

populations looks much different from all the other rats in the sample. This could

be a rat from an unsampled population, or could be a misidentified Norway rat or

kiore. Because it is so far from the other individuals, it explains a large proportion

of the variability seen in the data. Thus this unusual observation, or outlier,

might have influenced the choice of orientations in such a way to obscure group

separations that are of more interest. For example, Figure 8.2(b) shows a plot of

the first and third components from the PCA of the data. The third dimension

explains only about 4% of the variation seen between the individuals, but there
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appears to be some suggestion it separates samples from the two larger mainland

populations. Removing the extraordinary sample results in a plot of the first

two principal components looking very similar to Figure 8.2(b). While the first

principal component for this new space is virtually identical to the original, the

removal of the outlier allows more flexibility when choosing the orientation of

the second component, as opposed to the original constrained choice of the third

principal component.

An alternative to performing a PCA is to perform Canonical Discriminant Analysis

(CDA) on the individual genetic profiles. To perform a CDA it is necessary to have

some idea about the grouping of individuals that is not related to the variables

provided to the function. In the case of this project, this can be the sampling

population of individuals.

Performing a CDA is like performing a PCA on the means of the groups. Instead

of looking for the dimensions that maximise the variation seen in the individual

observations, a CDA looks for dimensions that maximise the distances between

groups. Additionally, CDA will also standardise the probability profiles within

groups so that the within-group covariance matrices are spherical. This improves

the ability to separate the group centres.

A criticism of CDA for this application is the requisite knowledge of the group

membership. The purpose of these exploratory plots is to characterise the relat-

edness of individuals in multiple populations. If migration is frequent between

groups, classifying individuals from the same sampling population as being some-

how similar may allow a separation of the groups that is due more to random

variation rather than genetic differences. There is also the problem of unequal

sample sizes. There is greater uncertainty about the group mean for groups with

smaller samples, and hence more uncertainty about the relative position of the

group in the transformed space. CDA attempts to take account of this uncertainty

by weighting the group centres according to sample sizes. It is still unwise to in-

clude groups which have a low number of individuals. Figure 8.3 shows an example
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Figure 8.3: The first and second dimensions from a Canonical Discriminant Analysis

of the probability profiles calculated for rats sampled from Leigh, New Zealand. The

percentage of the variation seen in the data expressed by each dimension is shown in

parentheses. The four groups represented are � = Goat Island, N = Mainland Area A,

# = Mainland Area B, and × = Mainland Area C.

of the first two dimensions of a CDA using the samples from Leigh. Notice how

the second dimension is now devoted to indicating the difference between two of

the mainland populations, rather than being hijacked by the unusual observation

from Mainland Area A as it was in the PCA.

Another alternative method to display the data is Principal Coordinate Analy-

sis (PCO). This method doesn’t make the distinction of cases and variables, as

PCA does. Instead it takes a matrix of inter-individual distances and attempts to

recreate the distance matrix with orthogonal dimensions. Like PCA, the first di-

mensions contain the greatest amount of information about the distances between

individual points. PCA can be seen as a special case of PCO: a PCA is a PCO on

the matrix of Euclidean distances between individuals based on their probability

profiles. A PCO can be performed on a matrix of distances derived under any

metric however, not just Euclidean distances.
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Figure 8.4: The first and second dimensions from a Principal Coordinates Analysis

of the shared allele distances between samples taken from Leigh, New Zealand. The

percentage of the absolute variation seen in the data expressed by each dimension is

shown in parentheses. The four groups represented are � = Goat Island, N = Mainland

Area A, # = Mainland Area B, and × = Mainland Area C.

Figure 8.4 shows the first two dimensions from a PCO conducted on the shared-

allele distances between the samples from Leigh (see Section 5.2 for the calculation

of shared-allele distances). Although the island rats are still separated from the

mainland groups, the separation is not as apparent. This is in part due to the

restriction on the range of values that the shared allele distances can take. These

distances are some function of the number of shared alleles, which must be integer

values between 0 and twice the number of loci examined. In this case, the distance

is the average number of non-shared alleles per locus for each pair of individuals

calculated over 9 loci, so the distances can only be one of the 19 integers between

0 and 18 inclusive, divided by 9.
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8.3.1 Credible Regions

The points in the multidimensional space represent the average genetic profiles of

the individuals, calculated over the number of simulated population allele frequen-

cies taken. The point representing a single individual can be thought of as the

centre of the cloud of probability profiles that were calculated for that individual

with each draw from the posterior distribution of allele profiles.

Because there are as many of these points as there are draws from the posterior al-

lele frequency distribution for each individual, plotting these points in the reduced

space makes the exploratory plots unreadable. However, it is possible to indicate

their presence in an exploratory plot. A PCA or CDA can be performed on the

centres of these clouds, i.e. the individuals’ mean probability profiles taken across

replications. Displaying these points in the 2-dimensional reduced space can be

described as plotting the projection of the multi-dimensional representations of the

points in that reduced space.

Take X to be an m × n matrix of m records over n variables, where the columns

are mean centred. Define ΣX to be the covariance matrix of X. The eigenvectors

of ΣX , v, and their associated eigenvalues, λ, are derived such that

ΣX = VΛV−1

where V is the n × n matrix of eigenvectors, arranged as columns, and Λ is the

n × n diagonal matrix of n eigenvalues, in the same order as their corresponding

eigenvectors. The order of the eigenvector columns and eigenvalue diagonals is

often arranged so that the eigenvalues move sequentially from largest to smallest.

The eigenvectors form an orthogonal basis for X, where the highest degree of

variability in X is shown on the first eigenvector. The original points in X are

arranged in this space by multiplying X by the matrix of eigenvectors. That is, if

Y is the m × n matrix of transformed points of X lying in this new space, then

Y = XV
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with no loss of information. This new space is of the same dimension as the original

space, so the problem of visualising a high-dimensional data cloud remains. Let

W be a selection of l eigenvectors (i.e. columns) from V. Then the equation

Y(l) = XW

returns the projection of the data points from n-dimensional space onto the selected

eigenvectors in l-dimensional space.

Projecting data points from the full-dimensional space to a lower-dimensional space

is not restricted to only the original records in X. It is possible to project any

point in the n-dimensional space into that reduced space. So to plot the replicate

probability profiles for an individual from the random draws of population allele

frequencies, it is simply necessary to multiply the matrix of these points by the

reduced eigenvector matrix for the covariance of the matrix of mean probability

profiles.

Instead of projecting all of the replicate observations into the reduced space, it is

possible to summarise the variability of these replicates by indicating the relative

area covered by a certain proportion of these points. This is akin to indicating

a credible region in the reduced space for each point. Care must be taken in-

terpreting these credible regions. Overlap of these regions between individuals in

the reduced space does not necessarily imply that these individuals are genetically

related - there may be separation in another dimension. These regions can offer

useful information about the variability of the individual probabilities however.

Individuals that have much larger credible regions than others in the same group

should be investigated.

It should be noted that for this project, the replicate profiles for an individual

were first projected into the desired reduced space, then a region (e.g. an ellipse

as described below) constructed from a given proportion of the projections. An

alternative would be to calculate the full-dimensional region first, then project the

outline of this region into the reduced space. This approach is probably preferable,
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Figure 8.5: Ellipses from the central 95% of the replicate probability profiles for each

individual projected into the first two dimensions from a PCA using the individuals’ mean

probability profiles. The four groups represented are � = Goat Island, N = Mainland

Area A, # = Mainland Area B, and × = Mainland Area C.

since no information will be lost when the covering region is first derived, but is

much more computationally taxing, and is not presented in this study.

Figure 8.5 shows ellipses designed from 95% of the replicates projected into the

reduced space for each individual rat sampled from Leigh. To do this, the closest

95% of projected replicate points to the mean point for an individual were selected.

Linear regression was then used to derive the parameters for an ellipse from these

points, and the resulting ellipse was centred on the mean projected probability

profile for that individual. Each panel focusses on individuals from one of the three

main populations. The credible region for the single individual from mainland

population C is not shown. Individuals from Goat Island typically have a thin

diagonal ellipse going towards the top-right of the plot. The ellipses for mainland

rats typically are toward the bottom right of the plot. Interestingly the individual

captured on Goat Island that most closely associates with the mainland rats has

a more circular ellipse, suggesting it experiences similar levels of variability in

both dimensions, and perhaps indicating that some of its alleles are indicative of

mainland rats, while others are more indicative of the island population.
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8.4 Statistical Test of Separation

The plots of assignment probabilities provides a simple means of assessing genetic

similarity between populations, and detecting individuals with recent immigrant

ancestry. If two populations are clearly distinct in the plots, those groups can be

considered genetically distinct.

However, if two groups appear to be intermingling in the first two dimensions

of a reduced-space plot of the assignment probabilities, it is not necessarily an

indication that the groups are genetically identical. Such groups may be separated

in higher dimensions in the space. Additionally, there is occasionally some doubt

over genetic similarity when two groups lie close to each other, but not completely

overlapping. In such cases, it would be useful to be able to test whether the genetic

profiles of these groups were statistically significantly different.

One way this might be achieved is through p-values resulting from a randomisation

test. This would provide evidence against the null hypothesis that a number of

groups were random realisations of the same genetic profile, i.e. there was effec-

tively only one group. To do this, a test statistic would be some measure of the

separation observed between the groups of interest. One possibility is the sum

of the Euclidean distances between the centroid of each group’s set of assignment

probability profiles and the mean probability profile across all individuals in those

groups. This test statistic is a measure of the observed genetic difference between

the groups.

If the groups could be assumed to be subsamples from the same super-population,

rearranging the group labels between individuals should produce new groups with

the same degree of genetic differentiation, on average. Therefore, group labels are

redistributed between individuals in the groups of interest. The procedure for cal-

culating assignment probabilities must be reapplied, based on these new population

labels. The distance measure, such as the sum of squared distances between the
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group centroids and the overall mean of the probability profiles mentioned in the

previous paragraph, is then recalculated for the set of individuals with randomised

group labels. This process is repeated many times. A p-value providing evidence

against the null hypothesis, that the groups are essentially genetically identical, is

calculated as the number of times the randomised distance measure was greater

than or equal to the observed distance measure.

Some possible refinements might be made to this suggested model. There might be

more appropriate distance measures. Euclidean distance is severely affected by the

presence of outliers - perhaps the Manhattan distance might be more appropriate,

or taking the median probability profiles within groups and over all individuals

might reduce the effect of outliers. This is a particular concern when there are

individuals with recent migrant ancestry, and hence uncommon genetic profiles, in

a population.

Whether to sample group labels with or without replacement is another issue. It

is probably more reasonable to sample the labels without replacement, so that

the sample sizes are the same between tests (and there is no possibility for one

population to receive no individuals in a randomisation).

A related issue has to do with unequal group sizes. The centroids for groups

with smaller numbers of individuals will be less certain than those with many

individuals. The contribution of the distance to the overall centroid for each group

could be weighted according to its sample size.

As an example, a version of this test was applied to the groups identified at Goat

Island and the Leigh marine reserve. The distances used came from the Principal

Components Analysis shown in Figure 8.2. The population on Goat Island is

clearly distinct from the mainland populations, but the mainland populations A

and B show some degree of overlap. However, Figure 8.2(b) indicates that there

may be some degree of separation between these two populations in the third

dimension of the reduced space. We will test the significance of this separation.
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The test statistic used calculated the sum of the Manhattan distances between

the centroids of the two mainland populations (A and B) and the overall mean

across individuals in both populations. The contribution of the distance for each

group was weighted according to sample sizes, there being 22 individuals from area

A and 39 from area B. Labels were reassigned without replacement, so that the

group sizes were constant across the resamplings. Over 1000 randomisations, the

test statistic was never bigger than the observed statistic (p = 0), providing very

strong evidence against the hypothesis that rats on the mainland are part of one

over-arching population.

This result might have been affected by the individual from population A that

appears to be an outlier, shown at the bottom of Figure 8.2(a). The test was

repeated without this individual to see if the outcome was affected. In this instance,

21 simulated test statistics were greater than or equal to the observed test statistic,

resulting in a p-value of 0.021. While this provides less evidence of a difference

between mainland populations, the evidence against the null hypothesis is still

strong.

These results are a little surprising, contrasted with a visual inspection of the

assignment probabilities in Figure 8.2. There is no suggestion of separation be-

tween the mainland populations A and B in either of the first or second principal

components, and although there is an indication of some difference in the third

component, the groups are still close, with apparently some degree of overlap. It

could be that the ad hoc distance measure used as a test statistic is too sensitive.

Another possibility is that the separation between the two groups is valid, and

the visualisation does not indicate this clearly. Which interpretation to take, and

whether to try other test statistics, will depend on the analyst and the circum-

stances of the analysis.

Despite the sensitivity of the test statistic proposed here, there were instances

in the course of this project where there was no evidence against hypothesised

groups being genetic replicates from a single population, for example the three
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ship rat populations on Big South Cape (Section 9.1.3), and Norway rat popula-

tions on the islands of Okahu, Waewaetorea and Motukiekie in the Bay of Islands

(Section 9.2.1).

8.5 Discussion

A method for characterising the genetic differences between individuals has been

introduced. This method uses Monte-Carlo simulation of population allele fre-

quencies at each locus from posterior Dirichlet distributions for each population.

The variability of these distributions is governed by the sample sizes from the pop-

ulations: the smaller a sample size, the greater the variability in allele frequencies,

and the less information there is concerning the differences between the genetic

profiles of the individuals that can be characterised by the assignment probability

for a population.

Probabilities of individuals belonging to populations are calculated using the

Hardy-Weinberg Equilibrium equations, given the current simulated population

allele frequencies. When the probability is calculated for an individual belonging

to the population it was sampled from, its contribution to the sample allele counts

for that population are removed. The collection of the probability sets for a sin-

gle individual across all replications are summarised by taking the mean of the

replicate probabilities of belonging to each population. These means correspond

to the expectation of the probabilities derived using the method of Rannala and

Mountain (1997), where the same prior distribution for the allele frequencies is

employed. If the mean is taken of probabilities that have been logged, the results

will not match the expectations from the formula of Rannala and Mountain (1997).

This is because the arithmetic mean of the log-probabilities is equivalent to the

log of the geometric mean of the probabilities, not the arithmetic mean of the

probabilities.
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The genetic relatedness between individuals can be visualised by their relative po-

sitions in multi-dimensional space as described by their probability profiles. To

visualise these relationships, it is necessary to reduce the dimensionality of the

space in which the points lie. The key objective is to retain as much of the infor-

mation regarding the relationships between individuals as possible in the reduced

space.

Ordination techniques can be used to display the data in a reduced number of di-

mensions while retaining as much information as possible. Three common methods

of ordination investigated were Principal Component Analysis (PCA), Principal

Coordinates Analysis (PCO) and Canonical Discriminant Analysis (CDA).

PCA is the natural approach to use with the data. It rotates the multi-dimensional

axes so that the amount of variation in the data is maximised on the first axis. The

maximum amount of the variation not explained by the first axis is displayed on

the second axis. This continues until all variation has been explained. The relative

Euclidean distances between the points in this new space are identical to the dis-

tances in the original space. Reducing the focus to the first few axes then provides

as much information as possible from the data in the reduced dimensionality.

PCO performs similarly to PCA except that the distances between points do not

have to be Euclidean. However, when the inter-point distances are not Euclidean,

it is usually not possible to find a set of orthogonal axes that will perfectly capture

all of the information in the original data cloud. As such, the distances between

points may not be exactly the same once the ordination has been performed.

CDA is related to multivariate analysis of variance (MANOVA). Individuals must

be classified as belonging to a particular group. CDA will then attempt to find

the orientation of the axes that best separates the centres of these groups. To

do this, the within-group variances are scaled to 1 so that the observations lie in

Mahalanobis space. For the determination of the axes, the centroids are weighted

according to their sample sizes.
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For this project, a CDA could be performed by classifying individuals according to

their sampling populations. However, it was felt that this could be inappropriate

in the presence of frequent migration between populations. In this case, the ge-

netic profile of migrant individuals should not be classed as representative of the

population they were caught in. Because it is analogous to MANOVA, there is also

a set of assumptions that underlie a CDA. Perhaps most importantly, the groups

are assumed to possess the same within-group variance-covariance structure, which

will not always be the case.

CDA is a useful tool for investigating the relationships between the genetic profiles

of the individuals, but results must be interpreted carefully, and any interpretation

must recognise the effect due to grouping individuals from the same sampling

population. In general, it is therefore easier to use PCA for these exploratory

examinations, or a PCO if the distances between individuals are not defined in

Euclidean space.



Chapter 9

The Power of Exploration

This chapter provides four case studies illustrating the use of exploratory methods

to gain insight into genetic relationships among individuals and between popula-

tions in a geographical area.

9.1 Invasion of the Birdie Snatchers: Ship Rats

on Stewart Island, Rakiura

Stewart Island is the third largest island in New Zealand, and the southern-most

major land mass. It lies around 30 kilometres from the southern coast of the South

Island of New Zealand. Stewart Island is sparsely populated, with a single major

settlement at Oban in Halfmoon Bay, at the northern end of the island. Over 80%

of the island is classified as a national park.

Because of its isolation, Stewart Island was the last refuge for many native species

as they were exterminated from the rest of New Zealand. For example, a previously

unknown population of kākāpō, a native ground parrot, was discovered on Stewart

Island in 1977, after the species was thought to be functionally extinct (Powles-

157
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Figure 9.1: A map of the Stewart Island area. Inset B. shows Big South Cape Island

(location B1), and the hypothesised sources for its 1964 ship rat invasion. These are:

the opposite coastline (B2 at Tupari), the nearest port (Port Pegasus, labelled B3), and

mainland New Zealand ports (Bluff and Riverton, labelled B4 and B5 respectively).
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land et al. , 1995). Stewart Island remains free of mustelids. Other predatory

species are present however, such as cats, rats, and possums.

Many of the islands around the coast of Stewart Island managed to remain free of

pests for longer than Stewart island itself. Codfish Island (Whenua Hou) remains

pest free, and is managed as a sanctuary for some of New Zealand’s most threat-

ened species. As predators and pests dispersed over Stewart Island, remaining

populations of threatened endemic species were restricted to islands off the coast

of Stewart Island.

9.1.1 Big South Cape, Taukihepa

Big South Cape is one of the largest of Stewart Island’s offshore islands. At its

closest point, Big South Cape is no more than 1500 metres from the coast of

Stewart Island. The presence of ship rats (R. rattus) on Big South Cape was first

reported around 1964. Many conservationists at the time believed invasive species

did not have a substantial effect on the survival of native species (Bell, 1978).

Several months after the sighting of rats on Big South Cape, scientists from the

New Zealand Wildlife Service were granted leave to organise an expedition to the

island to assess the impact of the rats. They found that during the short time the

rats had been established on Big South Cape, the last remaining populations of

two endemic bird species (Stead’s bush wren and the Stewart Island snipe) and

an endemic species of bat (the greater short-tailed bat) had been wiped out. Only

through swift action was the extinction of the Stewart Island saddleback averted.

An unknown number of endemic invertebrate species could have been taken to

extinction also (Merton, 1978).

In late September 1998, the oil tanker Command spilled more than 11,000 litres of

fuel oil off the coast of San Francisco. Over the subsequent days, the oil slick spread

from the shipping lanes and washed up on the San Francisco shoreline. Hundreds
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of dead and dying birds were recovered from the area, although many thousands

more would have been affected and died at sea, or been scavenged (Boyce and

Hampton, 2002).

The sooty shearwater (t̄it̄i) is the most abundant bird species found off the coast of

California from May to September (Veit et al. , 1996). The majority of these shear-

waters migrate to California from breeding colonies in New Zealand (Shaffer et al. ,

2006).

Twelve sooty shearwaters were collected from the oil-stained beaches, 11 dead and

1 alive. Aerial surveys detected many more shearwaters in the area of the shipping

lanes immediately following the spill, but these numbers decreased dramatically as

the oil moved toward the shore. It was estimated many thousands of shearwaters

were adversely affected by the oil spill, many of them killed (Boyce and Hampton,

2002).

Among the twelve shearwaters recovered, a single bird was discovered with a band

identifying it as having come from a breeding population off the coast of Stewart

Island, under study by University of Otago researchers. Due to this solitary piece

of evidence linking the New Zealand population of t̄it̄i to the Command oil spill, a

portion of the restitution ordered in compensation for the spill was donated to the

Ka Mate nga Kiore Trust (“Death to Rats”) in New Zealand. These funds have

been used to fund an eradication of rats from Big South Cape and prevent their

reinvasion. This eradication was carried out in 2006 (Oikonos, 2007).

9.1.2 Motivation and Sampling Sites

In order to prevent ship rats from reinvading Big South Cape following a successful

eradication, it would be beneficial to discover the source of the 1964 invasion. There

were three obvious hypotheses:
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• The invading rats originated on the opposing Stewart Island coast, and either

deliberately swam or were unintentionally carried to Big South Cape by

currents after being swept into the ocean;

• Fishing boats from the nearest port on Stewart Island, Port Pegasus, carried

the ship rats from the port and past Big South Cape, where the rats managed

to disembark;

• Ship rats were carried on boats originating at the much larger ports on the

south coast of the South Island.

(see Figure 9.1)

Even if one of these hypotheses correctly identified the source for the invasion of

Big South Cape, it could not be guaranteed that the genetics could corroborate

the hypothesis after more than forty years of separation, if invasion of the island

was infrequent.

Researchers led by Dr Grant Harper from the University of Otago trapped rats on

Big South Cape prior to the eradication attempt and provided tissue samples for

use in this project. Further samples were requested from various other sampling

sites. To test the theory of unassisted migration from Stewart Island, samples

were provided from Tupari, an area of the Stewart Island mainland facing Big

South Cape. To test the theory of rats originating in Port Pegasus, samples were

collected from sites around the mainland at this location, and from Pearl Island

situated in the northern arm of the port. To test the theory of origin from mainland

New Zealand ports, samples were provided from the ports of Bluff and Riverton in

Southland, New Zealand. Additional samples were provided from Stewart Island

locations to act as controls. These came from central Stewart Island at Rakeahua,

inshore islands off the coast of eastern Stewart Island, and from Acker’s Point at

the settlement of Oban. Samples were also collected from additional mainland

New Zealand sites at Blanket Bay and Pomona in Fiordland.
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In addition to these modern samples, it was discovered that tissue samples and

whole rats taken from around the Port Pegasus area and Big South Cape Island

within several years of the initial invasion were being stored in the archives of

the Museum of New Zealand, Te Papa Tongarewa. These samples would give an

indication of how much the genetics of the modern day rats found around Stewart

Island have evolved over the intervening years, and how similar genetically the

modern rats might be with the original Big South Cape invaders.

Unfortunately, due to age and the types of preservative in which these museum

samples were stored, some could not be genotyped at enough microsatellite loci to

include them in the study. However, several samples from Port Pegasus and Big

South Cape from the 1970s were successfully genotyped at most loci.

Figure 9.2 shows a screenshot from the graphical interface function written for R

(Chapter 6) illustrating the geographical positions of most of the sample sites.

9.1.3 Results

The three populations on Big South Cape Island appeared almost identical genet-

ically. They had very similar allele frequency profiles, and Weir and Cockerham’s

correlation coefficient (Weir and Cockerham, 1984) was θ = 0.007 (−0.005, 0.0223),

with a 95% bootstrap confidence interval. This is very low, suggesting there has

been a very short time since the three populations shared a common ancestor.

Additionally, the permutation test introduced in Section 8.4 produced a p-value of

0.41, suggesting there is no evidence against the assumption that the population

labels on the island are unnecessary, and there is instead a single population on

the island. We therefore decided to treat all rats on Big South Cape as members

of a single population.

Figure 9.3 shows the first two dimensions of a principal components analysis of the

log-posterior probabilities of belonging to each of the sampling populations on Big
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Figure 9.2: Screenshot from the GUI (Chapter 6) indicating the sampling sites on

southern Stewart Island for ship rats. BB = Blanket Bay (Fiordland), Acker = Acker’s

Point, RAK = Rakeahua, Tia = Tia Island, Joss = Joss’ Island, SC = Seal Creek, PEG =

Port Pegasus mainland, PLI = Pearl Island, PLIerad = Pearl Island following eradication

(Chapter 7), TPR = Tupari, PH = Potted Head, PRT = Parata, PRK = Parakiore. The

positions for Blanket Bay, Riverton and Bluff are not shown geographically accurately,

since these sites are found on the South Island of New Zealand.
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Figure 9.3: The first two components from a Principal Components Analysis of the

log-probabilities of ship rats found on and around Stewart Island belonging to each

identified population. Groups identified are # = Big South Cape, � = South Island

mainland, 4 = general Stewart Island sites, + = Port Pegasus, and  = Tupari. The

first two principal components explain 86% of the variation seen in the data, primarily

differentiating populations on Big South Cape, mainland New Zealand, and Stewart

Island.

South Cape (details for the calculation of these posterior probabilities are given in

Chapter 8). The sampling populations have been grouped according to the invasion

hypotheses for Big South Cape. The immediate impression is that the Big South

Cape rats are radically genetically different from all other populations. The first

dimension of the plot explains over 70% of the variation in the data, and serves

to differentiate Big South Cape rats, mainland New Zealand rats, and Stewart

Island rats. The second dimension further distinguishes mainland New Zealand

rats from the other groups. Rats found on Stewart Island appear particularly

similar, although the two inshore islands of Joss’ Island and Tia Island are the

primary distinction indicated in the third dimension (not shown).

Figure 9.3 clearly demonstrates that the present day population of rats on Big

South Cape is not genetically similar to any other population of rats in the im-
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mediate area. Does this mean that the invasion of Big South Cape came from a

population that was not considered? Or is it possible that the invasion of Big South

Cape was a rare event, and forty years of isolation has driven the descendants of

the invaders away from the genetic profile of their cousins descended from a com-

mon ancestral population? To assess the effect of isolation, 40 years of evolution

was simulated at an individual level.

A group of four individuals was constructed, where the alleles comprising each

individual’s multilocus genotype were chosen with probability equal to the observed

allele frequencies from an individual’s specified population of origin. The sexes of

the individuals were assigned at random (if the rats were all of the same sex, no

mating could occur and the population failed - the possibility of preganant invaders

was not simulated). The size of this group was not chosen based on any particular

rationale, other than it was to be small (the original invasion was unlikely to

involve many rats), but not so small that genetic diversity was likely to be zero at

the beginning (Chapter 14 describes one possible mechanism that might enhance

genetic diversity amongst even the smallest founding populations of rats, thanks

to the possibility of multiple paternity within litters). These individuals were then

allowed to breed over 40 generations. Big South Cape was given a carrying capacity

of 1000 individuals. The sex ratio of each litter was assumed to be evenly split

between males and females on average, and the number of offspring in a litter was

modelled as a Poisson random variable with mean 6. The probability an individual

survived from one generation to the next was set at 0.4. Each female bred with

probability 1 − 0.5nm, where nm was the number of males in the population. The

number of breeding pairs was limited only by the number of females. Individual

males could be involved in more than one breeding pair. Multiple paternity (see

Chapter 14) within a single litter was not simulated.

The choice of many of the parameters for the simulations was ad hoc. Ship rats are

known to commonly produce litter sizes of between 5 and 8 kits (Innes, 1990). Ship

rats are thought to rarely survive more than a year in the wild (Innes, 1990). The
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rate of survival is taken as the lower of the specified value of 0.4 and the ratio of

the carrying capacity to the number of individuals in the population. This ensures

the expected population size is never greater than the carrying capacity. While

the population size is less than 2.5 times the carrying capacity, natural mortality

(of 100-40=60%) would be expected to bring the population size below carrying

capacity prior to the next breeding season. If the population is ever more than 2.5

times the size of the carrying capacity, the expected proportion of survivors from

season to season decreases, to bring the population size back under the carrying

capacity limit.

Survival was applied from birth, so on average only 40% of offspring survived to

breed in their first year, and only 16% bred for a second season. This was believed

consistant with the observed number of breeding seasons available to rats in the

wild (Innes, 1990). The invasion of Big South Cape was hypothesised as being

unlikely to involve more than a few individuals.

The aim of this simulation was to assess whether individuals that looked like the

potential source population could look as different from the source population as

the individuals observed on Big South Cape after forty generations of isolation.

To measure this divergence, two measures were used: Wright’s FST value, and the

distance between the centres of the populations as measured by their probability

profiles. The simulation of a population after 40 generations from an initial sample

of 4 individuals was repeated until a successful population had established for at

least 40 generations. The simulation was repeated until this had occurred success-

fully 500 times. Due to the small founding population size, this took considerably

more than 500 simulations, as the simulated populations frequently disappeared

within the first few generations.

As an example, take the source population for the population on Big South Cape to

be Bluff. In terms of FST, the simulated populations that resulted from Bluff rats

after 40 generations were more different (i.e. had a higher value of FST between

themselves and the Bluff sample) than the observed samples from Big South Cape
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and Bluff in 180 of the 500 simulations. This can be interpreted as a p-value of

0.36, providing no evidence against the hypothesis that the rats on Big South Cape

could look as different from Bluff rats as they do due solely to 40 generations of

isolation. It is therefore not necessary for the rats on Big South Cape to have come

from a population that was not sampled, as they could plausibly have come from

Bluff.

For the Euclidean distances between the average probability profiles for each group,

the simulated populations had a higher value for 55 of the successful simulations.

This corresponds to a p-value of 0.11. This result also supports the possibility that

rats on Big South Cape could have come from Bluff, although there is more of a

suggestion that that scenario would be unusual using this distance measure than

using FST.

Table 9.1 provides the associated p-values for the other possible source populations

for the 1964 Big South Cap ship rat invasion. Although FST doesn’t discount any of

the postulated sources, for Tupari and particularly Riverton, the distance between

the centres of the multivariate genotype probabilities for the observed samples from

Riverton and Big South Cape are too far apart to be explainable by 40 years of

separation alone. However, there are many parameters that could be manipulated

within these simulations. It is interesting that the two measures of divergence

resulted in different orderings of p-values. As part of future research, the possible

reasons why this might have occured will be sought, and if necessary, new, more

appropriate measures of divergence investigated.

Certain factors can influence how genetically similar simulated populations can

be to their source populations. For example, larger initial samples of invading

rats increases the initial genetic diversity of the simulated island populations, and

reduces the chance of rare alleles being lost due to genetic drift. As mentioned

however, the 1964 invasion of rat-free Big South Cape was unlikely to have involved

a large number of founders, and the invasion could have been due to a rare event,

in which case subsequent invasions that maintain a genetic connection with the
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Table 9.1: Simulated p-values providing evidence against the hypothesis that popu-

lations originating from a given source could look as different today as the modern

Big South Cape rats and rats sampled from the source due to 40 years of separation.

Small samples of representative rats were simulated from the each source population

and evolved according to an individual-based ecological model. The resulting simulated

populations were then compared to the source by either (i) calculating the Euclidean

distance between the average multivariate genotype probability profiles of belonging to

either population for the source and simulated samples, and (ii) estimating FST be-

tween the source and simulated samples. If a large number of simulated samples were as

distant from the source population as actual Big South Cape samples, it indicates the

unusualness of the Big South Cape rats is not remarkable after taking the separation

into account, so the source population in question is viable. While FST rules out no

population as a source, the difference in probability profiles suggest that Riverton is an

extremely unlikely source, and Tupari is quite unlikely.

Hypothetical Source Euclidean Distance FST

Population Based Based

Bluff 0.11 0.36

Riverton 0.01 0.60

Pegasus 0.20 0.98

Tupari 0.05 0.90
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original invaders’ source population would be doubtful.

Like a larger number of founders, multiple paternity within litters would allow

the genetic contribution of multiple fathers to be made to the next generation

of rats for each litter, thereby maintaining genetic diversity so that it is more

representative of the source population. Chapter 14 describes another facet of this

study that shows that multiple paternity does occur within wild rat populations

in New Zealand. For ship rats however, the average litter size is only 6 kits,

so multiple paternity is seldom likely to involve more than two or three males.

Also, multiple mating is more prevalent at higher population densities (Calhoun,

1963). Although the founding population might have borne litters sharing multiple

paternity, it is unlikely that population densities on the island would have been

high enough to support widespread multiple paternity for at least the first several

generations, during which time genetic drift would have reduced the diversity of

alleles in the island population.

These simulations employ a relatively simple model for the evolution of a popula-

tion at the individual level. No account was made for the mutation of microsatellite

alleles. Although the rate of mutation of microsatellites is relatively fast compared

to other genetic markers, only a few mutant alleles would appear each generation.

These would have little effect on the separation of the simulated island population

and the source population unless they managed to propagate through the popula-

tion over the generations. More often than not, the mutant alleles are themselves

the victims of genetic drift. The effect of mutant alleles that establish themselves

will generally be to move the simulated population further from the source popu-

lation, because it is most likely that these new alleles are not found in the source

population. Only in the rare instances where a mutant allele is of a type that was

not already in the simulated population, but was found in the source population,

would mutation bring the populations closer together. Thus, excluding mutation

is conservative, in favour of the null hypothesis, that the rats on Big South Cape

could look as genetically different from proposed source populations as they do due
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solely to 40 years of isolated evolution.

The development of a more realistic and detailed individual-based ecological model

suitable for rats invading a competitor- and predator-free island would be highly

advantageous, and a promising avenue for future research.

9.1.4 Mitochondrial DNA

There was not much hope that mitochondrial DNA would be able to assist in

the identification of the source population of the Big South Cape invasion. Other

than for populations on Great Barrier Island, there had been very little variation

in ship rat mtDNA sequences sampled throughout New Zealand. There was one

particular haplotype that was ubiquitous. It was even found in many ship rats

overseas, from locations as diverse as New York, Great Britain, France and French

Polynesia (Hingston et al. , 2005).

As expected, all of 18 randomly selected samples from Big South Cape had the

common mtDNA haplotype. However, 53 of 54 samples selected from Stewart

Island possessed a haplotype that differed from this haplotype in two places. Al-

though mtDNA is known to mutate at a faster rate than nuclear DNA, it is unlikely

there could have been two mutations in the mtDNA sequence over 40 years. This

is supported by the absence of an intermediate haplotype between those found

on Stewart Island and on Big South Cape Island. Additionally, museum samples

taken from Big South Cape in 1972 possess the same haplotype found there today,

and the haplotype of museum samples from Stewart Island taken in 1977 matches

the haplotype still found on Stewart Island. There is one museum sample taken

from Stewart Island in the 1970s that is one further mutation away from the Big

South Cape haplotype. Although this one sample is not enough to form any strong

conclusions, if anything, it suggests the mtDNA sequences of Stewart Island rats

and Big South Cape rats has become closer over the intervening 30 years. These

haplotypes are represented in Figure 9.4.
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Figure 9.4: A network diagram for ship rat mitochondrial DNA haplotypes. Each node

is a single nucleotide different from its neighbours. For the subset of haplotypes unique

to Stewart Island, an unobserved intermediate haplotype is necessary to account for one

of the two mutations from the next closest haplotype. Sites relating to the Stewart Island

study area are indicated in bold.

The mtDNA sequences found in 16 of the samples from Bluff and Riverton were

also found to differ from the haplotype found on Big South Cape, although both

of the two sequences identified differed from the Big South Cape sequence by a

single nucleotide. The sequence found in all but one of the Bluff rats selected for

mtDNA analysis is unique to Bluff. The remaining Bluff rat, and all rats caught

at Riverton share a haplotype with rats caught on the islands of Great Barrier and

Ponui in the Hauraki Gulf in the north of New Zealand.

This means that the ship rats on Big South Cape do not share the mtDNA se-

quence with any rats sampled from areas hypothesised as sources for the invasion.

Therefore, despite any suggestion from the simulation studies performed with the

microsatellites, there is virtually no possibility that the invasion of Big South Cape

came from anywhere on Stewart Island or from the South Island ports of Riverton

and Bluff.

The mtDNA haplotype found on Big South Cape does not allow for the source

of the 1964 invasion to be identified conclusively. The same haplotype is found
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in some of the samples taken in Fiordland, but also in samples from all over New

Zealand, the South Pacific, and the world. Rats from the possible invasion sources

on Stewart Island and ports in Southland did not possess the haplotype found

on Big South Cape. Extensive sampling of rats from Stewart Island detected two

haplotypes unique to the island. Although this work has ruled out possible sources

of the Big South Cape invasion, the question of where the 1964 Big South Cape

invasion originated is still unanswered, and there is now the additional puzzle

about the origin of the rat populations found on Stewart Island, which all possess

a unique mtDNA haplotype.

9.2 Something in the Water: Norway Rats in the

Bay of Islands, Ipipiri o Tokerau

Norway rats predominated on the islands in the eastern Bay of Islands. Norway

rats have been identified in the Bay of Islands since 1891 (Moors, 1990). There

are seven main islands in the archipelago. The island populations of rats have

been established since at least 1984 (Moller and Tilley, 1986), with anecdotal ev-

idence suggesting they might have established in the 1970s. For the purposes of

this study, each island was treated as a single sampling site. This raises the pos-

sibility of incorporating sub-populations within islands that are genetically struc-

tured on an intra-island spatial scale. For large islands, like Urupukapuka, this

structure could be due to the geographical distance between populations, thereby

prohibiting random breeding within the population as a whole. There is also

the possibility that intra-population dynamics differ according to the habitat in

which the sub-populations are found. For example, if migration is high between

islands, coastal sub-populations might allow migrants to integrate more readily

than sub-populations found in the centre of an island. Further studies are required

to investigate the acceptance of migrant rats into existing populations.
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Figure 9.5: A map of the Bay of Islands study area. Inset B. shows the wider study area,

with the Whangarei Harbour labelled as B1. Inset C. shows the eastern archipelago and

western sampling sites. C1 shows Doves Bay marina, C2 is below Moturoa, C3 indicates

the Rawhiti peninsula, and C4 indicates the Bay of Islands archipelago.
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Four rats were caught on small islets lying off two of the larger islands. Their

genetics did not seem to differ substantially from rats sampled on the adjacent

islands, and so were incorporated into these populations. Two rats were sampled

from the surrounding mainland on the Rawhiti peninsula. The sample size is

insufficient to make inferences about the rates of migration between the mainland

and the island populations, but they were included in the exploratory analysis to

investigate the differences between island and mainland genetics. A sample from

Limestone Island, an island in Whangarei Harbour (B1 in Figure 9.5), more than

50 kilometres to the south of the archipelago, was included to assess the difference

between Norway rats separated over a longer distance. Samples from nine Norway

rats found on Moturoa (C2 in Figure 9.5), approximately 10 kilometres away by

sea, were also included in the analysis. Five historical samples taken from the

islands in 1984 (Moller and Tilley, 1986) and stored in Te Papa museum were

included in the analysis, in order to contrast samples that were separated by 20

years of evolution. A map of the eastern Bay of Islands and the location of the

sampling populations is shown in Figure 9.6.

9.2.1 Results

Samples from the mainland and Limestone Island were not treated as populations

because there were insufficient samples to estimate their allele frequencies. The five

historical samples taken in 1984 did not contribute their alleles to the estimation

of the allele frequencies for the islands they were sampled from. This was to

avoid the historical samples tainting the estimation of the recent allele frequencies

of the island populations if their genetics were substantially different from the

genetic profiles of present-day rats. The log-probability profiles for these historical

samples, Rawhiti mainland samples, and the sample from Limestone Island were

calculated across the island populations identified in the analysis as described in

Chapter 8 so that they could be included in the exploratory plot, Figure 9.7.
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Figure 9.6: Screenshot from the GUI (Chapter 6) indicating the sampling sites for

Norway rats in the eastern Bay of Islands. ROA = Moturoa, RBC = Russell Boat Club,

MAH = Motuarohia, RUA = Moturua, KIE = Motukiekie, OKA = Okahu, WAE =

Waewaetorea, URU = Urupukapuka, POR = Poroporo, BCP = Bob Clark’s Place. The

positions for Limestone Island and Moturoa are not shown geographically accurately,

since these sites are found outside the coverage of this map. A grid cell covers a square

kilometre.
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Figure 9.7: The first two components from a Principal Components Analysis of the

log-probabilities of Norway rats found in the Bay of Islands belonging to each identified

population. Groups identified are  = Moturoa, � = Motuarohia, + = Urupukapuka,

� = Poroporo, # = Motukiekie, × = Waewaetorea, 4 = Mainland, N = Moturua, and

♦ = Okahu. The first two principal components explain 81.4% of the variation seen in

the data. The primary separation is based on the genetic relatedness to the Moturoa

( ) population.
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It is immediately apparent from the plot that Norway rats on the island archipelago

in the eastern Bay of Islands share very similar genetic profiles. Norway rats from

Moturoa, 10 kilometres to the north, are easily distinguished from the archipelago

rats. Although one mainland rat (the one caught at Bob Clark’s Place in Rawhiti)

and one Motuarohia rat appear to closely align with the rats from Moturoa, they

are distinguished from the Moturoa rats in the third dimension of the Principal

Component plot (not shown), so it is unlikely they are migrants from the island.

The rat from Motuarohia is distinguished from the other rats on Motuarohia be-

cause it fits the island populations so badly, not because it fits Moturoa well. This

suggests that this rat might be a migrant to Motuarohia from an unsampled pop-

ulation. This would most likely be a mainland population from Rawhiti, but we

were unable to get enough samples of Norway rats from Rawhiti to determine if

this was the case.

Although the separation isn’t strong, there appears to be some suggestion that

rats on Motuarohia, the western-most island in the archipelago, are more isolated

than rats from the other islands. This separation is especially prominent in the

second and third components (Figure 9.8). This could be due to the separation of

this island from other large populations of rats in the archipelago. Very few rats

were caught on the islands of Moturua and Motukiekie, the two islands to the east

of Motuarohia. Stoats (Mustela erminea) were observed on Moturua during the

trapping sessions. Rodent control keeps the population size on Motukiekie low.

Without the ability to use these islands as stepping stones, the rats on Motuarohia

are isolated, thereby growing genetically distinct from the rats on the eastern side

of the archipelago.

Interestingly, the five samples from rats sampled from the islands in 1984 fall in

amongst the jumble of genetic profiles from rats sampled from the islands in 2005.

This suggests that despite the relatively fast mutation rate of microsatellites, 20

years does not appear to be a sufficient amount of time to see a major shift in

the genetic profile of established rat populations. The same was true for historical
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Figure 9.8: Components 2 and 3 of a Principal Components Analysis of the log-

probabilities of Norway rats found in the Bay of Islands belonging to identified pop-

ulations. This plot describes 27.7% of variation in the data. Notice the separation of

Motuarohia rats (�) from the other groups.

samples from Big South Cape Island (Section 9.1).

Surprisingly, applying the permutation test described in Section 8.4 produced many

significant p-values, suggesting there is some degree of genetic separation between

some islands, based on this test. Of the non-significant results, the trio of Wae-

waetorea, Okahu and Motukiekie could be considered three aspects of a single

population (p = 0.16). Motukiekie also produced a non-significant result when

paired with Moturua (p = 0.276), but including Moturua in the group of three

islands resulted in a significant difference (p = 0.002). These results do not seem

consistent with the impression gathered from Figure 9.8. One indication might be

that the test statistic is inappropriate in this case. This might be due to taking

the mean of the probability profiles in the reduced space, rather than the median,

for example. It could also be due to the variability within groups swamping the

variability between groups, thus producing simulated groups with very different

relationships between their genetic profiles. A test statistic that takes account of

both within- and between-group variance might be more appropriate in this case.
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The main conclusion to be drawn from this exploratory analysis is that the island

populations of Norway rats in the Bay of Islands are highly genetically similar.

This signals that either the populations are recently separated from a common

population, or the migration of genes between populations is frequent. We know

the populations have been established on the separate islands for at least 20 years,

and our analyses of other areas tend to indicate isolated island populations rapidly

develop their own distinguishing genetic profiles compared with surrounding non-

connected populations. This is a result of the “founder effect” where, in the absence

of population admixture, populations descending from a small number of founders

will rapidly develop distinctive genetic profiles, based on the limited amount of

genetic diversity introduced by the founders, and compounded by rapid genetic

drift removing all but the most common alleles, on average.

Therefore it is assumed that there must be frequent migration between island

populations of Norway rats in the Bay of Islands. This migration could be through

human-assisted dispersal aboard boats visiting islands, or it could be through the

rats intentionally swimming between islands. This distinction is important for

the purposes of designing an effective eradication strategy for these islands that

maintains the islands’ rat-free status following successful eradication.

Norway rats are known to be capable swimmers who are not shy of getting wet

(Innes, 1990). Most of the islands in the Bay of Islands have gentle sandy shores

which would be ideal landing sites for swimming rats, and the water temperature

is relatively warm in the Bay of Islands, due to the near-tropical latitude. All these

factors point towards the conclusion that the Norway rats in the Bay of Islands

frequently swim between islands. Although there might be some resistance from

the resident populations toward arrivals from other populations, it seems that the

transfer of genes between populations is not unusual.
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9.3 Pi-rats of the South Pacific: Ship Rats in the

Bay of Islands, Ipipiri o Tokerau

Ship rats were not detected on the islands of the eastern Bay of Islands archipelago

in 1984 (Moller and Tilley, 1986). Present day trapping returned a large number of

ship rat samples from the largest island in the archipelago, Urupukapuka. It seems

that ship rats and Norway rats were sharing the same habitat on this island. It will

be interesting to see if the ship rat population that now appears to have established

on Urupukapuka will be able to displace the extant Norway rat population in the

near future.

Ship rats were also caught on Okahu, at the top of the archipelago. It is highly

likely that there is a small number of ship rats on Waewaetorea also, since it lies

between Urupukapuka and Okahu, and so is a natural stepping stone between the

two. It is possible that with only two weeks of trapping, ship rats on this island

did not have the opportunity to be sampled. Another possibility is that ship rats

on Waewaetorea are restricted to a localised area, as is the case on Urupukapuka,

and the trap locations did not go through this area. A single ship rat was caught

on the island of Moturua. Sample sizes for all species of rat were low from this

island, probably due to the presence of stoats, Mustela erminea. A single ship

rat was also caught on Te Ao, a small islet lying between Urupukapuka and the

mainland. It was of particular interest to see if this rat could be identified as a

mainland rat on its way to Urupukapuka, or vice versa. Due to the small sample

sizes from all but the Urupukapuka population, all the ship rats sampled from the

archipelago were classified as belonging to the same population.

Trapping around the mainland (C3 in Figure 9.5) surrounding the archipelago

returned almost exclusively ship rats. Sample sizes from individual sites were typ-

ically low, but there did not seem to be substantial genetic dissimilarities between

these rats. Rats from the surrounding Rawhiti peninsula were therefore classed
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Figure 9.9: Screenshot from the GUI (Chapter 6) indicating the sampling sites for ship

rats in the eastern Bay of Islands. DBM = Doves Bay Marina, ROA = Moturoa, RBC

= Russell Boat Club, RUA = Moturua, OKA = Okahu, URU = Urupukapuka, TRM

= Te Rawhiti Marae, KHB = Kaingahoa Bay, WP = Whau Point, OKC = Omakiwi

Cove, KKP = Kokinga Point, HWR = Hikuwai Road, MO = Muritai Olive Grove.

The positions for Doves Bay marina, Moturoa, and Fiji are not shown geographically

accurately, since these sites are found outside the coverage of this map. A grid cell covers

a square kilometre.
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as a single group. Three rats from slightly further away, in the nearby port of

Russell were also genetically similar to the rats from the Rawhiti mainland, so

were included with this group.

To act as a geographical control, ship rats were sampled from Doves Bay ma-

rina (C1 in Figure 9.5) in the Kerikeri inlet, about 15 kilometres away from the

archipelago by sea, and about 80 kilometres away from the Rawhiti peninsula by

land. Four samples of ship rats were also obtained from the island of Moturoa (C2

in Figure 9.5), lying in the mouth of the Kerikeri inlet.
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Figure 9.10: The first two components from a Principal Components Analysis of the

log-probabilities of ship rats found in the Bay of Islands belonging to each identified

population. Groups identified are  = Island Archipelago, + = Rawhiti Mainland, 4

= Doves Bay Marina, and � = Moturoa. The first two principal components explain

95.9% of the variation seen in the data. The primary separation occurs between the

island rats and the mainland rats.

9.3.1 Results

Figure 9.10 indicates that there is not frequent gene flow between populations

of ship rats on the island archipelago and populations on the adjacent mainland

peninsula. The genetic characteristics of ship rats caught on the islands distin-

guishes them from the nearest mainland populations. However, there appears to

be some degree of genetic similarity between the mainland populations at Rawhiti

and at Doves Bay Marina, despite their distance apart (15 kilometres by sea, 80

kilometres by land). This is indicated by the partial overlap of these two groups,

although there is some evidence of separation in the second principal component.

Rats from the island of Moturoa are distinguished from the mainland groups in

the second and third principal components, but are more similar to these groups

than they are to rats from the archipelago.
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Aside from the distinction between ship rats on the islands and mainland ship rats,

the most striking observation from this exploratory analysis is the existence of a rat

sampled from the islands that is grouped with rats from the mainland populations.

This island rat was the single sample taken from Moturua. Despite the dissimilarity

between the genetics of the island rats and mainland rats, this is clear evidence of

a migration event from the mainland to the islands. It is not clear from Figure 9.10

which mainland population the rat descended from. Because there does not seem

to be frequent geneflow between the mainland and island populations, it is likely

this rat, or its recent ancestors migrated to the island thanks to a rare event. The

simplest explanation is that migration was unintentional, where a ship rat boarded

a boat near the mainland and was transported to Moturua.

This demonstrates the need to ensure that boats are not unintentionally transport-

ing rats from areas home to populations of rats to islands from which rats have

been eradicated.

9.3.2 Determining the Origin of the Island Rats

This is one of those cases in which the imagination is baffled by the facts.

Adam Smith

When these results were presented at a public meeting in the Bay of Islands, it was

mentioned that a swashbuckling film about pirates had been shot in and around

Urupukapuka in the early 1980s. The film required sets to be brought to New

Zealand by barge from filming locations in Fiji. Fiji is also home to ship rats.

Could the rats on Urupukapuka be descended from rats brought to New Zealand

from Fiji, hidden amongst the film set? This could explain the genetic dissimilarity

between the island rats and the adjacent mainland rats.

Dr Craig Morley from the University of the South Pacific provided a sample from
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a present day Fijian ship rat. The two outcomes hoped for by testing mtDNA were

one of either

• The mtDNA haplotype of rats from the archipelago matches the haplotype

from the Fiji sample, suggesting the island rats were brought to New Zealand

from Fiji; or

• The mtDNA haplotype of the island rats matches the Rawhiti rats’ haplo-

type, suggesting the islands were invaded from the opposite mainland.

The mitochondrial DNA haplotype from the Fijian rat was identical to the rats

found on the archipelago. However, this was not conclusively proof of a link, since

this haplotype turned out to be the type that is commonly found throughout New

Zealand and the South Pacific.

In fact, the same haplotype was held by ship rats from adjacent mainland sample

sites, and from the sample sites from Doves Bay. Because the Fijian rat, the

Rawhiti mainland rats and the island rats all share the same mtDNA haplotype

(along with rats from many other populations), there is no evidence from these

tests to support any theory associated with the invasion of the eastern Bay of

Islands archipelago.

However, microsatellites from the nuclear DNA of the Fiji sample do not match

the genetic profiles of neither the island nor mainland rat populations well. Twelve

of the 20 alleles typed for the Fiji rat were not found in rats sampled from the

island archipelago. Seven of these alleles were also not found in the Rawhiti and

Dove’s Bay samples from the mainland.

It is possible that this single rat from Fiji is not representative of the Fijian popu-

lation of ship rats. It is also possible that the Fijian rat was not sampled from the

same area as where the filming took place, and so did not descend from the same

ancestral population as the rats on Urupukapuka. However, during this project it
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has appeared that rats from mainland populations that are not separated by water

share remarkably similar genetics. If the situation is the same on Fiji, it might

make only a minor difference where the rat was sampled from, so long as it was

on the same island as the filming locations.

At the time of writing, there are not enough samples from Fiji to determine the

typical Fijian genetic profile for ship rats. It is therefore impossible to say whether

it is plausible that the genetic profile of rats on Urupukapuka is consistent with

an invasion by a small number of rats from Fiji twenty years ago. However, it is

possible to test whether it is plausible that ship rats on Urupukapuka could have

descended from a small number of invaders from the surrounding mainland.

As described for the Big South Cape case study, for each run through the simula-

tion, four individual genotypes were constructed, drawing alleles with probabilities

equal to the frequencies of those alleles observed in the Rawhiti mainland popu-

lation. These individuals were then allowed to live, breed, and die over twenty

generations. This simulates the evolution of the population on Urupukapuka in

the absence of further migration. All demographic parameters were the same as

those used for the Big South Cape simulations, except the carrying capacity of the

island was reduced to 500, since Urupukapuka is a smaller island. The observed

value of FST between the samples from Urupukapuka and the Rawhiti mainland,

and the Euclidean distance between the group centres as measured by the individ-

ual probability profiles were compared with the same measurements between 500

simulated island populations and the Rawhiti mainland.

The observed value of FST between Urupukapuka and Rawhiti was smaller than

22.4% of the FST values between samples from the simulated populations and the

sample from the Rawhiti population. It is therefore not unusual for an isolated

population of rats that resulted from a small number of founders to have a value

as large or larger than that observed between Urupukapuka and Rawhiti.

For the distance between the central probability profiles for groups of individuals
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sampled from the same populations, only 6% of the simulated values were greater

than the observed distance between Urupukapuka and Rawhiti. Thus there is

some evidence that it would be unusual to see such a difference between these

populations if Urupukapuka was founded by rats from Rawhiti.

The same caveats apply to these simulation results as applied to the simulations

in Section 9.1. That is, migration and multiple paternity were not accounted for

in the model used to simulate the evolution of the populations, and a different

number of founding rats could affect the result. An additional factor that could

affect these results is that Urupukapuka is not prohibitively far from the mainland

in the Bay of Islands, and there is plenty of boat traffic between the islands and

the mainland. It is therefore not inconceivable that there could have been some

level of migration between the mainland and Urupukapuka over these years. Such

migration would lead to the population on Urupukapuka maintaining a level of

genetic similarity with the mainland population, which would make the observed

dissimilarity all the more unusual when assuming the rats on Urupukapuka came

from Rawhiti.

Therefore, while the simulations suggest it is plausible that Urupukapuka could

have been founded by rats from the mainland, there remains a real possibility

that the founders of the Urupukapuka ship rat population arrived from some other

source.

9.3.3 Discussion

The situation where mainland populations separated by large distances appeared

more genetically similar than mainland populations and adjacent island popula-

tions was not unique to ship rats in the Bay of Islands. In the course of our research

we found this situation occurred quite frequently. The occurrence of mainland ge-

netic continua can be explained by genetic diversity.
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Mainland populations separated by large distances are unlikely to swap migrants

frequently. It is possible they share a common ancestral population, but most of

the mainland populations we observed had been established for many generations.

Rats on nearby islands are also likely to have descended from the same ancestral

populations. Therefore this does not explain the closer similarity between mainland

populations than that between mainland and island populations.

Instead, the similarity can be explained by the theory of genetic diversity. Main-

land populations are effectively unbounded. They are generally able to swap mi-

grants with nearby populations without trouble. This limits the amount of in-

breeding, i.e. mating between closely related individuals, and provides a source of

new genetics into the population.

A population on an island, by contrast, is bounded by the island’s coastline. The

population’s size is typically restricted by the finite availability of resources found

on the island. If migration from populations on other islands or from the main-

land is infrequent, there is little choice but to breed with closely related individuals.

There is also no external source of new genetic variants into the population. The

only mechanism for introducing new genetic material is mutation, which is rela-

tively rare over the time scales examined for this project, even for microsatellites.

Even when mutation does occur, the new version of an allele has little chance to

establish itself in the island’s pool of genes. The new gene is not passed on if

the individual who possesses it dies before mating, and it is not guaranteed to be

passed from parent to offspring even if breeding does take place.

The process of genetic drift to fixation describes the way in which isolated popula-

tions gradually lose genetic diversity as alleles fail to be passed from one generation

to another and disappear. Isolated island populations are particularly prone to ge-

netic drift. The existence of an allele in one population but not another greatly

affects the measure of genetic similarity between those populations. This might

explain why mainland populations which share no recent ancestry, but which both

possess high genetic diversity, can appear more genetically similar than an island
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population that has lost much of its genetic diversity and the mainland population

from which it descended.

9.4 Barriers to Progress: Ship Rats on Great

Barrier Island, Aotea

Samples were obtained from four widely separated areas on Great Barrier Island.

Over 100 samples were provided by the Windy Hill Rosalie Bay Catchment Trust

(B1 in Figure 9.11) who are removing pests and restoring the natural ecology of

an area at the south-eastern tip of the island. Since these samples were from a

mainland population, we expected them to be fairly consistent genetically, and they

were not going to provide insight into the movement of rats across archipelagos.

We therefore genotyped around 40 of these samples in order to assess the genetic

similarity of rats on Great Barrier across a large continuous distance. Similarly,

we genotyped eight samples from Awana (B2 in Figure 9.11), about 14 kilometres

to the north of Windy Hill.

This study focused on two separate archipelagos at the western coast of Great

Barrier Island, approximately 10 kilometres west of Awana. One archipelago is

known as the Broken Islands (C2 in Figure 9.11). There are three main islands

in this group. Rangiahua is the largest island in the group, and is the closest

island to the mainland. It is about 250 metres from the mainland at its closest

point. A family of oyster farmers are resident on this island. There is frequent boat

movement between this island and the nearest port at Port Fitzroy, eight kilometres

away. Another of the islands, Mahuki, is farmed and has one settlement. Mahuki

lies about 200 metres to the south of Rangiahua. Boat movement between Mahuki

and Rangiahua is fairly frequent. A few rats were caught on a small island lying

between Rangiahua and Mahuki, known as Little Mahuki. The third main island

is Motutaiko, which is uninhabited. This island is quite rugged compared to the
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Figure 9.11: A map of the Great Barrier Island study region. Inset B. indicates the

sampling sites of Windy Hill (B1) and Awana (B2). Inset C. indicates the sampling

regions of the Kaikoura Island chain (C1), the Broken Islands archipelago (C2) and the

Port Fitzroy mainland (C3).
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Figure 9.12: Screenshot from the GUI indicating the sampling sites for ship rats from

Great Barrier Island. Kaikoura Island Archipelago, consisting of Motuhaku (NEM,

SEM), Nelson Island (NI), and Kaikoura Island (BC, KIC, KIMOWP, KIL, KIA, KIBNE,

KIN). Port Fitzroy Mainland (KP, KPI, OLT, KBN, KBS, KWBN, SHB, RCCS, RCC,

FP). Broken Islands Archipelago, consisting of Motutaiko (MOT), Rangiahua (OM, FIM,

OOP, FIR), Little Mahuki Island (LMI), Mahuki (MAI). Windy Hill (WH). Awana. The

positions for Awana and Windy Hill are not shown geographically accurately, since these

sites are found outside the coverage of this map. A grid cell covers a square kilometre.
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Figure 9.13: A three dimensional representation of Nelson Island, in the Kaikoura Island

chain off the coast of Great Barrier Island, New Zealand. Panels view the island from

the south-east, north-north-east, and west respectively.

other islands in this archipelago. It lies about 200 metres to the west of Rangiahua,

although a sand bar stretching between these islands appears at low tide. Several

samples were taken on the mainland of Great Barrier immediately opposite these

islands.

The other archipelago is found stretching out from Port Fitzroy. The largest

island in the archipelago is Kaikoura Island. This archipelago is referred to as the

Kaikoura chain (C1 in Figure 9.11). Kaikoura Island is surrounded on three sides

by mainland Great Barrier. At the closest point, it is no more than 100 metres from

mainland Great Barrier. Kaikoura is a large island. It has a permanent caretaker,

and a lodge that is occasionally occupied by outdoor recreation or hunting parties.

There is also a disused airstrip on the island. Nelson Island lies less than 150 metres

from the tip of Kaikoura Island. It is privately owned, but is not inhabited. It is

a very steep island, rising sharply from the water’s edge. This can be seen in the

3-dimensional representation of the island, constructed in the manner described

in Chapter 6, and shown in Figure 9.13. Further to the north-west is Motuhaku.

This island is also privately owned, and is occasionally occupied. There are some

flat areas along the coast, but much of the island climbs steeply. Because Kaikoura

Island is mostly surrounded by mainland, trapping was performed at multiple sites

around Port Fitzroy.
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9.4.1 The Big Picture

We were interested in the genetic relatedness across all our sampling regions on

Great Barrier, stretching across both archipelagos in the west, to the samples from

Windy Hill in the south-east. At the roughest level possible, the samples could be

classified according to the five general areas in which they were collected. These

five areas are the Broken Islands Archipelago, the Kaikoura Island archipelago,

the Port Fitzroy mainland, Awana, and Windy Hill. Figure 9.14 shows that even

with this rough level of categorisation, the samples from the Broken Islands are

still clearly separate from the samples from the other areas. There is little to

distinguish the populations found in Port Fitzroy, Windy Hill and in the Kaikoura

Island archipelago in the first two principal components. There is some suggestion

in lower dimensions that certain samples from these populations are not consistent

with each other, but some overlap remains. It may be that individuals at certain

sampling sites within these larger groups are more genetically similar than others.

The impression we get from the big picture is that at least some islands in the

archipelagos contain unique genetic information, suggesting there is infrequent mi-

gration from the surrounding mainland. This suggests that these island archipela-

gos and samples from the immediate surrounding mainland should be examined

in more detail. Mainland samples on the other hand look remarkably consistent,

owing much to the wide variability of these samples, across large distances. This

is evidence of yet another mainland genetic continuum stretching well beyond the

distances that rats are able to travel independently.

9.4.2 The Broken Islands

See Figure 9.12 for a graphical representation of the sampling sites described below.

There were four sample sites on Rangiahua: one opposite Motutaiko on the west

coast, one opposite Mahuki on the south coast, one opposite the mainland on the



194 CHAPTER 9. THE POWER OF EXPLORATION

−20 −10 0 10 20 30

−
30

−
20

−
10

0
10

20

Component 1 (64.5%)

C
om

po
ne

nt
 2

 (
21

.8
%

)

Figure 9.14: The first two components from a Principal Components Analysis of the

log-probabilities of ship rats found on Great Barrier island belonging to each of the five

main populations. Groups identified are  = Port Fitzroy Mainland, + = Kaikoura

Island Chain, 4 = Broken Islands Archipelago, N = Awana, and � = Windy Hill. The

first two principal components explain 86.3% of the variation seen in the data. The

primary separation is between the Broken Islands samples (4) and samples from the

rest of the populations.
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east coast, and one around the human habitation on the north-east coast. Only

one rat was caught around the houses, and only one a short distance away facing

the mainland. This is consistent with previous experience that demonstrated rats

are difficult to catch around human habitation. This could be due to the ease with

which they can find food, allowing them to be picky if they are suspicious about

new objects in their environment. Another possibility is the rats have had previous

experience with traps or poisons, and so have become averse to them.

Rats were caught at one site from each of Motutaiko, Mahuki and Little Mahuki.

One sampling site was also on mainland Great Barrier facing the archipelago. Only

three rats were caught on Little Mahuki.

There were not enough samples from Little Mahuki to specify Little Mahuki as

a population during the calculation of log-probabilities of assignment. Although

the mainland sampling site returned only 5 samples, it was decided to accept this

site as a population. Uncertainty in the population allele frequency profiles would

be accounted for over the replicate draws with population allele frequencies drawn

from the Dirichlet distribution, with functions of the observed allele counts as

parameters. In this way, populations with small sample sizes, and hence low allele

counts, have highly variable allele frequency distributions across the replicates.

Figure 9.15 shows the results. The major observation is that the mainland popu-

lation and the population on Motutaiko are clearly distinct from the other popu-

lations, as well as from each other. It is also interesting to note that one sample

taken from the mainland facing the islands has a genetic profile that points to an

ancestry belonging to the islands. If Motutaiko and the mainland population are

excluded from the analysis, there is significant overlap between the populations

on Rangiahua, the population on Little Mahuki, and the population on Mahuki

(results not shown). While it is possible to see some distinction between the col-

lection of samples from Mahuki and those from Rangiahua, there would be little

chance to definitively place a sample in one of those populations rather than the

other. In tests involving assigning individuals to populations, it might therefore
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Figure 9.15: The first two components from a Principal Components Analysis of the log-

probabilities of ship rats found on Great Barrier Island in the Broken Islands archipelago.

Groups identified are + = Mahuki, N = Little Mahuki, # = Rangiahua, � = Motutaiko,

and � = Flat Place (Great Barrier Mainland). The first two principal components

explain 94.1% of the variation seen in the data. The primary separation is between the

island rats and those found on the mainland, with a secondary separation separating

rats on Motutaiko from other island rats.

be necessary to class Mahuki and Rangiahua as a single population.

9.4.3 Kaikoura Island Chain

See Figure 9.12 for a graphical representation of the sampling sites described below.

Samples were taken from two sites on Motuhaku (as shown in Figure 6.5), one

on Nelson Island, seven from Kaikoura Island, and ten sites from mainland Great

Barrier stretching around Port Fitzroy. Only a handful of rats were caught at

many of these sites, especially on the mainland. Figure 9.16 shows the first two

components from a Principal Components Analysis of this area.

In the first two components, Motuhaku is identified as a distinct population. There
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Figure 9.16: The first two components from a Principal Components Analysis of the

log-probabilities of ship rats found on Great Barrier Island in the Kaikoura Island chain.

Groups identified are N = Motuhaku, + = Nelson Island,  = Kaikoura Island, and

� = Port Fitzroy Mainland. The first two principal components explain 82.7% of the

variation seen in the data. The primary separation is between rats from the Kaikoura

Island and Port Fitzroy populations and the populations of rats on Motuhaku and Nelson

Island.
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is some suggestion that the rats on Nelson Island are also genetically distinct from

other nearby populations. In the third dimension (not shown), the majority of

samples from Nelson Island are grouped together away from the other populations.

After discovering Nelson Island was not easy to land on due to its sheer cliffs

(Figure 9.13), it is unsurprising that the population on this island is distinctive.

The cliffs on the western shore of Kaikoura Island, to the east of Nelson Island,

are also steep. The coast of Motuhaku, to the west of Nelson Island, is not gently

sloped, but it is somewhat easier to land on. It therefore might be conceivable

that rats can migrate from Nelson Island to Motuhaku, but the migration in the

reverse direction is unlikely to occur often. There is one rat from Port Fitzroy that

appears to be more similar to the island populations, particularly Nelson Island,

than to other mainland individuals. This is the rat caught opposite the Broken

Islands that more closely associated with the Broken Island populations than the

mainland population it was caught in.

The Kaikoura Island and Port Fitzroy mainland rats appear very similar in Fig-

ure 9.16. In higher dimensions there is some suggestion that the populations are

not genetically identical, but there remains a substantial amount of overlap. This

could be due to frequent gene flow between these two populations. This is not

surprising considering how close Kaikoura Island is to the mainland, and how fre-

quently boats move between the mainland and the island. This is an important

finding for conservation groups intending to eradicate pest species on Kaikoura

Island and reintroduce native species. Monitoring strategies will need to be imple-

mented to cope with high levels of migration from the mainland back to the island

to prevent the reinfestation of the island.

9.4.4 The Haplotype Factory

Mitochondrial DNA sequencing has not been particularly useful in this study of

ship rats in New Zealand because the majority of rats studied have a ubiquitous
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Figure 9.17: A network diagram for ship rat mitochondrial DNA haplotypes. Each

node is a single nucleotide different from its neighbours. The label for the Great Barrier

Island study region is indicated in bold for each haplotype found in this region.

haplotype (this is even more true for Norway rats, where only one sample has a

different haplotype to that found in other Norway rats). An exception was found

on Stewart Island where two haplotypes were discovered that have not been found

anywhere else, providing strong evidence that the source of the Big South Cape

invasion did not come from Stewart Island. However, samples from Great Barrier

show a high degree of genetic diversity with respect to mtDNA.

Of the eight New Zealand ship rat mtDNA haplotypes discovered during this

project, five are found on Great Barrier Island, and three of those are unique

to Great Barrier (Figure 9.17). Only two of the 58 mtDNA haplotypes sequenced

from Great Barrier samples match the ubiquitous haplotype found throughout

the rest of New Zealand and internationally. These both came from the southern

sampling site on Kaikoura Island which is the closest point to the mainland (KI-

MOWP). There is a jetty at this site which is the usual berthing point for hunters

and visitors to the island. There is a possibility that these rats were transported

from another population of ship rats outside of Great Barrier by boats mooring at

the jetty.

The three haplotypes unique to Great Barrier are all a one-step mutation different
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from each other. This suggests they may have evolved from each other. The most

common variant is only one nucleotide different from the ubiquitous New Zealand

haplotype. This haplotype was the only haplotype detected in the Broken Islands,

Awana, Windy Hill, and was also held by all bar one of the samples from Port

Fitzroy. Samples from five of the seven sites on Kaikoura Island also held this

haplotype. This seems to be the predominant haplotype on Great Barrier.

Kaikoura Island has the widest mtDNA diversity of areas on Great Barrier. In

addition to the common New Zealand haplotype found in the two samples at the

jetty, and the majority of samples with the common Great Barrier haplotype, it

is the only place the other two unique Great Barrier haplotypes are found. The

haplotype that is one mutation different from the common Great Barrier haplotype

was found in only one sample from Kaikoura Island. However, four samples held

the next haplotype that was one nucleotide different again. It is not known why

this branch of mtDNA sequences seems to be evolving so much on Kaikoura Island.

This would be an interesting avenue of future research.

A fifth haplotype is found on Kaikoura Island. This does not belong to the family

of other haplotypes found on Kaikoura Island however. It is also one base-pair

different from the common New Zealand haplotype, but this difference does not

occur in the other Kaikoura Island haplotypes. Unlike the three haplotypes unique

to Kaikoura Island, this mutation has been observed in other populations of rats.

It is the only haplotype detected on the other islands in the Kaikoura Island chain,

Motuhaku and Nelson Island. There is also a single instance of this haplotype

from the Port Fitzroy mainland, the only example of mtDNA that does not match

the common Great Barrier haplotype from this population. It was found on the

mainland opposite the closest point between Kaikoura Island and the mainland,

i.e. on the mainland opposite the site where the only examples of the common

New Zealand mtDNA haplotype were discovered on Kaikoura Island.

It cannot be said which way migration occurred to take the haplotype between

Motuhaku, Nelson Island, Kaikoura Island and Port Fitzroy. This haplotype is
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not unique to Great Barrier. It is also the only haplotype found on Ponui Island,

an island in the Hauraki Gulf, 70 kilometres south-west of Great Barrier. This

is also the only haplotype discovered in rats from the port of Riverton, opposite

Stewart Island at the bottom of New Zealand’s South Island. This haplotype is

probably younger than those found in the other Great Barrier populations, because

so far no versions of this haplotype with further mutations have been discovered.

If mutations are assumed to occur independently and at a constant rate, older hap-

lotypes would be expected to have more variants with single nucleotide differences

stemming from them.

There is therefore the possibility that the rat populations on Motuhaku and Nel-

son Island were founded more recently than rats on the rest of Great Barrier.

Motuhaku and Nelson Island are both privately owned by the same individual, so

it would not be surprising if rats were carried between these islands.

This suggests that Motuhaku and Nelson Island might not have been established

by ordinary Great Barrier Island rats, which most commonly hold the unique Great

Barrier haplotype or one of the mutations in the same family. It cannot be con-

firmed whether rats with this haplotype moved from Nelson Island and Motuhaku

to Kaikoura Island, or vice versa however. It is possible the rats were carried to

these islands from outside Great Barrier, perhaps from populations in the Hau-

raki Gulf such as the one on Ponui Island. This would be an important discovery,

because it suggests that rats have difficulty reaching Motuhaku and Nelson Island

from other points in the Kaikoura Island chain without human assistance.
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PART III - Modelling
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Chapter 10

Literature Review for Modelling

Rates of Inter-population

Migration

Traditionally, the estimation of migration rates for individuals has relied on the di-

rect observation of movement between populations. This involves marking individ-

uals in one population with the intention of identifying them in another population

at some time in the future. This methodology is known as mark-recapture.

More recently, methods involving genetics have been proposed to estimate effective

migration between populations, i.e. when a migrant successfully mates in its des-

tination population. Genetic methods can only detect effective migration. Social

factors affecting the acceptance of migrants into populations are therefore very

important when interpreting estimates derived through genetic methods.

Both the physical and genetic approaches have associated strengths and weak-

nesses. It seems increasingly likely that methods incorporating both approaches

will produce results with the greatest relevance to researchers.

205
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10.1 Using Mark - Recapture Methods to Esti-

mate Migration

You may seek it with thimbles–and seek it with care;

You may hunt it with forks and hope;

You may threaten its life with a railway-share;

You may charm it with smiles and soap–

Lewis Carroll, “The Hunting of the Snark”

Mark-recapture models for estimating rates of animal movement and migration

are well developed (Schwarz and Seber, 1999). These direct methods for describ-

ing animal movement have been designed to handle multiple states and covariates

(Nichols and Kendall, 1995; Fujiwara and Caswell, 2002), and metapopulations

(Hanski et al. , 2000). Mark-recapture models are a highly flexible means of inves-

tigating migration.

In many cases, physical marking of animals is still one of the best methods to

answer such questions as

• How many individuals are in a population?

• What are the population specific survival rates?

• Where does one population end and another begin?

However, under certain conditions or constraints, the process of capturing the

animals, marking them, releasing them, then repeating the capture in the future

is impractical or infeasible.

Methods that make use of direct observation of migration require spatially exten-

sive and temporally intensive sampling (Nichols and Kendall, 1995; Wilson and
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Rannala, 2003; Telfer et al. , 2003; Watts et al. , 2004). Without the necessary

sampling effort, results could fail to detect rare or long-distance movements, re-

sulting in incorrect migration estimates (Slatkin, 1985; Rousset, 2001). Migration

estimates from mark-recapture studies are also sensitive to the distribution of ob-

servers within a sampling area (Van Noordwijk, 1995).

The repeated sampling necessary for such studies could also affect the probabil-

ity of recapturing marked individuals, for example through trap-shyness or trap-

happiness (Pledger and Efford, 1998). Sometimes it is not possible to take repeated

samples of an animal, for instance when only kill-trapping is possible, or if animals

have short life-spans relative to the length of the study.

Recent attempts have been made to compare direct approaches to calculating mi-

gration rates and indirect methods using genetics (Telfer et al. , 2003; Watts et al. ,

2004). These studies contrast the results from direct and indirect methods, rather

than attempt to integrate the methodologies. However, it may be inappropriate

to combine these methods (Koenig et al. , 1996), since physical movement is not

analogous to gene-flow (Nichols and Kendall, 1995). Also, genetic methods strug-

gle to effectively characterise dispersal when genetic differentiation is low, such as

over small spatial scales or in situations of high gene-flow (Hanski, 2001), whereas

physical observation can be highly efficient in such cases.

In many situations, classical mark-recapture techniques are preferable to using

indirect methods to characterise dispersal. However, if the logistical constraints

render direct methods infeasible, the use of genetic methods is an appropriate

alternative. For example, Berry et al. (2004) presented an example where ge-

netic methods produced the same results as a physical mark-recapture study, but

required a fraction of the field-time.
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10.2 Estimating Migration Through Genetics

You can take a man out of his country, but you can’t take the country

out of a man.

One advantage of using genetic techniques when studying invasive species is that

it is possible to perform the analyses based on a single sampling occasion. It

is even possible to remove an individual from the study, perhaps by employing

kill-trapping, so long as the individual is representative of its population’s genetic

profile. There could be regulations forbidding the release of captured animals when

studying invasive pest species. Such species are also generally short-lived, so it may

be difficult to complete further sampling as part of a longer-term study during an

individual’s lifetime.

It is not necessary to trap a migrant in order to infer migration using genetic

methods. Within a few generations, and assuming populations are relatively dis-

tinguishable genetically, an immigrant’s genetic signature might remain detectable

within that immigrant’s offspring. Physical tags cannot be passed from parent to

child. Several factors affect this detectability however:

• How representative was the genetic profile of the migrant of its source pop-

ulation?

• How similar were the genetic profiles of the source population when the

migration event occurred, and when the sampling occurred?

• How distinguishable are the genetic profiles of the migrant’s populations of

origin and destination?

• How likely is a migrant individual to breed successfully in its new population?

• What is the probability of sampling the migrant or one of its descendants in

the new population?
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The detection of migration will not always be certain therefore, and the chance of

detection decreases with time.

It should be noted that many of these factors are not an issue with classical mark-

recapture approaches for detecting migration. For example:

• Physical tags can be guaranteed to be unique, for example, to the population

of origin, or the time of marking.

• The chances of misidentifying a physical tag are lower.

• Individuals in potential destination populations can be given their own

population-specific tags, to distinguish them from migrants.

Another advantage of using a genetic approach to detect migration is that every

captured individual contributes information to the study. The more non-migrants

sampled in a population, the greater the probability of detecting rare genetic vari-

ants, and the greater confidence there is in the completeness of the population’s

genetic profile. Irregular individuals can be identified as migrants in a population.

They can be assigned to a source population, or identified as migrants from an

unsampled population. In studies of migration based on physical tags, it is impos-

sible to distinguish between migrants from unidentified populations and migrants

from sampled populations who were not marked.

Methods using genetics might not behave properly if underlying genetic models

on which they rely do not hold. For example, many early methodologies rely

on the assumption that the populations being analysed conform to the Hardy-

Weinberg Equilibrium (HWE) conditions. In practice, these conditions can never

hold exactly. The HWE conditions assume the populations are infinitely large and

randomly breeding. In some cases, the sex ratio is required to be balanced, or

the breeding system is required to allow self-fertilisation. Recent modifications to

earlier implementations of genetic methods relax some of these assumptions.
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10.2.1 Estimating Migration with Coancestry

Wright (1931) developed a population model that related the fixation index, FST

(Chapter 5), to the rate of migration between a set of populations. This “Island

model” was defined according to the assumptions:

• All populations in the system have the same number of diploid individuals.

• Immigrants constitute the same fraction of the number of individuals in each

population.

• Migrating individuals are equally likely to have arrived from any of the other

populations.

• The genetic markers used experience no mutation and no evolutionary selec-

tive advantage.

• The populations have persisted long enough to reach a migration-drift equi-

librium. That is, as rare alleles disappear due to stochastic variability (known

as “genetic drift”), they are replaced by new alleles entering the population

through migrants, thus preserving the distribution of distinct allele frequen-

cies in the population.

Under this model, FST can be related to the effective number of migrants moving

between populations with the following approximate equation:

FST ≈
1

4Nem + 1

Here, Ne is the effective population size of a single population in the Island model,

and m is the proportion of immigrants within each population. The effective

population size is the number of animals in the population required to produce

the same genetic characteristics as the observed population, under an ideal genetic

model. This size is typically less than the actual population size, primarily due

to individual variability in breeding success related to the reproductive behaviour
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of individuals within the population. The total proportion of migrants within

a population in each generation must remain constant to preserve the constant

population size.

Rearranging this equation, the effective number of migrants per generation can be

estimated:

Nem ≈
1 − FST

4FST

While genetic technologies were developing, this simplified model was a common

way to estimate an indirect measure of gene-flow, despite its inherent flaws (Slatkin

and Barton, 1989). However, as the number of types of genetic markers avail-

able and the computational power available to analyse more complex models have

increased, it is now generally unacceptable to employ such biologically unrealis-

tic idealised models (Pearse and Crandall, 2004; Whitlock and McCauley, 1999).

Modifications to the Island model, such as the “Stepping Stone model” (Kimura

and Weiss, 1964) where only adjacent populations swap migrants, were able to

relax some of these assumptions. More recent methods of estimating migration

rates between populations can infer more about a population and rely on fewer

assumptions (Pearse and Crandall, 2004; Wilson and Rannala, 2003), although

these methods are not without their own complications.

Whitlock and McCauley (1999) provided a useful look at how violations of the

assumptions underpinning Wright’s Island model and the calculation of FST might

bias the estimates of migration numbers. Even if the biological assumptions are

close to being met, the statistical error introduced by taking few samples of rela-

tively small sizes, and analysing these at a small subset of genetic loci, as is often

the case in ecological investigations, often means the FST estimates are of little

practical use. Compounding this problem, the estimate Nem is a non-linear trans-

formation of FST, and so is even more sensitive to statistical error (Whitlock and

McCauley, 1999).
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With regard to this study involving subdivided populations of rats on islands

within an archipelago, many of the assumptions underpinning the island model

are unlikely to be met. Although microsatellite markers are assumed to be non-

coding regions of DNA which are under no selective pressure, it is possible for

the regions where the microsatellites are found (the microsatellite loci) to lie close

to genes which are selectively chosen. This so-called linkage could see certain

microsatellite alleles being inherited non-randomly, despite offering no evolutionary

benefit. Microsatellites are known to mutate at faster rates than many other

markers (Goldstein et al. , 1995; Slatkin, 1995; Schlotterer, 2000). For studies

involving the estimation of long-term migration rates, such as those using FST,

it is essential the mutation process is modelled correctly. It is thought that the

Stepwise Mutation Model is more appropriate for microsatellite mutation than

the traditional Infinite Allele Model employed for allozyme markers. However, a

composite model, such as the Two-phase Model may be more appropriate (Slatkin,

1995; Goldstein et al. , 1995; Rousset, 1996).

It is also expected that the population systems under investigation exhibit source-

sink behaviour, in contrast to Wright’s Island model. That is, populations are

expected to be of different sizes, with the possibility that large proportions of the

smaller populations are replaced by immigrants from larger populations each gen-

eration. The smaller populations act like sinks to the larger populations’ sources,

resulting in the migration rates between populations being asymmetrical, which

violates an assumption of the Island model (Beerli, 1998).

Wright’s Island model also assumes that any population is equally likely to ex-

change migrants with any other population. This is highly improbable, as migra-

tion has been shown to depend on the distance between populations (Wright, 1943;

Slatkin, 1993), as well as geographical impediments to migration. In this study,

populations exist on islands separated by stretches of water, so there is a limited

range the rats can travel to reach populations, unless they employ a stepping-stone

approach (Kimura and Weiss, 1964; Nei, 1972).
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The aim of this project lies in studying patterns of recent invasions by an inva-

sive pest species. It is therefore unlikely new populations have reached their own

equilibrium. Any results derived from FST at this time are likely to be repre-

sentative of the populations from which the migrants originated, rather than the

populations which have recently been established (Whitlock and McCauley, 1999).

Because FST was designed to suit populations at genetic equilibrium, it does not

cope well with populations that have only recently established. Conclusions can

be indeterminate between a situation where populations have been separated for

many generations, but exhibit high gene flow between populations, and a situa-

tion where there is virtually no gene flow between recently separated populations

(Pearse and Crandall, 2004).

10.2.2 Mixed Stock Analysis

Another approach to assess the degree with which populations interact is to es-

timate the levels of admixture between populations. This procedure has been

termed Mixed Stock Analysis (MSA) (Davies et al. , 1999). This approach takes a

population of interest and estimates the relative proportions of known and defined

source populations contributing to this population. This approach is particularly

widespread in the fisheries literature (Manel et al. , 2005; Potvin and Bernatchez,

2001; Ruzzante et al. , 2000).

The rationale behind MSA requires that a population of interest cannot simulta-

neously be a source population, otherwise the best solution would always be that

that population is the sole source of its own individuals. Rather, MSA is typically

applied to temporary pseudo-population aggregations formed when members of

permanent populations intermingle at a common location, such as feeding areas or

breeding grounds (Potvin and Bernatchez, 2001; Bass et al. , 2004; Roberts et al. ,

2005). This also requires that the source populations be identified a priori. The

existence of unsampled populations could dramatically affect the contribution es-
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timates.

In many applications, it is desirable to identify the mixture of populations at the

population level, rather than at the level of individuals (Debevec et al. , 2000).

Another benefit from investigating systems at the population level is that it is not

necessary to genotype individuals one-at-a-time. Genetic samples from all individ-

uals from the same population can be pooled, then analysed simultaneously. The

results reveal the pooled allele frequencies used to describe the genetic construc-

tion of the population (Corander et al. , 2004). However, for the purposes of this

project, this level of analysis is too coarse. By restricting focus to the genetic char-

acteristics of populations, it is possible to miss relatively low levels of migration,

where only a small number of migrants have been sampled from their destination

population (Davies et al. , 1999).

10.2.3 Individual Assignment

Several methodologies have been devised to make use of genetic information to

describe the relatedness between individuals and populations, which might have

resulted from gene-flow. The coalescent approach (Kingman, 1982; Beerli and

Felsenstein, 1999) attempts to trace historical ancestry by estimating the genealog-

ical structure of the individuals. However, the coalescent is a distant historical

measurement, so populations need to follow a specified genetic model in order for

statistical analysis to proceed.

Another set of methods, known as assignment methods, attempt to estimate the

most likely source or ancestry for each individual (Paetkau et al. , 1995; Rannala

and Mountain, 1997; Pritchard et al. , 2000; Wilson and Rannala, 2003; Gag-

giotti et al. , 2004). These methods attempt to detect whether the genes of an

individual descend from the population the individual was caught in, or whether

they originated in another population.
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The simplest task for assignment methods is to assign individuals to populations

where the individuals’ genotypes are most representative of the sample allele fre-

quencies of samples from those populations.

Many assignment methods now allow a diploid individual’s allele pairs to have

descended from different populations, providing evidence of an ancestral migration

event, even if the individual itself is a non-migrant (Rannala and Mountain, 1997;

Pritchard et al. , 2000; Wilson and Rannala, 2003; Gaggiotti et al. , 2004). That

is, an individual’s genes are most likely to have belonged to ancestors from foreign

populations that found their way to the population in which that individual was

born and lived all its life. Due to the exponential increase in the number of

ancestors an individual descends from as the number of generations before the

present increases, the scope of assignment methods rarely goes beyond the grand-

parental generation, and more usually goes only as far as the parental generation.

For example, if neither of an individual’s parents is a migrant in the population

the individual is sampled from, the individual is often declared to have no migrant

ancestry, regardless of the genetic ancestries of its parents.

Typically with assignment methods, the populations need to be specified by the

researcher, but a method proposed by Pritchard et al. (2000) attempts to recreate

populations of genetically similar individuals using MCMC techniques. By con-

structing populations based on genetic rather than geographical proximity, this

method improves the ability to assign ancestries in some cases. For example, if

there are a large proportion of recent migrants in a population, their effect on

that population’s genetic profile will cause it to more closely resemble the profile

of their source population, and thus individuals which are non-migrants from that

source population might find their ancestry indeterminate between the population

with the migrants and their true source. To optionally incorporate physical covari-

ates in this model, such as the distance between populations, would require the

geographical sampling locations of the individuals to be provided however. Once

migrant ancestries have been estimated, it is possible to construct point estimates
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of migration rates by dividing the number of migrants in a population by the size

of that population (Manel et al. , 2005). This requires the population sizes to

be estimated, which is often difficult. Wilson and Rannala (2003) developed an

assignment-based method which directly estimates rates of genetic migration be-

tween populations, using MCMC. Analysis of the output from the MCMC chain

also enables distributional characteristics of the migration rates to be evaluated.

Assignment methods are useful for studying dispersal over short time-scales

(Manel et al. , 2005). Many contemporary approaches rely on fewer assumptions

than traditional models, for example doing away with the requirement for the pop-

ulations to be in HWE. However, this flexibility comes at the cost of the results

only being applicable to recent trends in migration (Wilson and Rannala, 2003).

The complexity of these models increases exponentially with the number of gen-

erations permitted since the unobserved migration (Rannala and Mountain, 1997;

Pritchard et al. , 2000). Although performance is better when gene-flow is low, ac-

curate estimates are possible even when migration is frequent (Berry et al. , 2004),

although the lack of power to distinguish between similar population genetic pro-

files can cloud the certainty of assignment (Rannala and Mountain, 1997). The

ability to precisely estimate migration rates when populations lack genetic diversity

might be enhanced, for example by taking larger samples from each population,

and particularly by performing the analysis using a larger number of highly variable

loci (Paetkau et al. , 1995; Wilson and Rannala, 2003; Berry et al. , 2004).

Bayesian variations of assignment methods often recognise that the genetic infor-

mation provided is only a sample from the population, and there will be uncertainty

inherent in the population genetic profiles calculated from these samples due to

sampling variation (Rannala and Mountain, 1997; Pritchard et al. , 2000; Wilson

and Rannala, 2003).

Populations not identified by the researcher but contributing migrants to the iden-

tified populations could have an adverse effect on the accuracy of the assignment

of individuals’ genes to their source populations, i.e. the determination of individ-
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uals’ genetic ancestries. Exclusion methods (Cornuet et al. , 1999) can mitigate

this effect by excluding individuals from estimates where they do not surpass a

threshold likelihood for belonging to any particular ancestry (Berry et al. , 2004).

Individual assignment methods appear to be the most relevant for the purposes of

this project. Two implementations of these methods are discussed in more detail

below.

structure

The original version of structure was developed by Pritchard et al. (2000) and

was modified by Falush et al. (2003) to handle genotypes from non-independent

loci, and correlated allele frequencies between populations. Because populations

are not defined in advance, structure must be run multiple times using a range

of values for the number of distinct source populations thought to exist in the

system. These hypothesised source populations are not defined by geographical

location - for example, samples might be taken at multiple geographical locations,

but if these individuals are all recently descended from a common source popula-

tion, the program should identify a single source population. For the assignment

methods described earlier, populations are usually defined in terms of samples from

the same geographic area, whether individuals in a population are closely related

genetically or not. To differentiate between geographically defined populations,

and the ideal genetic populations constructed by structure, the populations

identified by structure will be known as “clusters” from here on. The appro-

priate number of clusters for a system is found heuristically by examining the

posterior support for each choice of the number of clusters and choosing the best

supported choice. The authors of structure concede that approximations made

to facilitate this choice are ad hoc, but suggest they work well in practice.

Studies using structure have found that it can be difficult to determine the ideal

number of clusters to use based on the method suggested by the authors of struc-
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ture (Thulin et al. , 2006; Basset et al. , 2006; Latch et al. , 2006). The choice of

the number of clusters can be very dependent on the modelling assumptions used

by structure (Pritchard et al. , 2000; Thulin et al. , 2006). That is, since struc-

ture is attempting to detect the number of clusters under ideal genetic conditions,

such as Hardy-Weinberg equilibrium and linkage equilibrium between loci within

clusters, any contradiction of these assumptions will affect the choice of clusters.

Sometimes it is advisable to present the results as the number of clusters increases,

so that the order in which the splitting of clusters occurs can be observed (Ab-

delkrim et al. , 2005). Other studies have decided what a logical number of clusters

should be, despite contrary evidence from structure (Berry et al. , 2004). In hi-

erarchical population structures, structure will usually detect only the highest

level of the structure, so it is advisable to reapply the program to the separate

clusters identified after an initial analysis with the program to attempt to detect

further substructure (Basset et al. , 2006). For example, take the case of rats on

two large islands, where there are several different habitat types on each island.

In such cases, there is likely to be population structure between habitats within

islands, and between the islands themselves. structure will tend to identify the

two clusters, one for each island in this trivial example, when presented with the

full data set. It would be advisable to subsequently run structure with members

from each identified cluster separately to detect the population structure between

habitat types on each island.

Where it is possible to identify a suitable number of clusters, structure per-

forms well, even when there is little genetic differentiation between the clusters,

but as genetic similarity increases, the accuracy of assignment of individuals de-

creases, and the less likely the program is to recover the correct number of clusters

(Latch et al. , 2006; Manel et al. , 2005). Performance has also been shown to

decrease with smaller sample sizes (Latch et al. , 2006)

It is assumed that all populations involved within a system have been sampled

(Berry et al. , 2004; Pearse and Crandall, 2004). Clustering is also performed with
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the goal of determining groups which are in Hardy-Weinberg equilibrium (Pearse

and Crandall, 2004). This may be inappropriate for newly established populations,

or where there has been a recent change in the rate of migration in or out of a

population.

There are multiple modes of the posterior probability associated with the parame-

ter space for structure. These modes correspond to the different ways in which

labels can be applied to clusters. There is thus no difference in interpretation of

the results from these different solutions, since the cluster labels have no inherent

meaning (Pritchard et al. , 2000). However, it has been reported that the MCMC

algorithm can become entrenched in different areas of the parameter space in sep-

arate runs, leading to different conclusions (Corander et al. , 2004). The cause

of this requires investigation, but may be a result of choosing too many clusters,

thereby requiring the separation of groups which do not require splitting, or high

genetic similarity between populations, rendering the choice of cluster membership

subject to chance.

Many recent studies implementing structure seem to interpret the q-values, the

proportions of an individual’s genome consistent with ancestry from each popu-

lation (Pritchard et al. , 2000), as the certainty with which an individual can be

associated with the corresponding population (Abdelkrim et al. , 2005; Berry et al. ,

2004; Berry et al. , 2005; Thulin et al. , 2006). While this interpretation is not in-

correct, it disregards the ability of structure to identify admixture in the descent

of individuals’ genomes, i.e. mixed ancestries. It seems to be less common to inter-

pret these values as the proportion of an individual’s ancestry stemming from each

population identified, thereby allowing for the identification of individuals with

mixed ancestry. Examples of studies that interpret q-values as mixed ancestries

include Pritchard et al. (2000) and Basset et al. (2006).

The interpretation of q-values can affect the conclusions from studies where struc-

ture is applied. For instance, for a study involving the natal dispersion of skinks,

Berry et al. (2004; 2005) utilised both physical and genetic information. Tagged
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animals could be confirmed as not moving from the rock they were born. In a

few instances, the genetic method identified such individuals as migrants from

populations on nearby rocks, because a greater proportion of their genotype corre-

sponded with the other population. The genetic assignment was then classed as an

error. However, it is possible these individuals had migrant parents or grandpar-

ents from the further population, so despite not physically migrating themselves,

some portion of their genomes were associated with the non-natal population.

Some studies make use of the facility for informed prior distributions to be passed

to structure (Berry et al. , 2004). It is also possible to employ structure as a

traditional form of assignment test, although it is necessary to define reference pop-

ulations for a group of unknown individuals to be assigned between (Baums et al. ,

2005; Basset et al. , 2006). In most cases, this sees reference populations identified

by sampling sites, as is the case with traditional assignment methods. Therefore,

the greatest benefit of clustering methods such as structure is realised when

geographical demarcation of populations is not trivial (Manel et al. , 2005). The

attribution of samples to populations from a contiguous mainland area is such

a situation. In the case of small islands, population demarcation is reasonably

straightforward.

BayesAss+

The program BayesAss+ was developed by Wilson and Rannala (2003) based on

the assignment model employed by the program IMMANC (Rannala and Moun-

tain, 1997). Its main advantage is the direct estimation of migration rates between

populations. This requires the populations to be specified in advance and provided

to the program before it is run. The populations are defined as the regions from

which the individuals were sampled. BayesAss+ uses a genetic model relating

the proportion of physical migrants between populations to the proportions of mi-

grant alleles seen in each population per generation. This restricts the proportions
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of migrants that can exist in a population. No more than 1
3

of a population can

be born outside that population, according to the genetic model in BayesAss+.

However, it is possible for individuals to possess mixed ancestries of migrants and

non-migrants, similar to structure.

Unlike structure, where the identified clusters are constructed with no informa-

tion about the membership of their constituents, the populations that individuals

are assigned to in BayesAss+ correspond to the regions from which individuals

were sampled. The solutions corresponding to the multiple modes described for

structure will therefore lead to very different interpretations for BayesAss+.

For instance, assigning a group of individuals sampled in population A to popu-

lation B implies there is migration from B to A, while assigning those individuals

to population C implies the migration is from C to A. If those individuals are

assigned to population A, there is no evidence of migration to A. This distinc-

tion is important, because the populations in BayesAss+ are indelibly linked to

geographical regions. By contrast, in structure the populations (clusters) are

idealised agglomerations of individuals with no inherent geographical interpreta-

tion. The issue of multiple modality in the posterior distribution of the parameters

using BayesAss+ is considered in greater detail in Chapter 11.

Another advantage of BayesAss+ over earlier methods is the adoption of a non-

equilibrium model for calculating the probability of observing individuals’ geno-

types given a specified ancestry. This recognises that breeding may not be random

within each population by incorporating the inbreeding model (Appendix A.1).

This is almost universally highlighted as a key advantage of the BayesAss+

method mentioned in articles that are using or reviewing the program (Pearse

and Crandall, 2004; Manel et al. , 2005; Rollins et al. , 2006; Ciofi et al. , 2006).

The simultaneous estimation of individual ancestries, migration rates between pop-

ulations and population allele frequencies, and the incorporation of a migration

model into the likelihood calculation are clear improvements over earlier assign-

ment methods (Paetkau et al. , 2004; Pearse and Crandall, 2004; Goossens et al. ,
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2005). By modelling the distribution of the migration rates, it is possible to pro-

vide credible intervals for these parameters, rather than only point-wise estimates

(Manel et al. , 2005; Rollins et al. , 2006).

Several papers suggest improvements or extensions that could be made to the

original program, such as providing greater detail about the trace of the MCMC

chains to assess convergence (Goossens et al. , 2005), assessing the effect of omitting

populations from the analysis (Baums et al. , 2005), and incorporating geograph-

ical information into the model to improve the precision of estimates of gene-flow

(Antolin et al. , 2006).

Many of the surveyed applications of BayesAss+ detected low levels of migra-

tion between most of their populations (Baums et al. , 2005; Goossens et al. , 2005;

Ciofi et al. , 2006; Abdelkrim et al. , 2007). However, some studies also detected

migration between certain populations at close to the maximum rate that can

be estimated by BayesAss+ (i.e. 1
3
) (Baums et al. , 2005; Ciofi et al. , 2006;

Goossens et al. , 2005). Credible regions for the estimates where migration ap-

pears to be common are surprisingly narrow, considering that such individuals

from the source and destination populations should be difficult to distinguish from

one another. This effect is actually due to a weakness in the BayesAss+ algo-

rithm when there is high gene-flow between populations. Chapter 11 visits this

problem in detail, and proposes an improvement to the algorithm that recognises

the uncertainty in the parameter estimates associated with high genetic similarity

between populations. Goossens et al. (2005) report that when migration occurs

close to the maximum rates, there is little point interpreting the results, implicitly

recognising the flaw in the BayesAss+ algorithm.

Because a feature of BayesAss+ is the estimation of migration rates between

populations, and because it can cope with populations that are not in HWE, it

was decided to use this program for this project. Discussion of some limitations

of the migration model used by BayesAss+ is given in Chapter 11, along with

the development of an improved model that addresses some of these limitations.
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Chapter 12 describes an attempt to improve the efficiency of the MCMC algorithm

employed by BayesAss+.
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Chapter 11

Adapting the Program

BayesAss+

11.1 Estimating Migration Through Genetics

You can get too scientific about animals. They weren’t designed to fit into

computer programs.

Gerald Durrell

Interest for this project lay in estimating levels of migration between populations of

an invasive species. It was decided to pursue this objective using genetic methods

rather than the traditional capture-recapture methods commonly undertaken for

such projects.

Because invasive species are generally short-lived, it can be difficult to complete

further sampling as part of a longer-term study involving resampling tagged in-

dividuals during those individuals’ lifetimes. However, because such species are

necessarily fast-breeding, a migrant might leave descendants in its destination pop-

225
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ulation. This is an ideal scenario for tracking migration through genetic signals.

It is not necessary for a sampled individual to be a migrant itself in order to

detect migration events. Within several generations, and assuming populations are

relatively distinguishable genetically, a genetic signature carried by an immigrant

will remain detectable within that immigrant’s progeny. By contrast, physical tags

cannot be passed from parent to offspring. However, estimates of migration based

on genetics rely on migrants successfully breeding in their destination populations.

If resident individuals are unwilling to breed with migrants from other populations,

the genetic record will underestimate the true level of migration.

Several factors affect the detectability of ancestral migration:

• How representative was the genetic profile of the migrant of its source pop-

ulation?

• How similar were the genetic profiles of the source population when the

migration event occurred, and when the sampling occurred?

• How distinguishable are the genetic profiles of the migrant’s population of

origin and destination?

• How likely is a migrant individual to breed successfully in its new population?

• What is the probability of sampling the migrant or one of its descendants in

the new population?

The detection of migration will not always be certain therefore, and the chance of

detection decreases over time.

Another advantage of using a genetic approach to detect migration is that every

sampled individual has the potential to be identified as a migrant. Contrast this

with studies involving tagged individuals, where it is impossible to discriminate

between untagged individuals caught during the recapture phase - they could be
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untagged resident individuals, untagged migrants from identified source popula-

tions, or migrants from unidentified source populations.

However, methods using genetics might not behave properly if underlying genetic

models on which they rely do not hold. For example, many early methodologies rely

on the assumption that the populations analysed conform to the Hardy-Weinberg

Equilibrium (HWE) conditions. In practice, these conditions can never hold per-

fectly. Recent modifications to earlier implementations of genetic methods relax

many of these assumptions.

11.1.1 An Individual Assignment Approach

Assignment methods are a class of methodologies that use genetics to assign indi-

viduals to their most likely source populations or ancestries (Paetkau et al. , 1995;

Rannala and Mountain, 1997; Pritchard et al. , 2000; Wilson and Rannala, 2003).

Many of these methods allow a diploid individual’s genes to have descended from

different populations, representing an ancestral migration event, even if the indi-

vidual itself is a non-migrant (Rannala and Mountain, 1997; Pritchard et al. , 2000;

Wilson and Rannala, 2003). With the appropriate data, these methods are more

efficient at characterising migration than other methods, particularly if migration

has only occurred over the last few generations (Rousset, 2001).

Once migrant ancestries have been estimated, it is possible to construct point es-

timates of migration rates by dividing the number of migrants in a population by

the size of that population (Manel et al. , 2005). This requires the population sizes

to be estimated, which is often difficult. Wilson and Rannala (2003) developed a

Bayesian assignment-based method to estimate rates of migration between popu-

lations without needing population sizes. Analysis of the output from the MCMC

chains enables distributional characteristics of the migration rates to be evaluated

(Wilson and Rannala, 2003).
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Assignment methods are useful for studying migration over short time-scales

(Manel et al. , 2005). Many contemporary approaches rely on fewer assumptions

than traditional models, such as the requirement for the populations to be in HWE,

but this comes at the cost of the results being applicable to only recent trends in

migration (Wilson and Rannala, 2003). The complexity of these models increases

exponentially with the number of generations since the unobserved migration (Ran-

nala and Mountain, 1997; Pritchard et al. , 2000). Although performance is better

when gene-flow is low, accurate estimates are possible even when migration is fre-

quent (Berry et al. , 2004). The ability to precisely estimate migration rates when

populations lack genetic diversity might be enhanced, for example by taking larger

sample sizes from each population, and particularly by using highly-variable loci

(Berry et al. , 2004; Paetkau et al. , 1995; Wilson and Rannala, 2003).

Bayesian variations of assignment methods often recognise that the genetic infor-

mation provided is only a sample from the population, and there will be uncertainty

inherent in the population genetic profiles calculated from these samples due to

sampling variation (Rannala and Mountain, 1997; Pritchard et al. , 2000; Wilson

and Rannala, 2003).

The populations studied as part of this project were likely to have been founded

recently, so equilibrium conditions were unlikely to hold. In order to describe mi-

gration in this sort of system, assignment methods are most appropriate (Rousset,

2001).

The assignment method described by Wilson and Rannala (2003), and imple-

mented in the program BayesAss+ (http://www.rannala.org/labpages/

software.html), was selected as the focus for this project. Among individual

assignment methodologies, this approach is one of the few which estimates migra-

tion rates between populations, which is of primary interest for this study.
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11.1.2 Genetic Migration Models

The BayesAss+ Method

BayesAss+ assumes that migration is relatively rare (Wilson and Rannala, 2003).

This is necessary to derive the equations for the ancestry probabilities employed

in the conditional multinomial distribution of ancestries, given migration rates. If

migration rates are assumed to be low, terms involving squared or higher polyno-

mials of migration rates are deemed to be negligible, and the probability of a pair

of migrants breeding in their destination population is effectively zero.

BayesAss+ describes an individual’s genetic ancestry through the use of the

parameters S, the population the individual was sampled from; M , the individual’s

ancestral population; and t, the individual’s ancestral time. Let I be the set of all

populations identified in the system. Possible ancestry combinations are:

• t = 1, {M ∈ I : M 6= S} An individual is a direct migrant from the popula-

tion specified by M , meaning the individual was born in M before migrating

to the population in which it was captured, S. Unlike the situation for the

other ancestral times, the migrant individual’s parents’ ancestries have no

bearing on the ancestry of the migrant individual itself in this model used by

the original version of BayesAss+. This case will be referred to as having

full migrant ancestry.

• t = 2, {M ∈ I : M 6= S} An individual was born in the population from

which it was sampled, one of its parents was also born in that population,

and the other was a direct migrant from the population specified by M . This

case will be referred to as having half migrant ancestry.

• t = 0, M = S An individual has no migrant ancestry, which means it was

born in the population it was sampled from, to parents who were also born

in that population. This case will be referred to as having no migrant
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ancestry.

Consider all individuals sampled from population S = a. These individuals must

have one of the three ancestries described above. BayesAss+ defines mji to be the

proportion of individuals in population i who migrated from population j. These

are referred to as migration rates. When we refer to “external migration rates”,

we are talking about those values mji where i 6= j. That is, the proportion of

individuals in population i who were not born in population i, and therefore must

have migrated from an external population. “Internal migration rates” refer to

values mii, the proportion of individuals in a population born in that population.

Thinking in terms of genes, being born in a population is a migration event from

the parents in population i to their offspring in population i, so the genes have

migrated within the same population.

BayesAss+ assumes the proportion of individuals with full migrant ancestry

from population b in population a, {S = a, M = b, t = 1 : a 6= b}, to be mba. The

proportion of individuals with half migrant ancestry from population b in pop-

ulation a, {S = a, M = b, t = 2 : a 6= b}, is approximated as 2mba. In order to

ensure the ancestry proportions sum to one, the proportion of individuals in

population a with no migrant ancestry, {S = a, M = a, t = 0}, is required to be

maa = 1−3
∑

{k∈I:k 6=a} mka, where I is the set of all populations. This requires that

the sum of all external migrant proportions be less than 1
3

in order to ensure the

proportion of individuals with no migrant ancestry is non-negative. This method

of calculating the ancestry proportions in a population will be referred to from

here on as “Method 1”.

A New Method

Reliance couldn’t be placed on migration being rare between populations of rats

for this study. In order to make the migration model employed by Method 1

more flexible, the parameters M1 and M2 are introduced in place of M and t. M1
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represents the ancestry of one of an individual’s parents and M2 represents the

ancestry of the other parent. As before, S represents the population the individual

was sampled from. It is assumed it is impossible to distinguish between the cases

(M1 = i, M2 = j) and (M1 = j, M2 = i). For the purpose of this project, it

is reasonable to assume that an individual may only migrate once in its lifetime.

This is because wild rats rarely live longer than a year (Innes, 1990; Moors, 1990).

Swimming between islands is a risky undertaking for a rat, so successfully migrating

in this manner more than once is improbable. It is also assumed that generations

are non-overlapping. In this scenario, the two parents are required to move from

their initial populations to a common population so that they can breed together.

When born in this population, the individual in question must migrate to the

population where it was captured. Let b and c be the populations from which an

individual’s parents originated, and let a be the population from which we sampled

the individual. If mji is defined as before, then the probability of such an ancestry

can be written

Pr(S = a, M1 = b, M2 = c) =







∑

k∈I mbkmckmka if b = c;
∑

k∈I 2mbkmckmka otherwise.
(11.1)

This method of calculating the ancestry proportions in a population as will be

referred to as “Method 2”.

A comparison of the ancestry probabilities between the two methods is shown in

Table 11.1, where the scenario involves three possible populations.

11.1.3 Assessment of the Genetic Models

Three populations were simulated that had experienced constant rates of migration

between each other for two generations. The simulation was designed to mimic

individual behaviour, and not adhere to either migration model used by Method

1 or Method 2. In this way the suitability of the two methods was tested by

comparing their predicted proportions of ancestries with those derived from the
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Table 11.1: Comparison of the formulae for expected ancestry proportions between

Method 1 and Method 2, for the case of three populations. The equations shown are

only for individuals sampled from population a. Equations for pure and half ancestries

from only population b are shown - analogous equations exist for ancestries involving

population c.

(a) Method 1

Description Notation Probability

Pure Migrant Ancestry (S = a,M = b, t = 1) mba

from population b

Mixed Migrant Ancestry Not possible 0

from populations b and c

Half Migrant Ancestry (S = a,M = b, t = 2) 2mba

from population b

No Migrant Ancestry (S = a,M = a, t = 0) maa = 1 − 3(mba + mca)

(b) Method 2

Description Notation Probability

Pure Migrant Ancestry (S = a,M1 = b,M2 = b) m2
bamaa + m2

bbmba + m2
bcmca

from population b

Mixed Migrant Ancestry (S = a,M1 = b,M2 = c) 2(mbamcamaa + mbbmcbmba+

from population b and c mbcmccmca)

Half Migrant Ancestry (S = a,M1 = a,M2 = b) 2(maambamaa + mabmbbmba+

from population b macmbcmca)

No Migrant Ancestry (S = a,M1 = a,M2 = a) m2
aamaa + m2

abmba + m2
acmca
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neutral, ecologically-based simulation.

There were 1000 individuals in each of the populations. In the first migration step,

a proportion m of these individuals were moved between each of the nine pair-wise

combinations of source and destination populations. Because the proportions of

migrants were symmetric, the population sizes were still 1000 at the conclusion

of this step. Breeding then took place. Pairs of individuals were selected at

random with replacement. This allowed individuals to be involved in multiple

matings. Each pair produced one offspring by randomly selecting an allele from

each parent for each locus. The resulting offspring then undertook migration in the

same fashion as its parents. The offspring’s true genetic ancestries were recorded

for comparison with the expected proportions under each model. Method 1 and

Method 2 were tested at three levels of migration: m = 0.05 (rare), m = 0.15

(frequent), and m = 0.3 (very frequent).

The 18 simulated ancestry proportions spread over the four types of ancestry de-

scribed in Table 11.1 are shown in Figure 11.1. The expected proportions for each

ancestry type under Method 1 are indicated with solid horizontal bars, while the

ancestry proportions expected by Method 2 are shown with dashed horizontal bars.

The results in Figure 11.1 justify the suitability of Method 1 in cases of low migra-

tion, as the authors of BayesAss+ advise, but indicate there could be discrepan-

cies between the expected and observed proportions at the higher rates of migra-

tion BayesAss+ can accommodate. Certainly the model used by BayesAss+

is inadequate in cases where migration rates exceed the maximum value ensuring

proportions are non-negative, i.e. when the sum of the proportions of external

migrants in a population exceeds 1
3

(Figure 11.1(c)). Method 2 accurately recon-

structs the migrant proportions under all of the migration scenarios investigated.
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Figure 11.1: Expected ancestry proportions for a three population system when (a)

mii = 0.9, and mji = 0.05; (b) mii = 0.7, and mji = 0.15; and (c) mii = 0.4, and

mji = 0.3, j 6= i. Crosses are the population proportions of each ancestry type cal-

culated from simulations using a neutral, individual based movement model. For each

of the three populations there are: two proportions for Pure Migrant Ancestry (PMA),

one proportion for Mixed Migrant Ancestry (MMA), two proportions for Half Migrant

Ancestry (HMA), and one proportion for No Migrant Ancestry (NMA). Solid lines are

the expected ancestry proportions according to Method 1, and dashed lines indicate the

expected ancestry proportions using Method 2 (see Table 11.1 for formulae). Note that

for scenario (c), the expected proportion of individuals with No Migrant Ancestry under

Method 1 is negative, so is not displayed.
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11.1.4 Application of the Model to Simulated Data

After establishing Method 2 was suitable for estimating ancestry proportions when

migration rates are known, it was incorporated into the MCMC framework used

by BayesAss+ to assess how it performed when estimating migration rates from

genetic data.

Samples were taken of 50 individuals from each of the populations generated ac-

cording to the neutral simulation routine described above. Individuals’ genotypes

consisted of 10 loci. There were 10 allele types at each locus. Individuals gener-

ated from the ancestral populations were randomly assigned genotypes according

to the specific allele frequencies for their population. The ancestral populations

were desired to be genetically distinct. The coancestry coefficient θ (Weir and

Cockerham, 1984) for the ancestral populations was 0.22, with a 95% bootstrap

confidence interval of (0.17, 0.28). The closer values of θ are to 0, the more ge-

netically similar the populations. Values of θ in excess of 0.2 are considered high,

suggesting populations have been separated for a long time. Individuals in the

offspring generation were randomly assigned one allele from each of their parents

at each locus.

Migration rates of m = 0.05 are considered to be relatively low. After two gen-

erations of migration at this rate and breeding, the coancestry coefficient reduced

to 0.1123 (0.0871, 0.1417). Migration of m = 0.15 is close to the maximum mi-

gration that Method 1 can accommodate for three populations and equal external

migration rates (since we require 1 − 2m > 2
3
). Within two generations, the ge-

netic differentiation between the populations is markedly reduced, down to just

0.0229 (0.0173, 0.0294). A migration rate of m = 0.3 makes the reconstruction

of the ancestral allele profiles for the populations very difficult. The coancestry

coefficient was effectively zero (< 1×10−5). Method 1 is not designed to cope with

such a situation, but it was of interest to see the results from Method 1 under this

scenario.
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MCMC chains from a Bayesian framework employing Method 1 and Method 2

were run for 3,000,000 iterations, with the first 500,000 iterations discarded as

burn-in. Samples were taken every 1000 iterations. Three replicate chains were

run with different starting configurations to avoid reporting results drawn from

locally optimal solutions.

11.1.5 Multiple Solutions from MCMC

During these simulations, it was discovered that Method 2 was capable of finding

multiple migration solutions for which the posterior probabilities were equivalent,

particularly when migration was high. The flexibility of Method 2 means that

there are often two or more sets of migration rates that fit the estimated ances-

tries equally well. This problem is not so common with Method 1 because of the

constraints it imposes on the migration rates. These restrict the set of possible sce-

narios that can be considered, potentially excluding the true migrant proportions,

if migration is high.

Figure 11.2 shows an example of the problem of equally probable parameter sets.

The top row shows the traces of the posterior probability of the parameter sets

from three separate MCMC chains using Method 2, initiated with different seeds.

The lower three rows display the traces of the estimates for the three internal

migrant proportions (mii) when mii = 0.7, for each of the three chains.

Examining the posterior probabilities alone (top row of Figure 11.2), all three

chains seem to have found a common solution, since the posterior probability

distributions appear to be the same across the three chains. However, the estimated

migration rates switch between solutions during all three chains, and each chain

finds solution sets that the other two do not. By comparing the estimated allele

frequencies with the known allele frequencies of the three ancestral populations,

we found all three chains had calculated the frequencies well, but that the third

chain had swapped the frequencies for population 2 with those for population 3.
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Figure 11.2: Plot of the traces of the log of the posterior probability, and each of the

internal migration rate estimates when mji = 0.15, j 6= i, for three separate MCMC

chains. The true value of the internal migration rates was mii = 0.7. The third chain

confused the allele frequencies for two of the populations. The three mean posterior

probabilities were almost identical. These appear as three indistinguishable dashed lines

in the first row.
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Although chains 1 and 2 estimated the ancestral allele frequencies correctly, four

separate, similarly supported migration solutions were derived from these two

chains. These sets were isolated using a clustering method. In the absence of

additional information it would be necessary to treat each possible solution as

equally plausible.

In practice however, some solutions are often less believable than others. For ex-

ample, a small population might receive a large proportion of migrants from a

neighbouring large population, but the large population is unlikely to receive the

majority of its individuals from the smaller population. In this way, additional

information can be used to select the most plausible set of parameters. Alterna-

tively, such information could be incorporated into the shape of prior distributions

used for the parameters before the MCMC chains are run. Implicitly, this is the

approach taken by Method 1. By not allowing internal migration rates to be be-

low 2
3
, the method is incorporating the prior belief that no more than 1

3
of the

population comprises individuals who were not born in that population.

Typical convergence diagnostics did not provide much insight for these problems.

For Method 1, migration rate estimates quickly reached an equilibrium (typically

within 50,000 iterations), which rarely varied for the length of the chain. Estimates

also corresponded across multiple chains. These indicators confirmed consistency,

not accuracy or appropriateness. In contrast, at higher migration rates Method 2

provided estimates that regularly jumped between apparent solutions. Within a

chain, there was little consistency, and the three chains exhibited wildly different

behaviour.

Because of the inconsistency of the behaviour across chains, and the existence

of multiple solutions, particularly when using Method 2, it is advisable to use a

number of replicate chains. The choice of three chains for the simulation study

was probably too few to guarantee the discovery of all plausible parameter sets,

although correct estimates of the true parameter set appeared to be recovered for

each of the migration rates tested (Section 11.1.6). The comparison of results
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between chains can be used to distinguish globally optimal solutions from locally

optimal solutions, and provides a greater probability of detecting all globally op-

timal parameter sets.

11.1.6 Simulation Results

Far better an approximate answer to the right question, which is often

vague, than an exact answer to the wrong question, which can always be

made precise.

John Tukey, “The future of data analysis”, Annals of Mathematical

Statistics 33 (1962).

Figure 11.3(a) shows the estimated migration rates from Methods 1 and 2 when the

external migration rates were set to m = 0.05. Recall that for low external migra-

tion rates, both methods predict similar proportions of ancestries (Figure 11.1(a)).

The populations are also still relatively genetically distinct. Both methods success-

fully allocate allele frequencies to populations, and the estimated migration rates

are similar between the methods. The interval containing 95% of all estimated

migration rates contains the values of m used to generate the data in all cases,

except for m12 under Method 1.

Figure 11.3(b) presents the migration rates estimated when the true external mi-

gration rates were m = 0.15. While diagnostic tests gave no indication that Method

1 had any difficulty with the similarity of the populations, in only four of the nine

cases is the true migration rate within the central 95% of values estimated. This

is due to the migration model adopted by Method 1 inadequately estimating the

proportion of ancestries in the presence of high external migration rates (Fig-

ure 11.1(b)). As mentioned, Method 2 found four sets of parameters that were

judged equally likely from this data set (Figure 11.2). Point estimates of the mi-

gration rates are close to the true values for the first parameter set, but the 95%
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Figure 11.3: Estimated migrant proportions for samples generated from a neutral model.

True values are indicated with solid horizontal lines. The first three proportions in each

plot are internal migrant proportions (mii) and the following six proportions are external

migrant proportions (mji, i 6= j). Point estimates are indicated with 95% credible

intervals. Part (a) shows results for mii = 0.9, mji = 0.05; part (b) shows results for

mii = 0.7, mji = 0.15; and part (c) shows results for mii = 0.4, mji = 0.3.
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intervals are quite wide, reflecting the uncertainty inherent in the genetic data due

to the low genetic diversity between the populations.

Figure 11.3(c) shows the estimated migration rates from Methods 1 and 2 when

the true migration rates were mii = 0.4, and mji = 0.3. Method 1 was not designed

to cope with scenarios where more than 33% of a population is comprised of indi-

viduals with full migrant ancestry. Despite this, when the simulated populations

were generated with external migration rates of m = 0.3 (i.e. 60% of individuals

in each population were migrants), diagnostics from Method 1 did not signal any

problems. However, it is impossible for the model to estimate the true value of the

internal migration rates, mii = 0.4. Similarly, the sum of the external migration

rates must be less than 1
3
, so both external migration rates cannot attain their true

value of 0.3. Method 1 estimated equal migrant proportions from each external

population, which is correct, but this requires both external migrant proportions

to be underestimated. The internal migration rate is estimated to be nearly as low

as possible (0.67), but is nevertheless over-estimated. Perhaps of most concern,

the Markov chain realises the external migration rates are too low and internal

migration rates are too high, so it seldom accepts proposals that move away from

the upper and lower bounds for the external and internal migration rates respec-

tively. The effect is to generate values from the chain with little variability, which

might be mistakenly interpreted as indicating strong support for the estimated

parameters.

For Method 2, one of the three chains gave very different migration estimates from

those given by the other two chains. The posterior probability distribution for this

chain was centred lower than those for the other chains, suggesting this chain was

drawing values from a local optimum rather than the global optimum. This chain

was discarded. The other two chains estimated similar migrant proportions. All

estimates were highly variable, reflecting a lack of information in the genetic data

with respect to migration.

These simulations using a neutral ecological model indicate that Method 2 improves
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upon Method 1 in high migration scenarios. When migration is low, both methods

cope fairly well with estimating migration parameters. At higher migration rates,

Method 2 is capable of better estimating the correct migration parameters, but

suffers from its flexibility, and will suggest a range of solutions that are as probable

as each other.

By restricting consideration to only a subset of possible solutions, Method 1 is

unable to even suggest the correct parameter values when migration is very high.

Although Method 1 is not able to cope with such high levels of migration, it is not

always obvious from the output, creating the potential for misinterpretation. At

very high levels of migration, Method 2 finds it difficult to conclusively estimate the

migration parameter values, but this is clearly indicated in the output, with high

variability of estimates or frequent switching between alternative solutions. While

such results may be of little practical use, they present a more accurate reflection of

the difficulty in isolating information about population movement from the genetic

data in such situations.

11.2 Application to Real Data

The secret of all victory lies in the organization of the non-obvious.

Marcus Aurelius

For the application to real data, six MCMC chains were run starting with separate

initial random configurations. Each chain was run for 5,000,000 iterations, with

the initial 1,000,000 iterations discarded as burn-in. Samples were taken from the

chains every 1000 iterations.

Running six MCMC chains starting with different parameter values was an at-

tempt to avoid interpreting locally optimal solutions and to identify differences
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due to attributing allele profiles to different populations. Convergence to parame-

ters’ equilibrium distributions is guaranteed under MCMC, but this convergence

may not occur within the number of iterations observed. Chains which suggest

a consistent set of parameter values for the majority of the chain are probably

drawing parameter values from an optimal region of the parameter space, but it

might be unclear whether this is a local optimum or the global optimum. Using

multiple chains increases the possibility of at least one chain finding a global opti-

mum region. If the parameter sets suggested by some chains have higher posterior

support than others, it can be concluded that the chains with lower posterior sup-

port are stuck in local optima. The choice of six chains attempted to balance

the increased probability of finding globally optimal solutions with computational

burden. If it was found few chains were suggesting the same solutions at the end

of the procedure, it would have been prudent to use a larger set of chains initiated

with different random seeds.

Samples successfully genotyped for fewer than six loci were omitted from the analy-

ses as it was considered there would not be enough information in the remaining

loci to confidently infer the full multi-locus probabilities. Populations with few

individuals were also generally omitted, since the small sample sizes would have

led to highly variable estimates of allele frequencies for those populations, and thus

highly variable probabilities of descent. Occasionally it was felt that populations

of particular interest should be included despite small samples sizes, e.g. potential

mainland source populations when investigating the source of island invasions.

11.2.1 Bay of Islands

Method 2 was applied to the investigation of the invasion rates of rats over the is-

land archipelago in the Bay of Islands (Ipipiri o Tokerau), Northland, New Zealand.
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Figure 11.4: Bay of Islands, Northland, New Zealand. A map of the eastern archipelago

and the first two components from a Principal Components Analysis of the log-

probabilities of Norway rats belonging to each identified population. Groups identified

are � = Motuarohia (1.), N = Moturua (2.), # = Motukiekie (3.), ♦ = Okahu (4.), ×

= Waewaetorea (5.), + = Urupukapuka (6.), � = Poroporo (7.), and  = Moturoa (8.).

The first two principal components explain 81.4% of the variation seen in the data.

Norway rats

The analysis involved 314 Norway rat samples from this area, genotyped at 11 loci.

Two individuals caught on the surrounding mainland were omitted, as they did

not constitute a sufficiently large sample from the mainland population. Although

the exploratory analysis had indicated that the genetics of the rats sampled from

the islands in 1984 was not far removed from the genetics of the rats found on

the islands in 2005, the historical samples were also excluded in case they affected

the estimation of recent migration rates based on the modern rats caught on the

islands.

The exploratory analysis described in Chapter 9 indicated there was a large degree

of genetic similarity between Norway rats in the Bay of Islands (Figure 11.4). This

was potentially due to frequent migration between populations. Norway rats are

known to be capable swimmers, covering distances of at least 400 metres across

open water between islands (Russell et al. , 2005).
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Each island was treated as a single population. Pair-wise estimates of Weir and

Cockerham’s coancestry coefficient θ (Weir and Cockerham, 1984) were typically

low. Ignoring Moturoa (8.) and Motuarohia (1.), all point estimates were less

than 0.05 for every pair of islands except Moturua (2.) and Poroporo (7.), which

was 0.06. The value of θ for pairs of islands involving Motuarohia were all greater

than 0.05. Other than θ = 0.06 between Motuarohia and Motukiekie (3.), all other

point estimates of θ for population pairs involving Motuarohia were in the range

0.09 to 0.11, and the coefficient was greater than 0.16 for all island pairs involving

Moturoa.

An estimate of θ over all eight populations is

θ = 0.07 (0.04, 0.11)

The value of θ for the populations as a group is quite low, especially considering

the effect from Moturoa (8.) and Motuarohia (1.). This might cause the genetic

migration models to have trouble distinguishing some populations. The pair-wise

values of θ suggest this is likely to be the case for some pairs of islands more than

others. Table 11.2 shows the results from the data-set analysed using Method 2

(Section 11.1.2).

Examining the posterior probabilities of the solutions suggested by the separate

chains indicated three of the chains had located parameter sets that the data

supported better than the solutions suggested by the other three chains. The less-

well supported solutions were discarded. Two of the three chains that appeared to

be performing well were calculating similar parameter estimates. The other chain

suggested parameter values that we felt were unlikely, for example suggesting the

majority of rats on the large island of Urupukapuka (6.) were migrants from the

small neighbouring island of Poroporo (7.). On closer inspection, this chain was

estimating allele profiles that matched those from the other two well-performing

chains, except it had swapped the allele frequencies for Urupukapuka and Poroporo,

which would explain some of the unusual estimates. We therefore decided to rely
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Table 11.2: Immigration rates between populations of Norway rats in the Bay of Islands calculated with Method 2. Central 95% credible

intervals from 8000 draws from a Markov chain are indicated in brackets. Destination populations are represented by the columns, and

source populations by the rows. Cell mji is the estimated proportion of migrants from population j in population i within a generation.

Columns sum to 1. Estimates with 95% credible intervals which do not cover zero are shown in bold.

Motuarohia (1.) Moturua (2.) Motukiekie (3.) Okahu (4.) Waewaetorea (5.) Urupukapuka (6.) Poroporo (7.) Moturoa (8.)

Motuarohia (1.) 0.77 0.04 0.07 0.02 0.00 0.01 0.02 0.03

(0.70, 0.83) (0.00, 0.11) (0.00, 0.023) (0.00, 0.06) (0.00, 0.01) (0.00, 0.02) (0.00, 0.08) (0.00, 0.11)

Moturua (2.) 0.17 0.61 0.19 0.02 0.01 0.03 0.03 0.04

(0.11, 0.24) (0.37, 0.85) (0.02, 0.45) (0.00, 0.08) (0.00, 0.02) (0.00, 0.09) (0.00, 0.10) (0.00, 0.14)

Motukiekie (3.) 0.01 0.02 0.06 0.02 0.00 0.01 0.03 0.05

(0.00, 0.02) (0.00, 0.05) (0.00, 0.21) (0.00, 0.08) (0.00, 0.01) (0.00, 0.02) (0.00, 0.10) (0.00, 0.17)

Okahu (4.) 0.01 0.02 0.15 0.03 0.00 0.01 0.08 0.05

(0.00, 0.02) (0.00, 0.07) (0.00, 0.54) (0.00, 0.11) (0.00, 0.01) (0.00, 0.03) (0.00, 0.36) (0.00, 0.18)

Waewaetorea (5.) 0.02 0.23 0.33 0.83 0.97 0.04 0.44 0.03

(0.00, 0.06) (0.03, 0.47) (0.02, 0.68) (0.69, 0.94) (0.95, 0.99) (0.00, 0.11) (0.10, 0.77) (0.00, 0.11)

Urupukapuka (6.) 0.01 0.05 0.06 0.03 0.01 0.90 0.34 0.03

(0.00, 0.03) (0.00, 0.13) (0.00, 0.23) (0.00, 0.12) (0.00, 0.02) (0.80, 0.96) (0.07, 0.59) (0.00, 0.11)

Poroporo (7.) 0.01 0.02 0.09 0.03 0.00 0.01 0.04 0.08

(0.00, 0.02) (0.00, 0.07) (0.00, 0.37) (0.00, 0.10) (0.00, 0.01) (0.00, 0.02) (0.00, 0.13) (0.00, 0.23)

Moturoa (8.) 0.01 0.01 0.05 0.02 0.00 0.00 0.02 0.69

(0.00, 0.02) (0.00, 0.05) (0.00, 0.17) (0.00, 0.06) (0.00, 0.01) (0.00, 0.02) (0.00, 0.08) (0.53, 0.83)
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on the output from the two chains previously mentioned. These chains were run

for a further 97 million iterations, during which they rarely suggested any different

sets of parameter values, and no parameter sets with the same or higher posterior

support. The results with highest support from these two chains were used in

Table 11.2.

The two largest eastern islands, Urupukapuka (6.) and Waewaetorea (5.) seem to

consist predominantly of non-migrants. The other of the major eastern islands,

Okahu (4.), is estimated to consist predominantly of immigrants from Waewaetorea

(5.). We were expecting the Okahu and Waewaetorea populations to be partic-

ularly genetically indistinguishable, due to their proximity, and the soft sandy

beaches on the opposing coastlines of these islands. This should have resulted

in variable estimates of the migrant and non-migrant proportions of these islands

within their respective populations. There is little evidence to suggest Okahu has

any significant proportion of non-migrants, and virtually no evidence to suggest

Waewaetorea’s population consists of any Okahu immigrants. It is possible that

the strong sea current between these islands favours migration from Waewaetorea

to Okahu only. Alternatively, the spatial location of traps may have influenced

this result. Waewaetorea had three traplines laid across it: one on the shoreline on

the south coast facing Urupukapuka (6.), one on the shoreline on the west coast

facing Okahu, and a line running between these two, spanning the interior of the

island. There was only one trapline on Okahu, and the majority of samples were

taken close to the south-eastern shoreline facing Waewaetorea. Although the sub-

populations on the facing shores of Okahu and Waewaetorea might be frequently

swapping migrants, the diversity of samples from the wider spatial range across

Waewaetorea might swamp this signal, instead leading to the conclusion that while

the majority of rats on Okahu could fit the Waewaetorea population profile, not all

Waewaetorea rats would fit well into the Okahu population. This scenario suggests

that accurate spatial representation of populations is necessary to derive accurate

migration estimates. However, this ideal is hard to achieve in practice, since the

precise locations and boundaries of separate rat populations are unlikely to be
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known.

Poroporo (7.) is described as consisting of a majority of migrants from Urupuka-

puka (6.) and Waewaetorea (5.), but there are wide credible intervals associated

with these estimates, and for the proportion of Okahu (4.) migrants in Poroporo.

This reflects the genetic similarity of those three populations with each other, and

with the samples taken from Poroporo. That is, it is likely that Poroporo’s popula-

tion is dominated by migrants each generation, but it is difficult to discern which of

the three other populations they are coming from. Examining the traces from the

MCMC chains associated with these proportions shows that there are various com-

binations of migrant proportions from these three populations that are equally well

supported. Common sense would suggest most, if not all, the migrants hail from

Urupukapuka (6.), due to its proximity. Incorporating an isolation-by-distance ra-

tionale in the BayesAss+ framework to favour migration between neighbouring

populations, or using geographical distances to inform the posterior probability

through the prior distribution of migration rates would be a useful addition to this

work.

The migrant proportion estimates for Motukiekie (3.) were highly variable, prob-

ably due to the low sample size from this island (11 samples). An examination of

the trace output from the MCMC chains revealed the wide credible intervals were

not evidence of multiple solutions, but rather that there was not enough informa-

tion in the data to accept any solution (not shown). No conclusive interpretations

could be made from these results.

Despite low sample sizes from Moturua (2.), six of the other seven islands are

strongly discounted as sources of migrants. This leaves Waewaetorea (5.) as a

major source of migrants, and a large proportion of non-migrants. These two mi-

grant proportion estimates are highly variable, and strongly negatively correlated.

Because Moturua and Waewaetorea rats are genetically very similar, it is possible

that the population on Moturua is relatively recently established from immigrants

from Waewaetorea, and the program has difficulty deciding which ancestry fits
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these individuals best, particularly when the reference population for Moturua is

so low (13 samples).

Based on the exploratory analysis (Figure 11.4), we expected the Motuarohia (1.)

population to be the most isolated population in the Bay of Islands archipelago (not

including Moturoa (8.)). While there is very strong evidence to suggest there has

been no recent migration between Motuarohia and six of the seven other islands,

there is surprisingly strong evidence that about 17% of individuals on Motuaro-

hia are migrants from Moturua (2.). The precision of this estimate is especially

surprising considering the low number of samples from Moturua. Although no

estimation of the densities of rats on the islands was performed, the density of

rats on Motuarohia appeared very high as shown by the number of samples taken,

whereas very few rats were detected on Moturua. The suggestion that almost one

fifth of the rats on Motuarohia at that time had migrated from Moturua is very

unlikely. It is likely there is some genetic characteristic of the Moturua sample

that accounts for this unusual result, which we have yet to determine.

In the exploratory analysis, rats from Moturoa (8.) were clearly genetically dis-

tinct from rats from the eastern Bay of Islands archipelago. However, the modified

version of BayesAss+ presented here returned point estimates of migrant pro-

portions in Moturoa from the distant archipelago that were not insubstantial, par-

ticularly for Poroporo (0.08). These estimates were covered by quite wide credible

intervals however, indicative of the low sample size from Moturoa (10 samples),

and rendering the point estimates insignificant. This indicates how important it

is to quote a measure of variability for such estimates, and highlights the value of

performing an exploratory analysis of the data prior to feeding the data into the

modelling program.
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Figure 11.5: Bay of Islands, Northland, New Zealand. Map of the islands and sur-

rounding mainland, and Principal Component plot of genetic distances between ship

rats. The symbols are 4 = Doves Bay marina, + = Rawhiti peninsula, and  = Island

archipelago. Individuals are grouped by sampling population. The first two principal

components describe 95.9% of the variation seen in the data.

Ship rats

For the ship rats caught in the Bay of Islands, 32 samples were from the island

archipelago, 29 coming from Urupukapuka (6.) alone. Two more samples were

from Okahu (4.), and the other sample was from Moturua (2.). We classed all

these rats together as island rats. We also analysed samples from 34 ship rats

trapped on the surrounding mainland area of Rawhiti. Eight more samples were

taken from a marina at Doves Bay, more than 15 kilometres from the islands by sea,

and more than 80 kilometers from Rawhiti by land (see Figure 11.5). These 74 ship

rat samples were genotyped at 10 loci. Ship rats are relatively recent arrivals to the

island chain, with none being detected on the islands in 1984 (Moller and Tilley,

1986). We expected the island ship rats to be more closely related to the ship rats

from Rawhiti, and the Doves Bay rats to look distinct from both these populations.

Instead, exploratory analyses seem to indicate rats from the two mainland sites are

more closely related to each other than to the island rats (Figure 11.5). It is clear

however that one of the island rats (the single rat caught on Moturua (2.)) has
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Table 11.3: Immigration rates between populations of ship rats in the Bay of Islands

region calculated with Method 2. Central 95% credible intervals from 25,000 draws

from Markov chains are indicated in brackets.

Doves Bay Rawhiti Islands

Doves Bay 0.96 0.06 0.01

(0.86, 0.99) (0.00, 0.37) (0.00, 0.05)

Rawhiti 0.02 0.93 0.01

(0.00, 0.10) (0.61, 0.99) (0.00, 0.05)

Islands 0.02 0.01 0.97

(0.00, 0.08) (0.00, 0.04) (0.93, 0.99)

strong ancestral links with the mainland rats. Pair-wise values of θ were greater

than 0.2 for both pairs involving the islands and each of the mainland populations.

The value of θ between the two mainland populations at Doves Bay and Rawhiti

was surprisingly only 0.06, despite the improbability of exchanging migrants over

such a long distance. This is an example of a mainland continuum - mainland rats

living in contiguous populations seem to exhibit remarkable genetic similarity. By

contrast, rat populations on islands are often clearly distinct genetically from the

populations on the nearby opposing mainland. This is found particularly often

with ship rats.

The estimate of θ over all three populations is

θ = 0.20 (0.12, 0.32)

The θ for the combined populations is very high. The pair-wise values of θ indicate

this is mostly due to the large differentiation between the island rats and the

mainland rats. However, even the mainland sites show only a moderate level of

similarity. The results of applying Method 2 to this sample of rats is provided in

Table 11.3.
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Although rates of convergence varied, all six chains settled on the same solution.

We therefore feel confident that this is a plausible solution set.

Table 11.3 indicates all three populations are essentially isolated from each other.

Due to the geographical distance, we were not expecting Doves Bay rats to be

migrating between the other populations. Although the Rawhiti and island pop-

ulations are proximate, the plot of genetic distances (Figure 11.5) supports the

conclusion that there is negligible gene-flow between these populations. Ship rats

are reluctant swimmers (Innes, 1990), so migration from the mainland to the is-

lands might primarily stem from unintentional migration (for example, stowing

aboard boats which visit the islands). Migration in this manner is likely to be in-

frequent, making it difficult for ship rats to establish populations in the presence of

the high densities of Norway rats on most of the islands. Populations that do man-

age to establish are unlikely to frequently exchange migrants with the mainland

population.

Although there was no evidence of frequent recent gene-flow between any of our

populations, our exploratory analysis identified an island rat that showed clear

mainland ancestry (Figure 11.5). This rat was consistently identified as a full

migrant with pure genetic ancestry from the Doves Bay population by Method 2.

This might be evidence of human-assisted migration by boat, and emphasises the

need for care from boats passing near eradicated islands, in order to ensure they

do not unintentionally reintroduce pests.

11.3 Great Barrier Island

Method 2 was applied to populations on Great Barrier Island. Results are shown

for general populations along the Kaikoura Island chain in Port Fitzroy, and for

islands in the Broken Islands archipelago. An island wide analysis of populations

estimated there was no significant gene-flow between these two sample sites (results
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Figure 11.6: A map showing the study areas in Port Fitzroy, Great Barrier Island.

Two island groups are shown, the Kaikoura Island chain (K) and the Broken Islands

archipelago (B). The populations in the Kaikoura Island chain are Motuhaku (K1),

Nelson Island (K2), Kaikoura Island (K3) and the surrounding mainland (K4). The

populations in the Broken Islands archipelago are Motutaiko (B1), Rangiahua (B2),

Little Mahuki (B3), Mahuki (B4) and the coastline opposite Rangiahua (B5).
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not shown).

11.3.1 Kaikoura Island Chain

The three islands in this chain were treated as separate populations, along with

a population for all rats trapped on the surrounding mainland (Figure 11.6). Re-

sults of an analysis of mitochondrial DNA haplotypes suggested there could be

some variation of ancestry among sample sites on Kaikoura Island (K3), although

this variation could have been due to genetic mutation (Chapter 9). Despite this,

all sample sites on Kaikoura Island were classed as a single population for this

analysis due to common patterns in nuclear DNA frequencies, and the relatively

small sample sizes at some sites. Similarly, all sample sites on the surrounding

mainland around Port Fitzroy (K4) were classed together as a single population

despite their geographical spread. This was considered reasonable due to the sim-

ilarity seen between the nuclear DNA frequencies of these sites, and the discovery

that mainland populations are often surprisingly genetically identical regardless of

geographical distance.

Table 11.4 shows the estimated migrant proportions within each population in-

dexed by the columns. These estimates correspond with three of the six Markov

chains that found solutions with the highest posterior probability. All three chains

consistently estimated the migrant proportions of the three islands consisting al-

most entirely of non-migrants. For Nelson Island (K2) and Motuhaku (K1), this

confirms the results seen in the exploratory analysis (Figure 9.16).

The vast majority of iterations taken from the MCMC chains suggest that the

mainland population (K4) is a mixture of non-migrants and migrants from Kaik-

oura Island (K3), in the ratio of approximately 1:2 respectively. One of the chains

occasionally suggested a solution where the ratio of non-migrants and Kaikoura

Island migrants in the mainland population was of the ratio 1:1, with a similar

posterior probability. These results are consistent with the exploratory analysis,
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Table 11.4: Immigration rates between islands and the mainland in the chain of islands off Port Fitzroy on Great Barrier Island in the

Hauraki Gulf calculated with Method 2. Central 95% credible intervals from the dominant solution from 12,000 draws from three Markov

chains are indicated in brackets.

Motuhaku (K1) Nelson Island (K2) Kaikoura Island (K3) Port Fitzroy (K4)

Motuhaku (K1) 0.96 0.02 0.01 0.02

(0.89, 0.99) (0.00, 0.09) (0.00, 0.03) (0.00, 0.10)

Nelson Island (K2) 0.01 0.94 0.00 0.01

(0.00, 0.06) (0.84, 0.99) (0.00, 0.02) (0.00, 0.07)

Kaikoura Island (K3) 0.01 0.02 0.98 0.64

(0.00, 0.06) (0.00, 0.08) (0.94, 1.00) (0.48, 0.77)

Port Fitzroy (K4) 0.01 0.01 0.01 0.31

(0.00, 0.05) (0.00, 0.07) (0.00, 0.03) (0.18, 0.46)
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which suggested there was little genetic differentiation between the Kaikoura Is-

land populations and the mainland Port Fitzroy populations. Although it would

be natural to suspect genetic similarity between adjacent island and mainland pop-

ulations was more likely due to mainland rats migrating to the island rather than

vice versa, the size of Kaikoura Island, and its proximity to the mainland mean

that it could almost be considered a mainland area itself. Another possible expla-

nation for the unexpected direction of migration between these two areas is that

there were many more rats caught on Kaikoura Island than on the mainland, so

the potential for identifying a greater diversity of alleles on the island was higher.

If the density of rats on Kaikoura Island is high, many island rats may choose,

or be forced, to migrate to the mainland. Where two populations have similar

proportions of common alleles, but one of those populations also has a range of

rarer alleles, it is usual to assume the population with lower genetic diversity is a

sub-population of the other population. Usually populations resident on islands

with smaller carrying capacity than the surrounding mainland, or with barriers

that restrict frequent exchange between subpopulations, lose rare allele variants

through genetic drift faster than the mainland population, and are thus usually

identified as the sub-population. In this case, because the sites on Kaikoura Island

had the opportunity to contribute more information about their genetic profiles,

it was this set of populations that was treated as the superset, and the mainland

population as the subset. More complete sampling of the mainland sampling sites

might reverse this result. However, if the higher number of catches on Kaikoura Is-

land is an indication of the density of rats on the island at that time, the hypothesis

that rats are moving from the island to the mainland is appropriate.

11.3.2 Broken Islands Archipelago

Each of the four islands (Figure 11.6) in this group were treated as separate pop-

ulations. For Little Mahuki Island (B3), this might be inappropriate since only

three samples were taken from this island. Because it spans the small channel
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between Rangiahua Island (B2) and Mahuki Island (B4), it was not clear which

population these samples were most likely to associate with, and so they could not

be classed as belonging to one or the other of these populations in advance. The

mainland population of rats was represented by only five samples. Because it was

of interest whether there was any migration between the mainland (B5) and the

islands, this was also treated as a single population.

Solutions with the maximum posterior probability seen across the six MCMC

chains occurred for three of those chains. Two of the chains found identical so-

lution sets. The third chain however, found a very different solution set. This

chain estimated similar allele frequency profiles for the five populations to those

from the other two chains, but assigned them to different populations. One of

the results from this chain estimated the majority of rats on Motutaiko (B1) were

migrants from Little Mahuki Island (B3). These islands are not adjacent, and

Little Mahuki Island is much smaller than Motutaiko, so this scenario is improba-

ble. It was therefore decided to interpret the solutions drawn from the two chains

behaving similarly. These results are shown in Table 11.5.

The populations on two of the large islands in the archipelago, Motutaiko (B1) and

Rangiahua (B2), are estimated to largely consist of non-migrants. For Motutaiko,

this matches the conclusion drawn from the exploratory analysis that individu-

als on this island were genetically distinct from individuals from the rest of the

archipelago. Rangiahua is the main island in the archipelago and is inhabited by a

resident extended family. This island has been cleared of the majority of its forest

and scrub. Large areas of long grass makes this island ideal habitat for rats, and

there is plenty of food available from the inhabitants, and cast offs from the nearby

oyster farm.

The other major island in the archipelago, Mahuki Island (B4), is estimated to

consist predominantly of migrants from Rangiahua Island (B2), although the pro-

portion of these immigrants is highly variable. When estimates of the proportion

of migrants from Rangiahua in Mahuki are lowest, the proportions are usually bal-
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anced by increasing the proportion of migrants from Little Mahuki Island (B3).

It is unlikely that a large proportion of the population on Mahuki Island are mi-

grants from Little Mahuki Island due to the relative size differences of the islands.

Therefore, this uncertainty is probably due to the high genetic similarity between

the three populations on Rangiahua Island, Little Mahuki Island and Mahuki Is-

land. Mahuki Island has also been largely cleared, mainly for use as pasture for

cattle. There is a single residence on this island although it was unclear whether

the residence is permanently inhabited.

Estimates for the proportions of migrants in the population of rats on Little Mahuki

Island (B3) are also highly variable. Solutions involving a high proportion of

migrants from one or both of the islands of Mahuki (B4) or Rangiahua (B2) are

most common, although their 95% credible intervals for migrant proportions in

Little Mahuki Island barely omit 0. It is therefore difficult to estimate the ancestry

of individuals in the Little Mahuki Island population with any confidence.

The variability of estimates for the migrant proportions within the Little Mahuki

Island (B3) and Mahuki Island (B4) populations suggest that there is great genetic

similarity between these populations, and with the population on Rangiahua Island

(B4). One interpretation might be that the populations on Little Mahuki Island

and Mahuki Island are genetic sub-populations descending from the Rangiahua

Island population.

Estimates of migrant proportions within the opposite mainland population (B5) are

also highly variable. There is a suggestion that there are fewer migrants from the

Motutaiko (B1) and Rangiahua Island (B2) populations than from the other islands

or non-migrants. The exploratory analysis revealed there was one sample captured

in the mainland population opposite the Broken Islands that had genetic ancestry

that clearly came from the archipelago. This is consistent with the migration

estimates displayed in Table 11.5. More samples should be taken, particularly

from the mainland population, in order to support this evidence of migration from

the islands to the mainland.
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Table 11.5: Immigration rates between populations of ship rats from the Broken Islands archipelago and nearby mainland on the west coast

of Great Barrier Island in the Hauraki Gulf, calculated with Method 2. Central 95% credible intervals from the most commonly supported

solution from 8000 draws from two Markov chains are indicated in brackets.

Motutaiko (B1) Rangiahua (B2) Little Mahuki (B3) Mahuki (B4) Mainland (B5)

Motutaiko (B1) 0.88 0.01 0.11 0.06 0.09

(0.74, 0.96) (0.00, 0.06) (0.00, 0.39) (0.00, 0.21) (0.00, 0.34)

Rangiahua (B2) 0.03 0.95 0.33 0.75 0.11

(0.00, 0.13) (0.89, 0.99) (0.01, 0.81) (0.39, 0.92) (0.00, 0.39)

Little Mahuki (B3) 0.03 0.01 0.15 0.06 0.26

(0.00, 0.11) (0.00, 0.05) (0.00, 0.45) (0.00, 0.38) (0.01, 0.64)

Mahuki (B4) 0.03 0.01 0.27 0.07 0.18

(0.00, 0.11) (0.00, 0.05) (0.01, 0.72) (0.00, 0.27) (0.01, 0.52)

Mainland (B5) 0.03 0.01 0.13 0.05 0.36

(0.00, 0.11) (0.00, 0.04) (0.00, 0.44) (0.00, 0.21) (0.02, 0.68)
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Chapter 12

Metropolis Hastings Proposal

Intervals

Chapter 11 concluded that degenerate solutions for migrant proportions were typ-

ically due to multiple solutions for the new migration model introduced in that

chapter. However, such degenerate solutions were also occasionally observed using

the original BayesAss+ program. Theoretically, results ultimately converge on

a single solution through the MCMC chain, but the length of time necessary for

this convergence to occur is unknown, and might be prohibitively long.

An investigation was made to try and develop a new proposal interval to suggest

updated parameter values as part of the MCMC chain that converged on solutions

in a more timely fashion. This chapter describes the results from these attempts

to improve the efficiency of the MCMC chain.

261
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12.1 Construction of Acceptance Probabilities

The Metropolis Hastings algorithm chooses a new value for a parameter based

on the parameter’s current value, and accepts this new value according to an

acceptance probability. This acceptance probability consists of three parts:

• Prior Probability Ratio: A ratio of the probability of the current and pro-

posed parameter values based on information held prior to the collection of

data. These subjective prior probability distributions might be based on

previous experience, chosen to suit a hypothesis about the state of the para-

meter, based on the opinion of experts in the field of the study, or chosen to

favour no particular value of the parameter.

• Likelihood Ratio: A ratio of the likelihoods of the current and proposed

parameter values, conditional on the data collected as part of the study.

• Hastings Ratio: A ratio of the probabilities of selecting the proposed value of

the parameter given the current value of the parameter, and the correspond-

ing probability of proposing the current value of the parameter, if the original

state had been at the proposed value. These probabilities are required to sat-

isfy the detailed balance equations necessary to ensure the Markov process

behind the selection of parameter values is time-reversible.

Let f(x; θt) and f(x; θ∗) be the likelihoods of data x under the current and pro-

posed parameter values, θt and θ∗ respectively. Let p(θt) and p(θ∗) be the prior

probability densities associated with those parameter choices. Finally, let q(θ∗|θt)

be the probability of selecting the new parameter value, conditional on holding

the current parameter value, and q(θt|θ
∗) be the reverse probability of choosing

the currently held parameter value if we were considering the case where we had

accepted the proposed parameter value. Then the Metropolis-Hastings algorithm
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constructs an acceptance probability for the new parameter value as:

α(θ∗) = min

{

1,
f(x; θ∗)

f(x; θt)

p(θ∗)

p(θt)

q(θt|θ
∗)

q(θ∗|θt)

}

The ratio of the proposal probabilities (q(·|·)) is commonly referred to as the Hast-

ings ratio.

12.1.1 Likelihood and Prior Distributions

BayesAss+ partitions the likelihood of the data into two parts. The data con-

sist of the observed genotypes of individuals sampled from known populations.

The likelihood of these genotypes is based on the the estimated ancestral allele

frequencies of the populations, the estimated inbreeding coefficient for each popu-

lation, and the postulated ancestries for each individual. Given estimates for these

parameters, the likelihood for each individual’s genotype is the product of the

Hardy-Weinberg equations, adjusted for inbreeding, applicable to each individual

locus (see Chapter 8 for more detail).

BayesAss+ assumes no prior knowledge is held about the ancestral allele frequen-

cies or inbreeding coefficients for the populations. The prior distribution for the

inbreeding coefficients is therefore chosen to be uniform, favouring no particular

value, prior to the collection of the data. The distribution for the allele frequencies

is the multivariate equivalent of the uniform distribution for parameter sets that

must add to one, a Dirichlet distribution with parameters αij = 1 for allele j at

locus i, where there are ki different alleles at locus i.

The likelihood of the ancestries of the individuals depends on the rates of migration

between the populations. Given these migration rates, a set of ancestries is drawn

from a multinomial distribution, and the ancestries distributed randomly among

the individuals within sampling populations. The probabilities of drawing each

ancestry type are the focus of Chapter 11. Again a flat Dirichlet distribution is
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used as the prior for the migrant proportions in a particular population.

12.1.2 Proposal Probabilities

For the discrete ancestry parameters described in Chapter 11, each possible com-

bination of ancestral population and ancestral time are evaluated. An ancestry

from this set is then chosen at random with respect to the probability of observing

that ancestry, given the current value of every other parameter.

For continuous parameters, it is necessary to traverse the continuous domains on

which the parameters lie. Initially, consider a univariate parameter, such as a

population inbreeding coefficient. BayesAss+ uses an approach known as the

uniform sliding window to generate candidate values that are assessed with the

acceptance probability. An interval is defined, centred on the current value of the

parameter, θt. The width of the interval is 2δ, i.e. the interval extends a length

of δ either side of θt. Under usual circumstances, a candidate value, θ∗ is drawn

uniformly from within this interval. The probability density function for any value

from within this interval is therefore (2δ)−1, i.e. the inverse of the width of the

interval. An interval of width 2δ centred on θ∗ will cover the current parameter

value. Therefore, the probability density of choosing θt from an interval centred

on θ∗ using the sliding window approach is also (2δ)−1. Because the proposal

probabilities are equal, they cancel in the Hastings Ratio. The ratio is therefore 1.

A complication arises when the domain of the parameter is bounded. All continu-

ous parameters estimated by BayesAss+ are bounded. For instance, inbreeding

coefficients are defined only between -1 and 1. In addition, inbreeding coefficients

must be greater than −pmin

1−pmin

to ensure all probabilities of homozygotes under the

Hardy-Weinberg inbreeding model are non-negative.

What if the current value of the parameter lies closer than δ from the upper or

lower boundary value for the parameter? Some region of the proposal interval will



12.2. CANDIDATE INTERVAL FORMULATIONS 265

lie outside the valid domain. BayesAss+ copes with this situation by employ-

ing what will be referred to as the “reflection algorithm”. This is described in

Section 12.2.1.

All proposal interval algorithms, if properly defined and implemented, are guaran-

teed to let the Metropolis- Hastings algorithm converge to the stationary distrib-

ution of the parameters, given the data. However, the choice of proposal interval

can affect the speed with which the stationary distribution is reached. Two fur-

ther proposal interval algorithms for coping with boundaries were tested to see if

they improved efficiency. A novel approach, the “buffer algorithm” is described

in Section 12.2.2, while an approach fashioned after that used by Gaggiotti et al.

(2004), referred to as the “shrinking algorithm”, is described in Section 12.2.3.

12.2 Candidate Interval Formulations

12.2.1 The Reflection Algorithm

This is the approach taken by the original version of BayesAss+ (Wilson and

Rannala, 2003). The selection of a candidate parameter value progresses as normal

when the proposal interval crosses a boundary. However, if the proposed value θ∗ is

selected outside the valid domain, it is transformed so that it lies the same distance

from the boundary, but within the domain rather than outside it. Let θL be the

lower limit a parameter value can take, and θU be an upper limit.

Consider the case when the current value of the parameter is within δ of the lower

limit, i.e. θt − θL < δ. Then a portion of the interval from which the proposal

for the next parameter value is drawn lies below the lower limit for the parameter

(θL). There is a possibility that the candidate parameter value is chosen from the

portion of the interval inside the valid range. The length of the interval within

the valid range includes the half-width of the interval above θt, and the length
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between the current parameter value and the lower limit, θt − θL. The probability

of selecting a valid proposal value is then δ+(θt−θL)
2δ

.

The probability of choosing a proposal value that is less than the lower limit for

the parameter is θL−(θt−δ)
2δ

. When a value is chosen from this invalid region, this

method reflects the proposed value, θ∗ around the lower limit. The transformed

proposal value, denoted θ∗T is then the same distance from the lower limit as the

original proposed value, but now lies within the valid range of parameter values

rather than outside it. The formula for the transformed proposal value is

θ∗T = θL + (θL − θ∗)

= 2θL − θ∗

(12.1)

Now consider the case when the current value of the parameter is within δ of the

upper limit, i.e. θU − θt < δ. The probability that the proposal value θ∗ is chosen

from within the valid range is δ+(θU−θt)
2δ

. However a proposal value is chosen which

exceeds the upper limit with probability (θt+δ)−θU

2δ
.

If θ∗ is selected from the region above θU , it is reflected around the upper limit.

The equation for the transformed proposal value is then

θ∗T = θU − (θ∗ − θU)

= 2θU − θ∗

(12.2)

Notice that the form of the equation for the transformed proposal value is identical

for both boundaries. The equation for the reflected proposal value can thus be

generalised as

θ∗T = 2θB − θ∗,

(12.3)
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where θB is the closest boundary to θ∗. That is, if θ∗ is selected outside of the

value range of parameter values, its reflection is simply twice the closest boundary

value, less the invalid proposal value.

The distinguishing feature of the reflection interval when the current parameter

value is within δ of a boundary is that the effective proposal interval is shorter

than 2δ, and non-uniform. By transforming invalid proposal values, the section of

the proposal interval that lies beyond a parameter boundary is itself reflected back

into the range of valid values. The effect is the same as taking a proposal interval

that stretches only as far as the boundary value, but a region of this interval,

above the lower limit or below the upper limit depending on the case, has double

the probability density of the rest of the interval. This is because there are two

ways to propose values in this region: propose those values directly, or transform

invalid proposed values into that region.

The reflection algorithm can be re-expressed in terms of this effective proposal

interval. When θt is further than δ from a boundary, the effective and original

proposal intervals are identical. That is, select a proposal value θ∗ uniformly from

the interval of width 2δ centered on the current parameter value θt, [θt − δ, θt + δ].

However, when the current parameter value is closer than δ to a boundary, the

effective proposal interval is shorter than 2δ and no longer uniform. If θt is closer

to the lower boundary, the probability density of the effective proposal interval

using the reflection algorithm is

q(θ∗|θt) =







1
δ

for θL ≤ θ∗ ≤ 2θL − (θt − δ)

1
2δ

for 2θL − (θt − δ) ≤ θ∗ ≤ θt + δ

If θt is closer to the upper boundary, the p.d.f.

q(θ∗|θt) =







1
2δ

for θt − δ ≤ θ∗ ≤ 2θU − (θt + δ)

1
δ

for 2θU − (θt + δ) ≤ θ∗ ≤ θU
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Thinking in terms of this effective proposal interval, the probability density of

selecting θt from the effective proposal interval surrounding θ∗, is always equal

to the probability density of selecting θ∗ from the proposal interval surrounding

θt, whether this is (2δ)−1 or δ−1. Thus, despite the effective reflection proposal

interval being non-uniform, it is symmetric, so the associated Hastings Ratio will

always be 1.

12.2.2 The Buffer Algorithm

This is a novel proposal interval scheme I devised which I have not seen used pre-

viously. Unlike the reflection algorithm, this method does not permit the proposal

interval to lie across a boundary value. Using this algorithm the proposal interval

is always of width 2δ, and proposal values are selected uniformly over the interval.

To accommodate these features, the interval is not forced to be centred on the

current value of the parameter.

In the general case, when θt is further than δ from a boundary, this algorithm

performs in the standard manner, randomly selecting a proposal value θ∗ from an

interval of width 2δ centred on the current value of the parameter θt with uniform

probability.

As soon as θt is closer than δ to a boundary, the proposal interval stops progressing

centred on θt. For any value of θt closer than δ to the lower boundary value, the

proposal interval is fixed over the range [θL, θL + 2δ]. That is, the proposal interval

is of constant length, and the probability density is uniformly (2δ)−1 across it, but

it is not unique to the value of θt. Similarly, for any value of θt within δ of the

upper limit, θU , the proposal interval is fixed over the range [θU − 2δ, θU ].

Under this algorithm, the Hastings Ratio is not constantly 1. For instance, take

the case when θt = θL. The current value of the parameter is closer than δ to the

lower boundary for the parameter, so the proposal for the next parameter value is
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selected uniformly between θL and θL + 2δ. Assume the proposal value is selected

to be the maximum value possible, θ∗ = θL + 2δ. To calculate the Hastings Ratio,

the probability density of θt must be determined according to the appropriate

proposal interval for θ∗. In this case, θ∗ is further than δ from θL, so the proposal

interval is centred on θ∗. That is, the proposal interval for θ∗ is over the range

[θ∗ − δ, θ∗ + δ], which corresponds to the interval [θL + δ, θL + 3δ]. This interval

does not contain the value of θt. So in this instance, the calculation of the Hastings

Ratio is

q(θt|θ
∗)

q(θ∗|θt)
=

0

(2δ)−1 = 0

More generally, under this algorithm the Hastings Ratio is 0 when the current

value of the parameter and the proposed value of the parameter are further than

δ apart, i.e. when |θt − θ∗| > δ, and 1 otherwise. The Hastings Ratio can only be

zero when θt is closer than δ to a boundary value, otherwise θ∗ can be no further

than δ above or below θt. The closer the value of θt to a boundary, the larger the

region of the proposal interval that is further than δ from θt, so the greater chance

the Hastings Ratio is 0.

When the Hastings Ratio is 0, the acceptance probability of θ∗ must also be 0.

That is, no proposal will be accepted when it is beyond δ from θt. The current

value, θt, is then retained. Hastings Ratios of zero are more likely the closer the

value of θt is to a boundary, once it is closer than δ from that boundary. Therefore

there is a higher incidence of rejecting proposal values due to Hastings Ratios of

zero for parameter values closer to the limits of the parameter values.

12.2.3 The Shrinking Algorithm

This is a proposal interval scheme which has been used previously, e.g. Gaggiotti et

al. (2004). The proposal interval for the shrinking algorithm is also not permitted

to lie over a parameter boundary. Under this algorithm, the portion of a proposal
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interval of width 2δ centred on θt that lies over a boundary is treated as if it didn’t

exist. That is, as the current parameter value nears a boundary value, once the

distance is less than δ the width of the proposal interval shrinks.

The calculation of the proposal interval for the shrinking interval is always a func-

tion of the current value of the parameter, θt, as is the case for the interval for

the reflection algorithm, but unlike the interval for the buffer algorithm. How-

ever, unlike the reflection algorithm but like the buffer algorithm, the probability

density over the proposal interval under the shrinking algorithm is uniform. The

shrinking algorithm is similar to the reflection algorithm, except proposed values

can never be suggested beyond the limits of the parameter values. The length of

the shrinking interval is then the same as the length of the effective reflection in-

terval, but unlike the probability density of the reflection interval, the probability

density across the shrinking interval is uniform. The shrinking proposal interval is

also the region of the buffer proposal interval for the same value of θt where the

Hastings Ratio for the buffer interval is 1.

Because the length of the proposal interval under the shrinking algorithm changes

depending on the distance from a boundary value, the probability density for

selecting θ∗ from the interval for θt will not be the same as the probability density

for the reverse choice if one or both of θ∗ or θt are closer than δ to a boundary.

Unlike the effective reflection interval, which also changes in length, the probability

densities of these parameter values do not adjust to ensure a Hastings Ratio of 1.

The calculation of the Hastings Ratio is as follows

q(θt|θ
∗)

q(θ∗|θt)
=

|min(θ∗ + δ, θU ) − max(θ∗ − δ, θL)|−1

|min(θt + δ, θU ) − max(θt − δ, θL)|−1

=
|min(θt + δ, θU ) − max(θt − δ, θL)|

|min(θ∗ + δ, θU ) − max(θ∗ − δ, θL)|
(12.4)

The Hastings Ratio is therefore calculated as the length of the interval around the

current value of the parameter, less any portion of this interval lying outside the

valid range, divided by the length of the interval around the proposed value of the



12.2. CANDIDATE INTERVAL FORMULATIONS 271

Table 12.1: A summary of the key properties of the proposal intervals under three

different algorithms. This table describes a proposal interval’s behaviour only when one

or both of the current parameter value, θt, and proposed parameter value, θ∗, are closer

than half the regular width of the proposal interval, δ, from a boundary value for the

parameter. At all other times the algorithms behave identically: fixed width intervals

with uniform probability density and symmetric transition probabilities, resulting in

Hastings Ratios of 1.

Probability Density Interval Length Sample Space of

Over Interval Hastings Ratio

Reflection Non-uniform Variable Constantly 1

Algorithm

Buffer Uniform Constant Either 0 or 1

Algorithm

Shrinking Uniform Variable In the interval [0.5, 2]

Algorithm

parameter, again less any invalid region.

The shorter the length of the interval associated with the current value relative to

that associated with the proposed value, the less likely the proposed value will be

accepted, and the more likely the current value will be maintained at an iteration.

Shorter intervals occur closer to the boundary. Therefore, proposed values are

weighted so they are less likely to be accepted if they are further away from a

boundary than a current value that is within δ of a boundary, with regards to the

effect of the Hastings Ratio.

12.2.4 Summary

Table 12.1 highlights the main features of the three modifications to the sliding

window algorithm to cope with bounded parameters. These features are intended
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to achieve the same result: to suggest parameter values equally often from any

region of the range of parameter values. This correction is necessary for bounded

values because it is not possible to approach values close to a boundary from above

and below equally often. The boundaries limit the range of parameter values that

have associated proposal intervals that cover the values close to the boundaries,

reducing the frequency with which these values are proposed.

The reflection algorithm achieves this correction by weighting the proposal intervals

to favour the suggestion of values close to a boundary. As the current value of the

parameter nears the boundary, the less chance there is to move away. Over many

iterations, and ignoring the effect of the prior probabilities or data likelihoods on

the movement of the parameter values, parameter values close to the boundaries

will be selected as frequently as values anywhere else in the parameter range.

The correction made by the buffer and shrinking algorithms is slightly different.

They maintain a uniform probability density across their proposal intervals. How-

ever, the Hastings Ratio correction to the acceptance probability is modified so

that the acceptance probability is reduced when moving away from parameter

values close to the boundaries, but increased when moving toward the boundaries.

A concern held about the reflection algorithm was that for response surfaces with

shallow gradients close to the boundaries, it might be difficult to move away from

the boundaries due to the non-uniform proposal probabilities. This might have

explained the degenerate solutions for the migration rates observed in the original

version of BayesAss+. Because the other two interval algorithms corrected for the

boundary effect through the Hastings Ratio rather than the proposal probability

density, they might explore the parameter space in a different manner than the

reflection algorithm.

However, because the Hastings Ratio affects the acceptance probability, the rate

at which the Metropolis-Hastings chain moves throughout the parameter space

might be reduced. In particular, there might be increased auto-correlation between



12.3. SIMULATION 273

parameter values extracted from the chain. This is particularly true for the buffer

algorithm, where a Hastings Ratio of 0 will allow the chain no chance to move

from the current parameter value between iterations. Such autocorrelation should

be tested for in the traces of the parameter updates.

12.3 Simulation

To test the performance of these three proposal interval algorithms, data was sim-

ulated according to the model described by Wilson and Rannala (2003). Three

separate populations were constructed where each individual was typed at ten loci.

There were 10 alleles available at each locus. Population allele frequencies were

chosen so that there was a moderate amount of relatedness between the popula-

tions. Inbreeding was assumed to be equal across all populations, and relatively

low at f = 0.05. Samples of fifty individuals were generated from each population.

These simulations were to test the effectiveness of the three proposal interval algo-

rithms at estimating migration rates. For these simulations, it was presumed for

any population that migrant proportions from each of the other two populations

were equal. As described in Chapter 11, the sum of migrant proportions into a

population over all other populations cannot exceed 1
3

under the original version

of BayesAss+, so in this scenario the common migration rate could not exceed

0.16. Separate data sets were prepared for each of the fifteen migration rates from

m = 0.01 to m = 0.15.

The first step to generate the simulated samples was to assign each individual a

migrant ancestry. As described in more detail in Chapter 11, a migrant ancestry

consists of a migrant time and a migrant population. Migrant times can take the

value 1, 2, or 0, signifying a new migrant, the offspring of a migrant and non-

migrant mating pair, and the offspring of a pair of non-migrants respectively. For

migrant times of 1 and 2, the migrant population is the population from which the

individual, or its migrant parent came from respectively. For individuals with a
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migrant time of 0, there is no history of migration, so the “migrant” population is

the population in which the individual was sampled.

A migrant population and a migrant time were allocated to each individual by

drawing a random set of ancestries from the multinomial distribution, conditional

on the desired migration rates, described in equation (2) of Wilson and Rannala

(2003).

Once migrant ancestries had been assigned to individuals, genotypes were assigned

to individuals according to the probabilities corresponding to their ancestries and

the level of inbreeding and genetic profile of the population or populations from

which they descended, described in equation (1) of Wilson and Rannala (2003).

BayesAss+ analysed this data with three MCMC chains starting from three sepa-

rate initial configurations of parameters. In addition to the standard files produced

by BayesAss+, records were kept of the traces of the chains as they estimated

the parameters. A trace was also kept of the posterior probability associated with

the parameter sets for each chain.

This process was repeated three times: once using the original reflection algorithm

for the proposal interval for MCMC updates, once using the novel buffer algorithm

presented here, and once using the shrinking algorithm based on the approach of

Gaggiotti et al. (2004).

12.3.1 Simulation Results

Figure 12.1 shows the estimated migration rates into a population for each of the

15 populations generated with migration rates of m = 0.01 to m = 0.15. A line

with unit slope indicates the true values of the migration rates. Deviation from

this line is due to a combination of sampling error and the possibility of estimation

error from the MCMC chains.
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The estimates for m = 0.04 do not look particularly accurate, but this is most

likely due to sampling variation, since all chains for each proposal interval algorithm

found the same solution. Estimates of population allele frequencies were sufficiently

accurate to suggest the deviation of the estimated migrant proportions was due to

sampling error introduced when generating samples from the populations. Samples

of infinite size generated according to the routine described above would have no

sampling error associated with the estimation of their parameters. In this case, an

MCMC routine would be expected to estimate the true value of the parameter,

in this case m = 0.4, once converged. However, since only 50 individuals were

generated, to simulate physical sampling of a population, the best estimate of m

for that sample will not necessarily be exactly 0.4. It should, however, be fairly

close to 0.4, which is the reason for the inclusion of the line with unit slope. In

this instance, only two of the population migration rates were not covered by the

central 95% of values drawn from the MCMC chains for each algorithm.

There are no apparent errors made by any algorithm for the first five migration

rates. This is not unexpected, because at low migration rates such as these, the

populations should be able to maintain enough genetic diversity to be easily dis-

tinguishable when estimating individuals’ migrant ancestries.

The first obvious error occurs when m = 0.06. The first MCMC chain using

both the reflection and buffer algorithms is at fault. Investigation suggests these

chains confused the allele profiles for populations 1 and 3. Despite the posterior

probability of this solution being inferior to the solution found by every other

chain, these chains did not correct themselves over 3,000,000 iterations.

For the moderate migration rates of m = 0.06 to m = 0.10, the third chain using

the reflection algorithm erroneously estimates the migration rates in two cases, and

for m = 0.10 the first MCMC chain is in error for all three proposal interval algo-

rithms. These errors were again attributable to switching two populations’ genetic

profiles. When m = 0.10, the posterior probabilities from the chains estimating

the migration rates correctly and the chain estimating the wrong migration rate
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only slightly favoured the correct solution. This was because at such a high rate of

symmetric migration, the populations were becoming homogeneous, so there was

greater difficulty assigning ancestral allele frequencies to their correct populations.

For high rates of migration above m = 0.10, the genetics of the populations become

so homogeneous that all three algorithms make mistakes in common. At such levels

of migration, it is important to estimate migration with multiple chains to avoid

accepting an incorrect solution set. For example, at m = 0.15 all three chains using

the buffer and shrinking algorithms, and two of the chains using the reflection

algorithm estimate the same set of migration rates. However, the remaining chain

using the reflection algorithm produces a solution that is closer to the known

population migration rate, so it is more likely to be correct. This was confirmed

when the estimated allele frequencies from this chain were compared with the

known allele frequencies for each population. The estimated allele frequencies

from this chain were more accurate than those from the other chains.

In practice, the population migration rates would not be known, nor would the

population allele frequencies. When there are multiple sets of solutions across mul-

tiple chains, any solution with a higher posterior probability should be preferred.

However, when more than one solution set shares similar posterior support, it is

necessary to present all such solutions as being equally supported by the model.

It is up to users of the data to select which solution they feel is most appropriate.

12.4 Discussion

The aim of this facet of the research was to determine if the reflection proposal in-

terval algorithm was responsible for degenerate solutions returned by BayesAss+.

Two other forms of proposal interval were developed. These were applied to sam-

ples of data generated from using the genetic model described by Wilson and

Rannala (2003) from a known set of parameters.
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The buffer algorithm made the fewest mistakes, with only 8 chains suggesting

degenerate solutions from 15 sets of data, each analysed with three separate chains.

Of the 405 estimated migration rates in these trials, the correct migration rate was

omitted from 95% credible intervals in only 45 cases. However, the shrinking

algorithm made only one additional error, and it seemed to perform best among

the algorithms for low to moderate levels of migration, not making a mistake until

m = 0.10. The reflection algorithm only made one more mistake again. Most

surprisingly, the second MCMC chain used to analyse the data sets with this

algorithm appeared to estimate all migration rates correctly. Although this result

is due to random chance, it indicates there is no systematic fault with the reflection

algorithm that produces degenerate solutions in all cases.

Overall, there was very little difference between the performances of the three

proposal interval algorithms. It seems the factor that most affects the degeneracy of

migration rate solutions is the rate of mixing of the populations. As the migration

rates increase, and due to the symmetry of migration between the populations

in this scenario, the populations become so homogeneous that it is difficult to

attribute the estimated ancestral allele frequencies to their respective populations.

The choice of proposal interval in these situations is then circumstantial.
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Chapter 13

Summary Statistics

Ecology is the science of everything. Nobody knows everything. Nobody

even knows everything about any one thing. And most of us don’t know

much.

P. J. O’Rourke, “All the Trouble in the World”

This chapter reports some of the interesting morphological features of the rats that

were caught as part of this project.

13.1 Head-Body Length versus Tail Length

One method of distinguishing Norway rats from ship rats is by comparing the

length from the tip of an animal’s nose to the base of its tail with the length

of that animal’s tail. Ship rats’ tails are generally longer than their head-body

length, while Norway rats typically have shorter tails than their head body-length.

Figure 13.1 plots the tail lengths and head-body lengths of rats sampled as part

of this project.

281
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Figure 13.1: Head-body lengths (from nose-tip to the base of the tail) and tail lengths

for Norway rats (#) and ship rats ( ).

It can be seen that the vast majority of ship rats have longer tails than heads and

bodies, while virtually all Norway rats have relatively shorter tails. There are a

few ship rats that have tails that are shorter than their bodies. In the course of

an adult rat’s life, it is not unusual for a tail to be damaged in some way, reducing

its length. It would be exceptional to find Norway rats with unusually long tails

however, since it is harder to explain the lengthening of rats’ tails. While it is

possible these unusual ship rat samples have been misidentified with regard to

their species, this explanation is unlikely, because the genetics of Norway rats and

ship rats are generally clearly distinguishable.

There is a small knot of ship rat samples that have clustered to the upper-right

of Figure 13.1. These samples have a typical ratio of tail length to head-body

length for ship rats, but both lengths are unusually long. All of these samples were

provided from field-workers at the Windy Hill Rosalie Bay Catchment reserve on

Great Barrier Island. It could be that these measurements were taken using a

method inconsistent with the method used to measure rats from other study sites.

Another possibility is that rats from the Windy Hill reserve are extraordinarily

large, but due to the size of the measurements, this is unlikely. Unfortunately the



13.2. COLOUR MORPHS OF SHIP RATS 283

masses for these samples were not provided, so there is no evidence to support

either hypothesis. This anomaly requires further investigation to be explained

conclusively.

13.2 Colour Morphs of Ship Rats

Ship rats possess one of three general coat colours. These variations are distin-

guished as subspecies in the taxonomic trinomen Rattus rattus alexandrinus, R.

rattus frugivorous or R. rattus rattus. The colour variations are distinguished by

the colour of the fur on an animal’s back and belly. The variations are described

as:

• alexandrinus: brown with long black guard hairs on the back; uniformly grey

on the underside.

• frugivorous: brown with long black guard hairs on the back; uniformly white

or creamy-white on the underside.

• rattus: uniformly black on the back; uniformly grey on the underside.

All three morphs can interbreed, and it is possible to find intermediate colour

variations. It is commonly believed that the different varieties behave slightly

differently. For example, the rattus morph is typically thought to be more docile

and tends to be more commensal with humans (Innes, 1990). If this dark or black

coloured variety of ship rat is more commonly found close to human habitation

than the other varieties, this might explain why another common name for the

ship rat is the “black” rat.

Previous surveys of rats in New Zealand have tended to identify a majority of

frugivorous ship rats in northern New Zealand, and a majority of alexandrinus

ship rats in the south (Innes, 1990). Figure 13.2 shows the ratios of the three
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Figure 13.2: Barplot of the proportions of the three subspecies of ship rats. Sampling

regions are arranged from north to south. Sample sizes are shown in parentheses.

colour morphs in five general sampling regions sampled as part of this project.

The regions are ordered from north to south, although only the Stewart Island

and Southland region is situated below the top half of the North Island of New

Zealand.

Identifying the colour morph of a ship rat is not always trivial, particularly with

the possibility of intermediate colour types. The morphs attributed to the samples

presented here are therefore not guaranteed to be correct, although many of the

samples provided were collected by experienced ecologists.

A χ2-test indicated that the sampling regions and distributions of ship rat colour

morphs were not independent (χ2=58.663, df=8, p < 0.001). In particular, there

was an overabundance of the rattus morph from Great Barrier Island. This morph

is commonly considered to live closer to humans than the other morphs, but the

sampling on Great Barrier was generally no closer to human habitation than sam-
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pling in most of the other regions.

The alexandrinus variety was the most common variety sampled in the sole South

Island sampling region, while frugivorous ship rats were in the majority from all

the North Island sampling sites, consistent with Innes’ (1990) observations. How-

ever, the proportions of alexandrinus and frugivorous rats from Stewart Island and

Southland are almost equal, and the proportion of alexandrinus rats in the North

Island appears to increase the further north the sampling sites. The findings from

this project are inconsistent with some previous surveys, such as Daniel (1972) who

detected no alexandrinus types on Great Barrier Island from 53 samples, and Gales

(1982) who detected a clear majority of alexandrinus rats on Stewart Island from

100 samples. However, Moors and Cunningham (Innes, 1990) trapped a greater

proportion of frugivorous than alexandrinus ship rats on Stewart Island only a

few kilometres further south from Gales’ study, so the distribution of the colour

morphs could vary on a fine geographical scale. If this is the case, the aggregation

of sampling sites within wider regions as presented here may be inappropriate,

confounding the distribution of colour morphs over a region.

13.3 Variation of Mass

Five important attributes hypothesised as having a bearing on the mass of rats

were:

• Species

• Sex

• Latitude

• Area Type

• Age
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Species, sex, latitude and area type were codified as factors involving two levels

each. The two species were those focused on by this research, Norway rats and

ship rats. Sampling regions for this project are found at the top of the North

Island of New Zealand, or the bottom of the South Island, and it was felt there

was insufficient coverage over the range of latitudes observed to include latitude

as a numerical covariate. Latitude was therefore codified as either “north” or

“south”. It has been postulated that some animals restricted to islands grow

larger than their mainland counterparts when they have no predators on the islands

and an abundance of food (Foster, 1964). To examine this hypothesis, the area

type of sampling sites was coded as either “island” or “mainland”. Some islands

were considered to act effectively as mainland sites. To a large degree, this was

determined by the islands’ sizes. An island such as Great Barrier Island (27,761

hectares) is clearly too big to be considered an island for the purposes of testing

this hypothesis. For medium-sized islands, such as Ponui Island (1795 hectares),

classification as an island depended upon whether rats on the islands were the top

predator. Ponui Island was therefore considered as mainland, since cats and stoats

are known to be present, but Big South Cape Island (939 hectares) was treated

as an island. Additionally, although studies have been performed treating island

size as a numerical covariate (Yom-Tov et al. , 1999), this was decided against for

this project due to a lack of coverage across the range of island sizes between the

smallest and largest islands involved in this study.

The binary factors were investigated by contrasting the results from the data col-

lected for this project with established theories. In order to assess the effect of

individual factors, it was necessary to investigate the differences due to the fac-

tor of interest while holding the other three factors constant, and repeating the

investigation for every combination of the nuisance factors. This involved eight

combinations of factors held constant, with a pair-wise comparison made between

levels of the factor of interest within each of these combinations.
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Unfortunately there were insufficient data to investigate all factor combinations.

There were no samples taken of Norway rats from islands in the southern

sampling region. The physical characteristics of Norway rats from mainland

populations across the northern sampling sites were provided for only one sam-

ple. Thus, comparisons involving Norway rats from southern islands, and those

involving Norway rats from northern mainland sites could not be performed.

Appendix C.1 provides detailed statistics from t-tests between the levels of each

factor for each combination. Comparisons unable to be carried out due to insuffi-

cient data are indicated, and where there is a significant difference in the average

mass between levels of a factor, 95% confidence intervals are provided for that

difference.

To model the effect of age, a linear model was developed with rats’ head-body

lengths and the binary factors as covariates. The head-body length was used as a

proxy for the age of a rat. In the field, rats are sometimes assigned to a discrete

age class, usually determined by the extent of wear of their teeth. However, very

few of our fieldworkers were qualified in the determination of age in this way, and

it was impractical to preserve the skulls of all rats caught for subsequent expert

analysis. Instead, it was decided that for a constant set of all other factors, a longer

rat would generally be older than a shorter rat. This does make assumptions, such

as the age of a rat and its length are positively related, and ignores the effect

of factors such as diet on the length of rats. However, head-body length is the

best proxy for age that was recorded for the majority of samples. The limitations

associated with this approach should be kept in mind when reading the results

described in Section 13.3.5, or the output from the model given in Appendix C.2.

Previous work has shown that age and head-body length can be related in rats

(Miller and Miller, 1995).
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Figure 13.3: Boxplots comparing the masses between Norway rats and ship rats. Values

in parentheses are sample sizes. Plots where any sample size was below 10 are not shown.

13.3.1 Mass Differences Between Species

Given all other factors are held constant, it is expected that Norway rats are heavier

than ship rats. The masses of Norway rats and ship rats were compared for each

sex in mainland populations from the southern region, and for each sex in island

populations from the northern regions. Combinations where there were significant

mass differences between the species are shown in Figure 13.3.

There was no significant difference in mass between Norway rats and ship rats

from southern mainland sites for both males and females, although this is at least

partially attributable to the small number of Norway rats that were weighed from

these combinations (4 males, and 2 females).

The average mass of male Norway rats from northern island sites was significantly

higher than the average mass of male ship rats from northern island sites, and the

same was true for female rats from these sites. However, the difference between

the average masses of the male rats was larger than the difference between the

average masses of the female rats. These two results for rats from islands found

in the northern sampling regions are consistent with the theory that Norway rats
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are bigger than ship rats on average.

13.3.2 Mass Differences Between Sexes

In many mammal species, the male is often the larger of the two sexes. However,

Yom-Tov et al. (1999) did not detect any difference in mass between female and

male Norway rats or ship rats. From the eight factor-level combinations available

from the three factors affecting mass other than sex, mass comparisons by sex

were unavailable for Norway rats from southern island populations, and Norway

rats from northern mainland populations. The other six combinations were tested.

Of these six combinations, three showed a significant difference in average mass

between sexes. These results are presented in Figure 13.4.

There was no significant difference in the average mass between the sexes for any

rats from southern mainland sites (plot (d)), nor for ship rats from northern islands

(plot (a)). Male ship rats from northern mainland populations and southern island

populations were slightly heavier on average than the females from these respective

populations (plots (b) and (c)). The amount by which the average mass of male

Norway rats from northern island populations was above the average mass of female

rats from those populations (plot (e)) was more pronounced.

Although the average mass of male ship rats was significantly greater than the

average mass of female ship rats in two of the four possible combinations of latitude

and area type, the confidence intervals for these differences indicated the differences

are potentially insubstantial (between 2.7 and 39.2 grams for ship rats on southern

islands, and between 2.8 and 20.5 grams for ship rats from northern mainland

areas, with 95% confidence). These results correspond with the general theory

that male mammals are heavier than female mammals (Weckerly, 1998) for the

particular case of rats. However, the possibility that in some cases statistically

significant differences could be in the order of only a few grams, along with the

insignificant results from this study and Yom-Tov et al. (1999), suggest that the
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Figure 13.4: Boxplots comparing the masses between male and female rats. Values in

parentheses are sample sizes. Plots where any sample size was below 10 are not shown.
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difference in mass between male and female rats is not an extreme case of sexual

dimorphism.

However, the significant and substantial difference between the average mass of

male Norway rats on northern islands and the average mass of female rats from

those islands (95% confidence interval of between 22.1 and 50.3 grams) is notewor-

thy, and contrasts with Yom-Tov et al. (1999).

13.3.3 Foster’s Rule: Mass Differences Between Island and

Mainland Populations

It has been suggested that in the absence of predators and provided with an abun-

dance of food, natural selection will tend to favour larger, more dominant indi-

viduals within a species (Foster, 1964; Case, 1978). This is commonly known

as “Foster’s Rule” or the “Island Rule”. Figure 13.5 shows the distributions of

masses between island populations and mainland populations for given sets of fac-

tors. There were insufficient samples of Norway rats for some factor combinations

to include them in these comparisons.

The difference in average mass between island and mainland populations of north-

ern ship rats was insignificant for both males and females (plots (a) and (b)). For

southern ship rats (plots (c) and (d)), the results support Foster’s Rule, as the

average mass of island rats far exceeds the average mass of mainland rats for both

males and females. The 95% confidence intervals for these differences are similar,

between 40 and 100 grams. This result is largely thanks to ship rats caught on

Big South Cape Island, where the central 50% of masses were in the range of 191.5

to 231.75 grams, with a maximum recorded mass of 296 grams. It is unusual for

ship rats to exceed 225 grams, and 300 grams is the upper range for the mass of

a typical Norway rat (Innes, 1990; Moors, 1990), which tend to grow larger than

ship rats (Section 13.3.1). It is therefore clear that these ship rats from Big South
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Figure 13.5: Boxplots of the masses between island and mainland rats. Values in

parentheses are sample sizes. Plots where any sample size was below 10 are not shown.
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Cape Island were extraordinarily massive.

It is interesting to see if Foster’s Rule applies to rats from “effective-mainland”

island populations, such as those from the main island of Great Barrier, and Stew-

art Island. In the results described above, it was decided to class populations from

these two large islands as coming from mainland areas. However, these islands

are free of mustelids, one of the major predators of rats. Feral cats and dogs are

present on these islands, but are not numerous in many of the areas where the rats

for this project were sampled. One of the tenets of Foster’s Rule is that the species

of interest is not under critical threat of predation, so a larger body size does not

expose the animal to a greater risk of being detected and devoured (Foster, 1964).

There was an insignificant difference in the average weights of island and effective-

mainland ship rats on Great Barrier for both males and females, and for female ship

rats from Stewart Island. All of these results could be due to low samples sizes for

the mainland categories. Boxplots of the mass distributions still suggest island rats

tend to be larger than their counterparts from the effective-mainland populations.

For male ship rats on Stewart Island however, the difference between the average

masses of island and mainland rats is so great that it is significant despite the

relatively small sample sizes. The average mass of island rats is between 14.0

and 67.6 grams heavier than their mainland counterparts from a 95% confidence

interval. These results tend to support the treatment of rats from particularly

large islands as coming from mainland areas. It would be interesting if these

results would still hold in the complete absence of predators.

One interesting point to recall is the abnormally long rats from Windy Hill reserve

on Great Barrier Island. This is an effective-mainland population, but there is

active pest control in the reserve. Although it cannot be guaranteed that large

predators such as dogs and cats are completely absent from this reserve, it is likely

they are in much smaller densities than elsewhere on the main island of Great

Barrier. If the recorded lengths are valid, perhaps these abnormally long rats are

behaving according to Foster’s Rule, i.e. in the near-absence of predators, as if they
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are an island population, and not an effective-mainland population. Unfortunately,

these samples were not weighed, so it is impossible to pursue this theory with the

data provided.

13.3.4 Bergmann’s Rule: Mass Differences Between

Warmer and Colder Latitudes

Bergmann (1847) hypothesised that animals that lived in colder climates would be

larger than comparable individuals of the same species found in warmer climates.

In New Zealand, colder climates are associated with more southerly latitudes, while

warmer climates are generally found in the north. Because of the dearth of Norway

rat samples from northern mainland sites and southern island sites, the effect of

latitude could not be investigated for Norway rats.

All four factor combinations of sex and area type involving ship rats produced

significantly different average masses between samples taken from southern lati-

tudes and those from northern latitudes. Figure 13.6 displays the distributions of

masses between northerly study regions and southerly study regions, for ship rats

with these combinations of factor levels.

The average masses of both male and female ship rats found on islands in southerly

regions are significantly bigger than the average masses of the female and male ship

rats found on northern islands (plots (a) and (b)). This is in concordance with

Bergmann’s Rule. This is again largely due to the extraordinary size of ship rats

sampled from Big South Cape Island.

However, for ship rat samples from mainland populations, the average masses of

male and female northern samples significantly exceed those from male and female

southern samples (plots (c) and (d)). This contradicts Bergmann’s Rule. This

result might be explainable due to the season in which sampling was carried out at

each region. The majority of samples from northern mainland regions came from
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Figure 13.6: Boxplots of the masses between northern and southern rats. Values in

parentheses are sample sizes. Plots where any sample size was below 10 are not shown.
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Leigh, and Puketi Forest in the Bay of Islands. The majority of southern mainland

samples were from Stewart Island. The distribution of masses for the samples

from Puketi Forest was noticeably higher than the distributions for samples from

Leigh and from Stewart Island (results not shown). The samples from Puketi were

collected over the summer of 2006, while samples from Leigh and the majority

of samples from Stewart Island were collected in late autumn. It is possible that

because many of the ship rat samples from northern mainland sites were collected

in the summer, while the majority of southern samples were collected nearing

winter, the masses of the southern samples were lower on average than the northern

samples due to seasonal variation. Innes et al. (2001) showed that there were

proportionally more juvenile rats captured around autumn and winter than in the

summer. Although they found there was no significant difference in the average

mass of ship rats between summer and winter from Pureora Forest Park in the

central North Island of New Zealand, the point estimates hint that rats caught in

the summer might be slightly heavier than those caught in the winter, perhaps due

to an abundance of food.

13.3.5 Effect of Head-Body Length on Mass

To assess the impact of head-body length on mass, a linear model was constructed.

The best fitting model discovered is shown in Equation 13.1.

ln (m) = β0 + β1 Iship + β2 Iisland + β3 Isouth +

(β4 + β5 Iisland + β6 Isouth) HBL + β7 HBL2

= −0.3027 − 0.0903 Iship − 0.7590 Iisland − 0.2961 Isouth +

(0.5032 + 0.0459 Iisland + 0.0220 Isouth) HBL − 0.0111 HBL2

(13.1)
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where Iship, Iisland, and Isouth are indicators which take the value 1 if an individual

is a ship rat, was sampled from an island site, or was sampled from a southern

region respectively, and 0 otherwise. HBL is the head-body length of an individual

in centimetres, and m is the mass of the individual in grams. The associated R2

of this model is 0.826.

It was necessary to take the natural log of the masses to cope with increasing

variability as the masses increased. A negative coefficient was associated with the

dummy variable for ship rats, suggesting ship rats have a smaller mass than Norway

rats in general, all other factors being the same. Although negative coefficients were

also associated with individuals from southern sampling regions and sampling sites

on islands, these counter-balance additions to the coefficient for the rate of mass

increase associated with head-body length for the same factors. The term for

the squared head-body length was required to cope with the upper limit of mass

possible as the body length increases, and hence is associated with a negative

coefficient. An alternative to including a quadratic term for HBL is to take the

log of HBL. This is consistent with the volumetric relationship between mass and

length. However, using the quadratic term produced a slightly better fitting model,

so this model was preferred.

Figure 13.7 plots the predicted masses as a function of head-body length, part (a)

for ship rats and part (b) for Norway rats. The plots are along the observed ranges

of head-body lengths for each species. The predictions for northern mainland

Norway rats (part (b) red dashed line) and southern island Norway rats (part

(b) black solid line) are based on no observed data. These estimates rely on the

predictions for ship rats under the same conditions. If data from Norway rats were

available from these regions, the coefficient estimates may be different.

Interestingly, sex was not identified as a significant covariate in the model. If

female rats are generally shorter than male rats, one possible explanation might

be that the effect of sex is modelled by the head-body length covariate. For both

species, mainland individuals have estimated masses that are slightly larger than
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Figure 13.7: Predicted mass in grams of (a) ship rats, and (b) Norway rats from the

model specified by Equation 13.1, as a function of head-body length in centimetres.

The ranges of body lengths are limited to the range of observed lengths. Red lines

represent rats from mainland sites and black lines represent rats from island sites. Solid

lines represent southern sampling regions and dashed lines represent northern sampling

regions.
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their island counterparts for low body lengths. As body length increases in both

species, the island rats’ mass increases faster, and they surpass the mainland rats

in mass above lengths of 16-17 centimetres.

In Section 13.3.4, southern ship rats from islands had significantly more mass than

northern island ship rats on average, but northern mainland ship rats were larger

on average than southern mainland ship rats. In Figure 13.7(a) however, both

mainland (red) ship rats and island (black) ship rats seem to express a consistent

relationship. That is, southern (solid) and northern (dashed) individuals have

similar masses while they have short body lengths, but as body length increases,

southern rats’ masses increase at a faster rate. It was suggested in Section 13.3.4

that the different conclusions about the effect of latitude between mainland rats

and island rats could have been due to the different seasons in which the majority

of sampling took place on the mainland and on the islands. If the season had an

effect on the mass of the sampled individuals, it probably also had an effect on the

length of those individuals. The head-body length could therefore be a proxy for

the season in which the samples were taken, which explains the unification of the

conclusions drawn for the effect on mass of mainland and island sites.

13.4 Discussion

This project did not set out to rigorously explore the physical characteristics of

rats in New Zealand. However, physical measurements and observations were

made for many samples collected as part of this project. The collection of this

data was ad hoc in many areas, resulting in data that could only be interpreted at

a coarse level of detail. However, even with this opportunistically collected data,

several observations could be made about the physical characteristics of rats in

New Zealand, and these observations can be contrasted with observations from

previous studies, and previously formulated hypotheses.
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It was shown that the relative ratio of head-body length to tail length is an effective

way of distinguishing Norway rats from ship rats. Occasionally ship rats will have

tail lengths that are shorter than their head-body lengths, characteristic of Norway

rats, but careful examination of other physical characteristics or of the genetics

should rectify these misidentifications.

Although differences in mass between species, sexes or latitudes were not always

significant, those differences that were significant were always in the expected

direction. That is, where a significant difference in masses existed, Norway rats

were larger than ship rats, male rats were larger than female rats, and island

rats were larger than mainland rats, all other factors being constant. Significant

differences in mass between northern rats and southern rats were not consistent.

Although the relationship was as expected for island rats, where southern rats from

cooler climates were larger than northern rats from warmer climates, the pattern

was reversed for mainland samples. This was possibly due to the confounding

effect of the seasons in which the samples were taken.

A linear model was constructed to model the mass of rats based on the five factors

identified, as well as the numerical covariate of the head-body length of the rats. In

this model, sex was not a significant determinant of mass, and the effect of latitude

was consistent for both islands and mainland samples. Both of these results might

follow if the head-body length of rats is closely related to the sex and season in

which the rats were sampled. The resulting models explained a large proportion of

the variation in the data. They suggested that the only consistent pattern of mass

variation over all body sizes was due to the species, where the average Norway rat

was consistently larger than the average ship rat. Up until sizes of about 16-17cm,

mainland and island rats from either northern or southern latitudes are much the

same size. For rats which have bodies larger than this however, island rats have

increasingly more mass than mainland rats, and southern rats have increasingly

more mass than northern rats. The heaviest rats for both species are both likely to

be found on southern islands therefore, consistent with the rules of both Bergmann
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and Foster. However, since there were no Norway rats from southern islands that

had their lengths and masses measured, this result is speculative, and requires

investigation to be confirmed.
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Chapter 14

Multiple Paternity

14.1 Introduction

Mr Foggie questioned why a university graduate needed to research rat

breeding.

“I can already tell him, they breed like rats.”

Anne Beston, quoting Alan Foggie, in the NZ Herald, 26/04/2004

Mating with multiple partners is a common practice in nature (Birkhead and

Møller, 1998) and has been shown to be widespread in small mammals (Dewsbury,

1984). Multiple mating can be defined as a male mating with multiple females, a

female mating with multiple males, or a combination of the two.

In sexual reproduction, success can be measured in terms of the number and qual-

ity of offspring (Snook, 2003). From the male’s perspective, this typically means

mating exclusively with as many different females as possible. Each female in-

creases the number and genetic variety of the male’s offspring. However, he must

ensure that he is the only male that mates successfully with each female to ensure

303
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that it is his sperm that fertilizes the eggs. There is generally a trade-off between

the number of females with whom a male can mate, and the effectiveness of his

defense against other males mating with those same females. In general, mam-

malian sperm is short-lived, so cannot be stored in a female for use at a later time.

Therefore a possessive male need only guard the females he mates with during

their oestrous cycle (Gomendio et al. , 1998).

If the sperm of more than one male is found concurrently in the reproductive tract

of a female in oestrus, and those sperm are mobile and capable of fertilization,

competition ensues regarding which male’s sperm fertilizes the female’s egg. This

behaviour is known as “sperm competition” (Parker, 1970). The victorious char-

acteristics in such a competition vary according to the reproductive system of the

female (Gomendio et al. , 1998). Sperm competition was once thought to be the

major driver during the selection phase of reproduction.

There is much evidence of female promiscuity in mammals (Stockley, 2003). That

is, there is not only evidence that females often mate with multiple males, but

that it is common for female mammals to actively seek multiple sexual partners

(Hosken and Stockley, 2003). The benefits of mating with multiple partners is

not as obvious for females as it is for males, and there are costs associated with

such behaviour, such as violence attributable to males attempting to ensure they

are the sole sperm donor, and the risk of contracting diseases and parasites from

contact with multiple males (Gomendio et al. , 1998). However, the prevalence of

such behaviour suggests that the evolutionary benefits must outweigh the risks for

many species.

Hypothesised benefits for females resulting from mating with multiple males in-

clude:

• a reduction in the chance of genetic incompatibility;

• assurance of fertilization;
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• assurance of sperm fitness through competition;

• the ability to confound paternity, possibly to avoid infanticide or encourage

paternal assistance;

• increased genetic diversity of offspring and the avoidance of inbreeding.

(Zeh and Zeh, 1996, 1997; Lacy et al. , 1993; Lande, 1994; Dean et al. , 2006)

Multiple mating does not necessarily result in multiple paternity. Multiple mating

may be a strategy to ensure only the sperm from the individual with the greatest

fitness manages to fertilize a female’s eggs (Gomendio et al. , 1998). It has been

shown that sperm from highly inbred animals is commonly not as fit as sperm

from males with more diverse ancestries (Wildt et al. , 1987). There has even been

some suggestion that females might be able to choose to promote favoured sperm

toward the ova (Birkhead, 1998). It has been shown that female rats can employ

different sperm transportation strategies in each of their uterine horns when mated

with two males (Špinka, 1988). This may be a clue as to how multiple paternity

can be achieved.

The focus of this research is to provide evidence of multiple paternity in wild

populations of Norway rats (Rattus norvegicus) and ship rats (R. rattus). The

social and mating systems of wild Norway rats adapt to the population density

around them. At low density, male Norway rats establish territories which they will

defend (Barnett, 1958; Lott, 1984). Males with territories gather several females in

their burrow, and mate with them exclusively (Calhoun, 1963). This is known as

polygyny. At higher densities, males are not able to form territories, as it becomes

impossible to repel invaders. Instead, the social organisation switches to a despotic

system where some males are dominant and the others submissive, generally based

on size (Barnett, 1958; Lott, 1984). It is difficult for males to defend females at

high densities, so as soon as females enter oestrus, a group of males will typically

attempt to mate (Calhoun, 1963; Robitaille and Bovet, 1976). This situation is

known as polygyandry. Such multiple mating has been observed amongst Norway
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rats under both natural and semi-natural conditions. This raises the possibility of

multiple paternity within litters of Norway rats.

The mating behaviour of ship rats is less well understood. It is believed that in

general ship rats act similarly to Norway rats (Ewer, 1971; Corbet and Southern,

1977). That is, females and males will nest together in a clan, where males mate

with multiple females (polygyny) and the most dominant male mates with the

most females, when density is low. At higher densities, polygyandry is more likely

to occur. However, Hooker and Innes (1995) found that non-commensal wild ship

rats tend to prefer solitude. In this situation, while males are still capable of

mating with multiple females, it is harder for a male to ensure he mates exclusively

since he cannot guard multiple females at different locations simultaneously. Thus

polygyandry is more likely, despite there being low population density. Hooker

and Innes (1995) contrast their findings with those of Ewer (1971), where the ship

rats studied were commensal with humans.

14.2 Methods

14.2.1 Sampling

Norway rats were trapped on the island of Pakihi (114 hectares; 36◦ 54′ 29′′ S,

175◦ 9′ 37′′ E Lat./Long.) in the Hauraki Gulf, Auckland, New Zealand. Live-trap

cages, baited with peanut-butter, were used so that any male rats were available

for release as part of another study. Female rats were euthanised. Three visibly

pregnant female rats had their uteri removed so that a genetic analysis of the

mothers and their embryos could be conducted. The uteri, still containing em-

bryos, were stored in 70% ethanol prior to DNA extraction. The largest embryos

from each uterus were selected for DNA extraction. DNA extraction from smaller

embryos risked extracting maternal uterine tissue, or contaminating the sample



14.3. RESULTS 307

with maternal DNA from embryos that were in the process of being resorbed.

Ship rats were sampled from Puketi Forest (7345 hectares; 35◦ 13′ 22′′ S, 173◦ 43′

58′′ E Lat./Long.) in Northland, New Zealand. Snap traps baited with a peanut-

butter and oats mixture were used. All rats caught were dissected, and the uteri of

pregnant females were stored in 70% ethanol. Three of the uteri with the largest

embryos were examined as part of this study. Again, only the largest embryos were

examined, to avoid the possibility of contamination.

14.2.2 Genotyping

DNA was extracted using the DNeasy Tissue Kit (Qiagen). Microsatellite markers

characterised for R. norvegicus genome mapping were used (Jacob et al. , 1995),

eleven for Norway rat samples and ten for ship rat samples (Chapter 3). To

avoid physical linkage, markers were chosen on different chromosomes. Each for-

ward locus primer was labelled with fluorescent dyes before amplification by poly-

merase chain reaction (PCR). PCR was performed in 10µL volumes, containing

10ng DNA, 0.1µM of forward primer labelled with 5’ fluorescent labels, 0.2µM of

reverse primer, 0.2µM of each dNTP, 0.2 units Platinum Taq DNA polymerase

(Invitrogen), and 1X reaction buffer with 1.5mM MgCl2. PCR products were

pooled with Genescan 400HD [ROX] Size Standard for a single run using an ABI

Prism 3730 Genetic Analyzer capillary electrophoresis system (Applied Biosys-

tems). Amplification size was scored using GENESCAN ANALYSIS 3.7 and

GENOTYPER 3.7.

14.3 Results

Each set of data was comprised of the maternal microsatellite genotype and the

associated embryo genotypes. Paternal alleles were inferred by subtracting unique
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maternal alleles from each embryo’s genotype. Assuming no genotyping error,

the paternal allele can then be inferred as the remaining allele, as shown in Ta-

ble 14.1. In the case where the maternal and embryo genotypes are heterozygous

and identical, it is not clear which of the offspring’s alleles was contributed by the

mother and which by the father (Table 14.1(b), Case 2). If one of the alleles in

such cases was necessarily paternally contributed for another embryo, this allele

was selected as the paternally contributed allele. This choice favours fewer pa-

ternal contributors, suiting a conservative approach. If both alleles were already

required to be paternal alleles, the choice was inconsequential. Such detection of

multiple paternity is guaranteed to be conservative, since if multiple fathers share

a common allele, that allele cannot be used as evidence of more than one pater-

nal contributor. Genetic similarity is more likely to occur in populations showing

signs of inbreeding (Dean et al. , 2006), which is true of many natural populations

(Stockley, 2003). Inbreeding is particularly likely on small islands, isolated from

mainland populations and at high population density, such as Pakihi. Populations

in large or unbounded habitats, such as the ship rats in Puketi Forest, are able

to maintain high levels of genetic diversity. Sample sizes from the Pakihi and

Puketi populations at the time of writing were insufficient to reliably estimate the

inbreeding coefficients for the populations and confirm these intuitions.

14.3.1 Norway rats from Pakihi Island

Because of a perceived high density of Norway rats on Pakihi Island, multiple

mating was expected to be a common occurrence.

The first of the three sets of embryos was successfully typed at all eleven loci for

all individuals. Two of the ten embryo genotypes matched the maternal genotype,

indicating these samples were almost certainly maternal tissue, and hence were

excluded from the data set. These excluded samples did however confirm the ma-

ternal genotype, providing evidence against allelic dropout (recall from Chapter 3
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Table 14.1: Identification of the paternal allele contributed to an embryo, where the

maternal genotype is known. All possible combinations of heterozygous and homozygous

genotypes are shown. Part (a) shows cases where the maternal and embryo genotypes

differ. Part (b) shows cases where the maternal and embryo genotypes are identical.

It is assumed no genotyping error occurs, and alleles do not mutate during meiosis, so

that one of the embryo’s alleles must have come from the maternal genotype.

(a) Maternal and embryo genotypes do not match.

Case 1: Case 2: Case 3:

Maternal homozygote Maternal heterozygote Maternal heterozygote

Embryo heterozygote Embryo homozygote Embryo heterozygote

Maternal Genotype AA AB AB

Embryo Genotype AB AA AC

Paternal Allele B A C

(b) Maternal and embryo genotypes are identical.

Case 1: Case 2:

Maternal homozygote Maternal heterozygote

Embryo homozygote Embryo heterozygote

Maternal Genotype AA AB

Embryo Genotype AA AB

Paternal Allele A A or B
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that allelic dropout is the occasional mistaken identification of a homozygous geno-

type at a locus due to the run-specific inability to detect one of a heterozygous

pair of alleles, which is commonly solved by genotyping the sample multiple times).

From the remaining embryos, we found five loci required a minimum contribution

of three or more paternal alleles. This would require a contribution to the litter

from a minimum of two fathers. The loci contributing to the evidence for multiple

paternity for this data set are shown in Table 14.2.

The remaining two embryo sets could not be typed at one locus. In the second

set, four embryos and the maternal tissue were successfully typed at the remaining

ten loci. From this set of data, multiple paternity was identified at two loci, each

requiring the contribution of three paternal alleles, again suggesting a minimum of

two paternal contributors. The genetics for this set are shown in Table 14.3.

The final set comprised a mother and seven embryos. The maternal sample and

two of the embryos failed to be genotyped at one of the ten remaining loci, and

another embryo sampled failed at three loci. Based on the available data, there

was no evidence of multiple paternity in this litter. Results from this set of data

are not shown.

Dean et al. (2006) proposed that a single locus that suggested multiple paternity

should not be taken as conclusive evidence on its own, as there are possible expla-

nations for more than two paternal alleles being required without the incidence of

multiple paternity. For instance, genotyping error in the form of allelic dropout

or null alleles, or mutation during gametogenesis (Dakin and Avise, 2004). These

events are rare however, so the chances that such events occur independently for

two or more loci are deemed practically improbable. We are thus confident that at

least two males contributed toward the paternity of two of the litters from Pakihi,

and we have therefore detected multiple paternity occurring in wild Norway rats

in New Zealand.
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Table 14.2: Maternal and embryo genotypes at loci requiring two or more paternal

contributors for the mother with study ID PK25. Six loci requiring only one paternal

contributor have been omitted.

Locus

D10Rat20 D11Mgh2 D12Rat76 D19Mit2 D2Rat234

Maternal PK25 116, 116 230, 248 99, 101 213, 213 107, 111

Genotype

Embryo PK25.1 116, 118 248, 248 99, 101 213, 213 107, 115

Genotypes PK25.2 116, 118 230, 230 99, 99 213, 213 107, 111

PK25.3 110, 116 228, 248 99, 101 205, 213 109, 111

PK25.4 116, 118 230, 248 99, 101 213, 213 107, 111

PK25.7 114, 116 230, 248 91, 99 205, 213 111, 115

PK25.8 116, 118 230, 230 101, 101 183, 213 111, 115

PK25.9 116, 118 230, 248 101, 101 213, 213 107, 115

PK25.10 110, 116 228, 248 99, 101 205, 213 107, 107

Paternal 110, 114, 228, 230, 91, 99, 183, 205, 107, 109,

Alleles 118 248 101 213 115
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Table 14.3: Maternal and embryo genotypes at loci requiring two or more paternal

contributors for the mother with study ID PK20. Eight loci requiring only one paternal

contributor have been omitted.

Locus

D18Rat96 D20Rat46

Maternal PK20 230, 232 144, 144

Genotype

Embryo PK20.1 232, 236 144, 168

Genotypes PK20.2 232, 232 144, 144

PK20.3 232, 232 144, 144

PK20.4 230, 230 144, 164

Paternal 230, 232, 144, 164,

Alleles 236 168

14.3.2 Ship rats from Puketi Forest

Trapping success indicated the density of ship rats in Puketi Forest was low to

medium (results not shown). If the ship rats cohabit in nests, males’ attempts to

guard females they have mated with might be more effective in this case, reducing

the incidence of multiple paternity. However, if the rats tend to be solitary, the

effort required to guard all of the females a male rat breeds with rises, and the

chances for multiple males mating with a female are increased.

All three sets of ship rat samples from Puketi Forest were successfully genotyped at

10 loci. The samples provided 4, 5, and 6 embryos individually. One of the samples

provided no evidence of multiple paternity. Each of the other two samples identified

multiple paternal contributions at five loci (Tables 14.5 and 14.4). For both sets of

embryos, a minimum of three paternally contributed alleles was detected, requiring

a minimum of two paternal contributors. As mentioned, genotyping errors can
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Table 14.4: Maternal and embryo genotypes at loci requiring two or more paternal

contributors for the mother with sample ID PukA6. Five loci requiring only one

paternal contributor have been omitted.

Locus

D10Rat20 D18Rat96 D20Rat46 D2Rat234 D5Rat83

Maternal PukA6 96, 122 234, 244 149, 185 99, 115 168, 168

Genotype

Embryo PukA6a 112, 122 234, 244 165, 185 99, 101 168, 176

Genotypes PukA6b 96, 128 238, 244 149, 149 95, 115 166, 168

PukA6c 112, 122 234, 244 185, 187 101, 115 168, 168

PukA6d 122, 126 234, 258 165, 185 115, 125 166, 168

Paternal 112, 126, 234/244, 149, 165, 95, 101, 166, 168,

Alleles 128 238, 258 187 125 176

lead to mistaken conclusions of multiple paternity. However, it is unlikely that

such errors occur at five loci in a single sample. We are therefore confident we

have detected multiple paternity among wild New Zealand ship rats.
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Table 14.5: Maternal and embryo genotypes at loci requiring two or more paternal

contributors for mother PukA130. Five loci requiring only one paternal contributor

have been omitted.

Locus

D15Rat77 D16Rat81 D18Rat96 D19Mit2 D20Rat46

Maternal PukA130 232, 238 165, 165 234, 238 223, 223 185, 185

Genotype

Embryo PukA130a 232, 238 157, 165 234, 234 223, 231 165, 185

Genotypes PukA130b 232, 238 157, 165 238, 238 223, 231 185, 185

PukA130c 238, 250 155, 165 234, 238 223, 231 165, 185

PukA130d 232, 254 155, 165 232, 234 223, 229 185, 187

PukA130e 238, 250 155, 165 234, 238 223, 231 185, 185

PukA130f 232, 238 165, 165 234, 238 223, 223 185, 185

Paternal 232/238, 155, 157, 232, 234, 223, 229, 165, 185,

Alleles 250, 254 165 238 231 187
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14.3.3 Sensitivity Test

Assuming there are no genotyping errors, the method described for detecting mul-

tiple paternity cannot return a false positive. However, it is possible to fail to

detect multiple paternity. To investigate the rate with which multiple paternity

is missed, we performed a series of simulations. A maternal and known number

of paternal genotypes were constructed, based on allele frequencies from all Nor-

way rats sampled from Pakihi, excluding the embryos (n=8). Genotypes from the

complete sample of Puketi ship rats were unavailable at the time writing, so the

test could not be applied to that population. Eight embryo genotypes were then

generated from the parental genotypes by selecting one allele at random from each

of the parents for each locus. Two scenarios were considered - one where each male

sired an approximately equal number of offspring in the litter, and another where

a single male sired the majority of the litter (see Table 14.6). We then applied the

conservative method described above to the embryo genotypes to find the mini-

mum number of paternal contributors to the embryo sets. This was repeated for

10,000 simulations. Results are shown in Table 14.6. These simulations closely

follow the approach described by Neff and Pitcher (2002).

Using the conservative approach described above, we see that the more paternal

contributors there are to a litter, the less likely we are incorrectly to dismiss mul-

tiple paternity i.e. conclude a single paternal contributor is sufficient. However,

when one male sires the majority of a litter, the approach is less likely to detect

the true number of fathers. This is particularly apparent when there are only

two paternal contributors to a litter, resulting in multiple paternity being missed

in almost one in four cases (24%). It is also clear that this approach will rarely

detect more than two paternal contributors when the true number of paternal

contributors is greater than two.
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Table 14.6: Number of paternal contributors detected using the conservative approach

when two, three, or four fathers have produced the litter. Two scenarios are considered:

where each father sires an approximately equal proportion of the litter, or one dominant

father sires the majority of the litter. Results are expressed as percentages from 10,000

simulations.

Two Fathers

Minimum Number of Fathers Detected 1 2

4:4 paternity ratio 5.9 94.1

7:1 paternity ratio 23.7 76.4

Three Fathers

Minimum Number of Fathers Detected 1 2 3

3:3:2 paternity ratio 0.8 97.0 2.2

6:1:1 paternity ratio 4.3 95.7 0

Four Fathers

Minimum Number of Fathers Detected 1 2 3 4

2:2:2:2 paternity ratio 0.2 93.9 5.9 0

5:1:1:1 paternity ratio 0.9 97.4 1.7 0
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14.4 Discussion

We have confirmed multiple paternity in wild Norway and ship rats. This com-

plements the findings of Heiberg et al. (2006), who detected multiple paternity in

Norway rats removed from the wild. Those rats were not randomly selected nor

kept in natural conditions however, and paternity was not established with the aid

of known maternal genotypes. Instead, parents were assigned probabilistically by

choosing the mother/father pair which most likely contributed their alleles to a ju-

venile rat. Because these rats were kept in an enclosed environment, an offspring’s

parents were almost guaranteed to be sampled. It would be unreasonable to as-

sume that the true fathers of the embryos used in this study had been captured,

even after a concerted trapping effort.

By detecting multiple paternity in opportunistically acquired pregnant females, as

is the case in this study, it can reasonably be assumed that multiple paternity is

common in wild Norway and ship rat populations in New Zealand.

Because the conservative approach we describe will not detect multiple paternity if

it has not occurred, given the absence of genotyping errors, we felt it was suitable

to address the aim of this study, demonstrating that multiple paternity occurs

in wild populations of rats. There are more sophisticated methods available for

estimating the true number of paternal contributors however. For example, the

program gerud1.0 (Jones, 2001) attempts to recreate the genotypes of the min-

imum number of paternal contributors to a set of embryos. From these putative

genotypes, it is possible to assess the proportion of each litter attributable to each

father. The fathers can be identified by their genotypes if they have been sampled.

Zbinden et al. (2007) use gerud1.0 in a study of the parentage of loggerhead sea

turtles. They find that the reconstruction of paternal genotypes is problematic

when the embryos share heterozygous genotypes with their mother at any loci.

The Norway rat population on Pakihi Island was perceived to be at high-density.
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Previous observational studies of Norway rats suggest that multiple mating be-

tween females and males is common under such conditions (Calhoun, 1963; Ro-

bitaille and Bovet, 1976). A similar result has been described for mice at high

density (Dean et al. , 2006). The ship rat population in Puketi Forest was per-

ceived to be at a lower density, and yet two of three randomly selected sets of

embryos provided evidence of multiple paternity.

Multiple paternity is an important consideration when performing genetic studies

of newly established populations. In studies involving the invasion of islands by

rats, it is of interest to estimate the number of founders of island populations to

determine whether an island was populated by a large influx, or by chance by a

relatively small number of invaders. By ignoring multiple paternity, a large number

of founders might be presumed based on high genetic diversity in an island pop-

ulation. However, multiple paternity can also explain high genetic diversity in a

recently established population, since many males can contribute a large variety of

alleles to each invading pregnant female’s embryos. In the extreme case, the “Sin-

gle Pregnant Invader” hypothesis cannot be rejected if more than two paternally

contributed alleles are detected at each locus for rats from an island population

when multiple paternity is considered.

The adoption of multiple paternity might be seen as an evolutionary defense against

the damage caused to small, isolated populations by deleterious recessive alleles.

The wider the range of alleles that arrive on an island with the founders, the less

likely the population is going to fail due to these harmful alleles before it has a

chance to establish itself.

Island invasions by rats are often opportunistic events, carried out by a small

number of invaders, and are not expected to occur on a regular basis. A single

invading pregnant female can carry with her several individuals’ worth of genetic

information to aid in the establishment of a new population, due to multiple pa-

ternity. Undesirable phenotypes resulting from recessive alleles are then likely to

affect a smaller proportion of the founding population in the early generations,
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when breeding is often necessarily between siblings. However, thanks to multiple

paternity, these individuals are not as closely related as full-siblings, mitigating

the risk of such inbreeding.
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Chapter 15

Conclusions

15.1 Advancement of Knowledge

The aim of this study was to investigate the movement of rats between islands

in New Zealand. By getting a better understanding of rat invasion dynamics on

islands, conservation efforts can be better targeted toward islands that are more

suitable as refuges from rats for reintroducing endangered native species.

15.1.1 Study Scope

The first section of this thesis (Chapters 1 to 4) described why this study was

important in ecological terms, how samples were collected in the field, and how ge-

netic data were extracted from the physical samples in the laboratory. This section

concluded with a description of a pilot study that illustrated the unpredictability

of results in the field, and the necessity of being able to adapt to changing circum-

stances. This was a salutary lesson that was thankfully learned at the beginning

of the project, rather than nearer the end.

321
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Subsequent to the pilot study, the focus of this project shifted from only the Norway

rat to both the Norway and ship rat species. Although Norway rats are the better

swimmers of the two species, and therefore more capable of intentionally invading

islands, ship rats in New Zealand tend to be more widespread, so are more likely

to be found around streams and coastlines where they might be swept into the sea

and toward islands, or around ports where they might find their way onto boats

that visit islands. Including both species in the study not only boosted the number

of useful samples obtained and the number of study sites that could be visited, but

allowed the apparent invasiveness of the two species to be contrasted in varying

situations.

For example, it was possible to investigate the distance islands must be separated

before frequent migration dwindled for each species. It was found that even rel-

atively small distances over water were able to prevent the frequent swapping of

genetic material between ship rat populations. For Norway rats, the only study

area where large numbers of Norway rats were found on an archipelago was in the

Bay of Islands. In this case, it appears that Norway rats are quite happy to move

between islands, and mating between migrants and natives appears common, as

indicated by the shared genetics between island populations. How much this has to

do with Norway rats’ apparent swimming superiority, and the effect of the condi-

tions in the Bay of Islands (e.g. warm waters, easy landings, frequent movement of

boats between islands, the degree of human habitation on the islands etc) can only

be determined once populations of Norway rats in other situations are studied.

The geographical scope of the study was developed as the project progressed.

The study areas in the Bay of Islands and Stewart Island resulted from fortuitous

collaborations. In the Bay of Islands, Lynette Smith, a volunteer involved with

the arrangement of a rodent survey on the islands archipelago being undertaken

by the Department of Conservation, made contact with our research group after

hearing about our project and invited us to be part of the operation. Although the

theme of investigating the historical invasion of Big South Cape was developed for
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this project, all the sampling from Big South Cape, Stewart Island and Southland

was undertaken by an associated researcher, Dr Grant Harper, as part of his own

studies in the area. Great Barrier Island was one of the first areas mooted as a

possible study area. All sampling undertaken in the Port Fitzroy area was under

the auspices of this project, although samples from Windy Hill were provided from

trapping undertaken as part of the reserve’s pest management programme. This

demonstrates how useful it is to foster collaborations, both scientific and public,

in this sort of field. This is also a demonstration of the level of public interest in

the topics of this project.

15.1.2 Discoveries Relating to DNA

The Norway rat genome was already well known prior to this project thanks to

its extensive use in medical studies. This study showed that microsatellite loci

defined for Norway rats were generally applicable to ship rats also, although unlike

the case for Norway rats, it could not be guaranteed that the loci were physically

unlinked for ship rats. One microsatellite locus, locus D12Rat83, did not seem to

hold a microsatellite in the ship rat genome as it did in the Norway rat genome.

Data from this locus were not used for ship rats for this project. Additionally,

locus D1Rat29 did not amplify well for the majority of Norway rats analysed at

the start of the study, and not at all for the early ship rat samples. This locus was

consequently dropped for the remainder of the project.

There is a lack of information publicly available regarding mitochondrial DNA hap-

lotypes from wild rats. Again, the laboratory strains of Norway rats are intensively

studied, so their mtDNA sequences are well known. This study found that there

is one particular haplotype for wild Norway rats that is especially widespread.

But for one exception, this haplotype was found in all the Norway rat mtDNA se-

quences analysed for this project. This corresponds with the findings of Hingston

et al. (2005), who detected this haplotype in wild rats from many international
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populations. This haplotype matches the corresponding portion of the mtDNA

sequence for a particular laboratory strain of Norway rat (the BN/SsNHsdMCW

strain), although there might exist differences at untyped regions of the mtDNA

genome.

Very little is on the public record regarding ship rat mtDNA sequences. Analy-

sis from this project found eight distinct haplotypes in New Zealand. The most

widespread and abundant haplotype has also been found internationally in other

studies (Robins et al. , 2007). The seven other haplotypes seem to be novel how-

ever. These haplotypes tend to be restricted to specific areas - three are unique

to Great Barrier Island; two are unique to Stewart Island, and are the only hap-

lotypes so far detected on Stewart Island and its closest inshore islands; and one

haplotype has been found solely in samples from Bluff at the bottom of the South

Island.

The geographical distinctness of ship rat mtDNA haplotypes was particularly use-

ful during the investigation of the 1964 invasion of Big South Cape Island, off the

coast of Stewart Island (Chapter 9). Because the rats on Big South Cape had a

mtDNA haplotype that was at least two nucleotides different from the sequences

found on Stewart Island, it is highly unlikely that the invading rats came from a

Stewart Island population at the sites we studied. The Big South Cape haplotype

differs from the haplotypes found in samples from the nearest South Island ports

by one nucleotide, so it is also unlikely that the invasion came from those sites.

By contrast, mtDNA was not helpful in determining the source of the 1980s inva-

sion of the Bay of Islands archipelago by ship rats, since the ship rats from this

region had the geographically ubiquitous mtDNA haplotype. Ship rats from all

surrounding sites, from the opposite coastline to sites some 80 kilometres away also

had this haplotype, as did a ship rat from Fiji, a sample taken while following up

one of the more interesting theories of invasion investigated during this project.

The seven novel ship rat mtDNA haplotypes and one novel Norway rat haplotype
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will be submitted to GenBank, along with the detection of the previously identified

ship rat and Norway rat haplotypes, to be made publicly available once these

studies are published.

15.1.3 Development of Exploratory Tools for Genetics

The second section of the thesis relates to the development of tools for exploring

genetic information. Chapter 6 describes the construction of a suite of functions in

the R statistical program that can be used to get basic information about patterns

of genetics and genetic structure between sampling populations. These functions

are made available through a graphical user interface (GUI). This GUI can be used

to contrast the patterns of microsatellite allele frequencies between populations. It

also offers the opportunity to calculate summary statistics developed by Weir and

Cockerham (1984) after Wright (1951) for characterising genetic structure between

populations.

The facility exists to extend the range of tests and plots available in this func-

tion. Some of the possible extensions are suggested in the next section on future

directions.

Chapter 7 highlighted a particular test commonly used in so called assignment

methods for assigning individuals to populations based on the probability of ob-

serving their genotypes if they are members of such populations. As part of this

chapter, a novel method of treating genotypes that fail to be typed at certain loci

is introduced. This method is applied to a case study involving the reinvasion of

Pearl Island by Norway and ship rats following an eradication. In this study, the

question of interest is solely whether the rats were part of the original population

on the island that survived the eradication, or whether they were individuals from

the mainland who invaded the island after the eradication. This study showed

that the novel imputation method for coping with missing data performed ade-

quately, and the case study concluded that the rats on Pearl Island were not part
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of the population that had existed on the island prior to the eradication, meaning

the eradication was successful, but that rats were almost certainly going to try to

recolonise the island.

Chapter 8 presents a novel method that extends the method used in Chapter 7 to

handle more than two populations. This allows for much finer definition for clus-

tering closely related individuals. How to display these multivariate relationships

is a problem however. The method proposed uses dimension reduction techniques

to preserve the most informative relationships between individuals while simplify-

ing the interpretation of the results from the analysis. This exploratory method is

showcased in Chapter 9.

Chapter 9 explores scenarios from the three major study regions. It concludes that

Norway rats in the Bay of Islands archipelago are frequently exchanging genetics

between island populations, suggesting there is no barrier to migration in this area

for Norway rats.

By contrast, ship rats on the islands in the archipelago are genetically isolated from

ship rats on the nearby mainland. It was found the genetic similarity was closer

between mainland ship rats that live more than 80 kilometres apart by land than

between the proximate mainland and island rats. This suggests that migration is

infrequent between the mainland and the islands, although sampling was fortunate

to uncover a rat that was almost certainly a recent migrant from the mainland on

one of the islands. This study area also raised the intriguing possibility of an

international ship rat invasion from Fiji to the archipelago, perhaps explaining

the distinctiveness of the island rats. However, microsatellites concluded a single

sample from Fiji was no more genetically similar to the archipelago rats than the

mainland samples, and mtDNA was of no assistance here.

In the Stewart Island study area, it was found that rats on Big South Cape were

genetically distinct from rats on Stewart Island and from Southland. This offers

direct evidence that migration is infrequent (and most likely almost non-existent)
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between Big South Cape and any other population of rats. However, it cannot

be taken as direct evidence that the ship rats that invaded Big South Cape in

1964 didn’t come from Stewart Island or Southland. It is possible that 40 years of

isolation can explain the genetic distinctiveness of Big South Cape rats. However,

historical samples taken from Big South Cape in the 1970s still associate closely

with the present day rats, suggesting the distinctiveness of the Big South Cape

rats is unusually strong if they did descend from Stewart Island or Southland rats.

Simulations involving taking rats from Stewart Island or Southland populations

and having them evolve over 40 years also indicated the Big South Cape rats were

unlikely to have evolved from those two areas. Mitochondrial DNA almost certainly

confirmed these suspicions when it was shown the rats on Big South Cape had a

mtDNA haplotype that did not match samples from Stewart Island or Southland.

Work is now underway to confirm that none of the entire set of samples taken from

Stewart Island match the Big South Cape haplotype. Aside from the case study

illustrated in Chapter 7, there were insufficient numbers of Norway rats caught on

Stewart Island to analyse further. No Norway rats were detected on Big South

Cape.

Great Barrier Island was a great study area for contrasting populations which were

sharing genetic material with populations that were genetically isolated. However,

only ship rats are present on the whole of Great Barrier. In the Broken Islands

archipelago, rats showed signs of quite high genetic similarity. In this instance

we were fortunate enough to detect a rat on the mainland that showed a clear

indication of having come from an island population. In the Kaikoura Island chain,

rats on the mainland and on Kaikoura Island showed strong genetic similarity, but

rats on the nearby Nelson Island and Motuhaku Island were distinct from the

mainland and Kaikoura Island. Our fieldworkers reported how difficult it was for

them to land on Nelson Island, immediately next to Kaikoura Island, due to the

rough seas and sheer cliffs. Perhaps this prevents rats from landing on Nelson

Island, and this provides a barrier between Kaikoura Island and the easier-to-

land-on Motuhaku. Rats on Nelson Island might have been brought by people
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landing on the island (there is a small platform for a helicopter to land at the top

of the island), and struggle to get off. The cliffs on the side of Kaikoura Island

facing Nelson Island are similarly precipitous. The existence of a genetic continuum

between contiguous mainland populations is further supported on Great Barrier,

with samples from opposite sides of the main island (between Port Fitzroy and

Windy Hill) showing some genetic similarity.

15.1.4 Enhanced Migration Modelling

Chapters 10 to 12 describe methods to mathematically model the rate of migra-

tion between islands. The method of Wilson and Rannala (2003) as implemented

in the program BayesAss+ was chosen for this purpose. Chapter 11 illustrates

modifications made to the BayesAss+ algorithm to make it more suitable for

the purposes of this project. The main improvement was to allow the program

to estimate migration rates even in cases of frequent migration. Although these

estimates are understandably imprecise, it is important to be able to report such

uncertainty. The original algorithm was designed to be inapplicable in such cases,

but no warning is given in such circumstances, leading to the potential for inap-

propriate conclusions to be made.

A side-effect of increasing the flexibility of the migration model underlying the

algorithm was the possibility to encounter multiple solution sets with the same

posterior support. This multi-modality was not as much of an issue under the

original algorithm, since the restrictions on the migration rates meant only a por-

tion of the parameter space was able to be examined. Extra work is needed to

derive all similarly supported solution sets from the algorithm. Improvements to

the algorithm for coping with this technicality form some of the suggestions for

future work in the following section. Ultimately however, it is up to users of the

data to determine which solution set is most appropriate.

The end of Chapter 11 provided case studies using the novel algorithm. The
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algorithm performed as expected in the case of low genetic similarity, for ship rats

in the Bay of Islands. It suggested interesting migration networks for Norway rats

in the Bay of Islands, but some of the estimates were necessarily vague, indicating

the genetic similarity between many of the populations. For Great Barrier Island,

the algorithm estimated low migration where expected, based on the exploratory

analyses (e.g. between Motuhaku and Nelson Islands and the rest of the Kaikoura

Island chain). It suggested that migration tended to move from the islands to the

mainland in both the Kaikoura Island chain and in the Broken Islands.

Chapter 12 detailed attempts to improve the proposal interval algorithm for pa-

rameter value updates in the MCMC procedure employed by BayesAss+. Ulti-

mately, these results could not be shown to be a significant improvement over the

original algorithm used by BayesAss+.

15.1.5 Ecological Findings

The final section, comprising Chapters 13 and 14, related to findings made in the

course of this project that were not initial aims of the project.

Chapter 2 described how detailed measurements were taken from rats when the

captures were made by University of Auckland fieldworkers with appropriate equip-

ment. With the data that was collected, it was possible to test certain assumptions

about the ecology of rats in Chapter 13.

It was shown that almost invariably the ratio of head-and-body length to tail length

was an effective way to distinguish between the two species of rat examined as part

of this study. While these two species are not among the most indistinguishable

species of rat, it is nevertheless asking a lot of an inexperienced collector to identify

the species, particularly if they do not have access to reference samples of both

species. Although it is trivial to detect the species based on the genetics we were

examining, it saves a lot of time and money if the identification is correct in the
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first place. Based on the results from this study, identifying rats with tails longer

than their body lengths as ship rats, and all others as Norway rats will be correct

most of the time.

Measurements of mass were contrasted for various combinations of species, sex,

latitude, and whether the rats were from islands or not. Where differences were

significant, it was shown Norway rats tend to be larger than ship rats, male rats

tend to be larger than female rats and island rats tend to be larger than mainland

rats. The effect of latitude appears to differ between island rats and mainland rats,

with southern rats tending to be larger when comparing island rats, but northern

rats tending to be larger when comparing mainland rats. Some combinations could

not be compared due to no rats being sampled in those categories (for example,

Norway rats from southern islands). Low sample sizes in other categories could

explain some of the insignificant differences between factor combinations.

Including the continuous covariate of head-body length removed the effect of sex.

It also predicted very little difference in weight between the latitudes and between

mainland and island rats while the rats were short. As their length increased

(and thus, presumably, their age), southern rats tended to be larger than northern

rats, and island rats tended to be larger than mainland rats. Norway rats were

consistently larger than ship rats, but this result was more apparent the longer the

head-body length.

Chapter 14 used embryos collected from pregnant females late in the study to test

for multiple paternity within a litter. There is a wide range of literature relating

to the existence (or non-existence) of multiple paternity amongst mammals, but

surprisingly little involving rats. In particular, no studies proving the existence of

multiple paternity in wild rats could be found.

Multiple paternity is an important consideration when investigating the invasion

dynamics of rats, particularly when trying to determine the number of founders for

a population. Multiple paternity potentially increases the genetic diversity able to
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be introduced to a founding population from each pregnant female founder. Not

accounting for multiple paternity if it exists could lead to an overestimate of the

number of founding individuals. Increased genetic diversity is also an indicator

of enhanced genetic fitness for a population, and might increase the chances of a

founding population establishing on an island.

Because the embryos were not collected until late in the study, exhaustive col-

lections were not able to be made, which precluded the use of a lot of advanced

procedures for detecting multiple paternity. In the interests of conservatism, an

approach was used that was guaranteed to only detect multiple paternity if it ac-

tually occurred, assuming there had been no genotyping error (Chapter 3). By

being conservative, this method could incorrectly conclude there was no multiple

paternity in cases where there was ambiguity.

Based on three sets of embryos from an island population of Norway rats, and three

sets of embryos from an inner-mainland population of ship rats, multiple paternity

was detected at multiple loci for two of the three sets for both species. Although

genotyping error could potentially result in spurious detection of multiple paternity

using the method employed in this chapter, errors are unlikely to occur for every

locus that tested positive and across both sets of embryos for either species. A

paper is being prepared to confirm multiple paternity in wild populations of both

ship rats and Norway rats.

15.2 Communication of Findings

And computers are getting smarter all the time: scientists tell us that

soon they will be able to talk to us (by “they” I mean computers: I doubt

scientists will ever be able to talk to us).

Dave Barry
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One of the most important aspects of any research is the communication of findings

to interested parties. These parties range from scientific colleagues to members of

the public. Even participating in the most trivial sounding activities can lead

to unexpected discoveries or suggest interesting avenues of research that remain

unexplored. A case in point was the community meeting for the incorporation of

a community trust for the restoration of the Bay of Islands archipelago at which

the possibility of the Fijian invasion of ship rats was raised.

I have given presentations relating to elements of this project at two international

specialist group conferences, two New Zealand Statistical Association conferences,

at three seminar sessions in the School of Biological Science in the University of

Auckland, and at a community meeting for the Forest and Bird Society of New

Zealand. This work was warmly received whenever it is presented, and there has

always been plenty of interest expressed in the findings.

Interdisciplinary contact through the Biology School seminars and specialist con-

ferences is a good way to see problems from a different perspective, and often raises

possibilities for solutions or draws unexpected parallels from other areas of exper-

tise. Giving presentations for the general public can encourage public support for

the project, and might potentially result in some volunteer assistance.

I anticipate several areas of this research will lead to publications. The proof

of multiple paternity in wild rats should be of interest to mammalian ecologists.

The characterisation of mtDNA haplotypes across New Zealand should also be

of interest to biologists, particularly the findings for Big South Cape in light of

the story behind the initial invasion. With the ecological interest in this landmark

invasion, we are optimistic that a high-impact journal might publish the Big South

Cape results. Once the mtDNA sequences are published, they will be submitted for

accession to the open-access GenBank archive. In terms of statistical innovations,

the authors of BayesAss+ might be interested in incorporating the new migration

model suggested in this thesis as an option to their program. The method to handle

missing data introduced in Chapter 7 appears novel, and is introduced in a joint-
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paper discussing the results from the multi-species rat eradication on Pearl Island.

15.3 Future Directions

Unfortunately what is little recognized is that the most worthwhile scientific

books are those in which the author clearly indicates what he does not

know; for an author most hurts his readers by concealing difficulties.

Evariste Galois

To explain all nature is too difficult a task for any one man or even for

any one age. ‘Tis much better to do a little with certainty, and leave the

rest for others that come after you, than to explain all things.

Isaac Newton

There are many avenues for further work stemming from this project. Some pos-

sibilities are:

• Increase the functionality of the GUI.

– One possibility is to include incorporating the exploratory method out-

line in Chapter 8, although this method would need to be programmed

to run faster (perhaps in a language other than R) in order to make

this option feasible.

– Incorporate optimisation algorithms to identify optimal eradication

strategies, subject to cost, resources and labour constraints, for island

groups to minimise the chance of reinvasion of target islands over a

given time frame. Although the results from this study are a useful

beginning point for such a project, more work is needed to investigate
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rat invasion dynamics when an island goes from being infested with rats

to completely rat-free. That is, resident populations of rats might resist

invaders, leaving no sign of genetic migration, but once those residents

are gone, migrating rats might be able to colonise the island more easily.

– Modify the population structure statistic estimates so that they are loci-

specific, or even allele-specific, rather than population specific as they

are at present.

• Further develop the modified algorithm for estimating migrations rates.

– One way to better explore the multi-modal posterior density would be

to employ parallel tempering, also known as Metropolis-coupled Markov

chain Monte Carlo (MCMCMC) (Geyer, 1991)

– The more complex posterior density surface also requires the develop-

ment of more complex diagnostic procedures.

– The effect of prior probability distributions also needs to be tested.

– Incorporating additional information into the migration model might

prevent this multi-modality. For example, it might be justifiable to

assume only neighbouring populations can swap migrants. If this is too

restrictive, some penalty involving distance could be applied, so that

solutions are favoured which prefer short migrations rather than long

migrations, where appropriate.

• A rigorous test for multiple paternity needs to be undertaken. This should

involve samples collected for this express purpose. It should use the latest

methods and involve larger sample sizes than the results presented here. This

could help characterise how common multiple paternity is, how many fathers

are typically involved, and the relative proportions of a litter attributable to

each father.

• The summary statistics presented in Chapter 13 could be bolstered with

larger sample sizes for certain categories (where possible) and with better
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spatial coverage (e.g. across more than a single southern study area).

• Geographical coordinates were also taken for many of the samples collected

for this project, but only the general sampling location was utilised (i.e. the

geographical population). It would be interesting to apply spatial-statistical

techniques to this data, although the geographical data is rather sparse for

some sampling locations.
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Appendix A

Equations

If you see a formula in the Physical Review that extends over a quarter of

a page, forget it. It’s wrong. Nature isn’t that complicated.

Bernd Matthias

A.1 Inbreeding Model

The typical Hardy-Weinberg Equilibrium equations are

Pr (Homozygous genotype) = p2
hja (A-1)

Pr (Heterozygous genotype) = 2phjaphjb (A-2)

where phja and phjb are the frequencies of alleles a and b at locus j in population

h respectively. We require 0 ≤ phji ≤ 1 ∀i ∈ {1, . . . , kj} and
∑kj

i=1 phji = 1, where

kj is the number of distinct alleles at locus j.

An extension can be made to these equations to account for inbreeding. Let Fh be

339
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the inbreeding coefficient for population h, −1 ≤ Fh ≤ 1. Then

Pr (Homozygous genotype) = (1 − Fh) p2
hja + Fhphja (A-3)

Pr (Heterozygous genotype) = 2 (1 − Fh) phjaphjb (A-4)

This model is equivalent to taking a fraction (1 − Fh) of a population and con-

structing genotypes by randomly drawing pairs of alleles, where the individual

alleles are drawn in proportion to their frequency in the population. For the re-

maining Fh fraction of the population, pairs of identical alleles are drawn at random

with probabilities equal to the population frequencies of the single allele present in

the pair. Allele pairs for this proportion of the population are formed by doubling

the single alleles. In this way, a proportion (1 − Fh) of homozygous genotypes

occur due to random sampling, while a proportion Fh are forced to occur.

A.2 Bounds for the Inbreeding Coefficient

Proportions of homozygotes and heterozygotes in a population must be between 0

and 1.

A.2.1 Homozygotes

(1 − Fh) p2
hja + Fhphja ≤ 1

p2
hja + Fh

(

phja − p2
hja

)

≤ 1

Fh ≤
1 − p2

hja

phja (1 − phja)

=
(1 + phja) (1 − phja)

phja (1 − phja)

=
1 + phja

phja

∈ [2,∞) for phja ∈ [0, 1] (A-5)

This condition is always satisfied since −1 ≤ Fh ≤ 1.
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(1 − Fh) p2
hja + Fhphja ≥ 0

p2
hja + Fh

(

phja − p2
hja

)

≥ 0

Fh ≥
−p2

hja

phja (1 − phja)

=
−phja

1 − phja
∈ (−∞, 0] for phja ∈ [0, 1] (A-6)

This condition sets a lower bound for the inbreeding coefficient for a particular

allele a. When inbreeding is aggregated at the population level, this condition

must be met for all alleles at every locus. The smaller an allele frequency, the

higher the lower limit. Therefore, if the value of Fh satisfies this condition for the

allele with the allele frequency that maximises the lower bound for Fh, that value

of Fh will also be above the lower bound for any other allele. The allele frequency

that maximises this lower bound is the minimum allele frequency found in the

population.

Therefore we require

Fh ≥
−pmin

1 − pmin

(A-7)

where pmin is the minimum allele frequency in population h.

A.2.2 Heterozygotes

2 (1 − Fh) phjaphjb ≤ 1

1 − Fh ≤
1

2phjaphjb

Fh ≥ 1 −
1

2phjaphjb

=
2phjaphjb − 1

2phjaphjb
∈ (−∞,−1] for phja, phjb ∈ [0, 1]

and phja + phjb ≤ 1 (A-8)
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This condition is always satisfied since −1 ≤ Fh ≤ 1.

2 (1 − Fh) phjaphjb ≥ 0

Fh ≤ 1 (A-9)

This condition is always satisfied since −1 ≤ Fh ≤ 1.

A.3 Posterior Distribution of Unknown Popula-

tion Allele Frequencies

Let chj be a vector of allele counts at locus j in a sample of individuals from

population h.

Let phj be the corresponding (unknown) population allele frequencies at that locus.

We want to know the distribution of population allele frequencies, based on knowl-

edge about our sample:

f (phj|chj) ∝ f (chj|phj) f (phj)

by Bayes’ theorem.

Let chj|phj ∼ Multinomial (2nh,phj), where nh is the number of individuals sam-

pled from population h.

If we choose a Dirichlet prior distribution for the allele frequencies, i.e.

phj ∼ Dirichlet (αhj) ,

where αhj is a vector of prior weights, one for each allele in population h, locus j;
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and αhji > 0 for allele i, then

f (phj |chj) ∝





2nh!
∏kj

i=1 chji!

kj
∏

i=1

p
chji

hji









Γ
(

∑kj

i=1 αhji

)

∏kj

i=1 Γ (αhji)

kj
∏

i=1

p
αhji−1
hji





∝

kj
∏

i=1

p
chji+αhji−1
hji , (A-10)

where kj is the number of unique alleles identified at locus j. Thus the conditional

distribution of population allele frequencies, given the counts of alleles from the

sample, is distributed as

phj|chj ∼ Dirichlet (chj + αhj) (A-11)

In the absence of information about the distribution of allele frequencies prior to

the study, it is advisable to set a neutral prior. When all parameters αhji are set

to a constant in the prior distribution, i.e. αhji = α ∀ i ∈ {1, . . . , kj}, the expected

value of all marginal allele frequencies is constant:

E (phji) =
1

kj

(A-12)

However, the variance of the marginal allele frequencies in the prior distribution

depend on the choice of α:

Var (phji) =
kj − 1

k2
j (kjα + 1)

(A-13)

Rannala and Mountain (1997) suggest a value of α = 1
kj

. Expected marginal allele

frequencies for the prior distribution described with this choice are equally 1
kj

. The

variance of the marginal allele frequencies is
kj−1

2k2

j

. The prior distribution under

this choice of α does not support all allele frequency profiles equally, since the

probability density for sets of allele frequencies is proportional to
∏kj

i=1 p
(1−kj)/kj

hji .

This choice of prior distribution particularly favours allele profiles where one allele

is predominant, with a frequency close to 1, and all other frequencies are close to

zero.
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Another common suggestion is α = 1 (Balding and Nichols, 1995; Gaggiotti et al. ,

2004). Again, expected marginal allele frequencies are all 1
kj

, but this time the

variance of these allele frequencies is
kj−1

k2

j
(kj+1)

. For 2 or more alleles, this variance

will be less than that discussed in the previous case, and continue to decrease

the more alleles exist at a locus. In this case, the choice of prior allele frequency

profiles is uniformly random, since the probability density function of the prior

distribution is 1 for all choices of allele frequency profiles.

A.4 Including Inbreeding in Rannala and Moun-

tain Posterior Probabilities

Rannala and Mountain (1997) (R&M) give an equation for the expectation of the

posterior probability of observing an individual’s genotype given sample counts of

alleles. This point estimate is calculated based on the standard Hardy-Weinberg

Equilibrium equations. We wish to extend these equations to incorporate the

Hardy-Weinberg Equilibrium equations accommodating inbreeding.

Let Xhjm be the genotype at locus j for individual m from population h. The

probability of that genotype can be expressed as

Pr (Xhjm|chj) =

∫

Pr (Xhjm|phj) Pr (phj|chj) dphj (A-14)

That is, the posterior probability of an individual’s genotype is found by taking

the probability of that genotype given a population allele frequency profile multi-

plied by the probability of that frequency profile given the sample of allele counts,

and then integrating over all possible population allele frequency profiles. Effec-

tively, this is calculating the expected Hardy-Weinberg posterior probability of a

genotype, conditional on the numbers of alleles present in a sample.

Incorporating the Hardy-Weinberg inbreeding model into these calculations is as



A.4. R&M POSTERIOR PROBS. WITH INBREEDING 345

simple as replacing the standard equations for a genotype probability with the

inbreeding equations for that genotype probability.

A.4.1 Homozygotes

The probability individual m from population h has a homozygous genotype for

ath allele at locus j is equal to

(1 − Fh) p2
hja + Fhphja,

where phja is the population allele frequency of the ath allele at locus j in popula-

tion h, and Fh is the inbreeding coefficient for population h.

The equation for the expected posterior genotype probability given the sample

allele counts is then

Pr (Xhjm|chj) =

∫

[

(1 − Fh) p2
hja + Fhphja

]

Pr (phj|chj) dphj

= (1 − Fh)

∫

p2
hjaPr (phj |chj) dphj +

Fh

∫

phjaPr (phj |chj) dphj

= (1 − Fh) E
(

p2
hja|chj

)

+ FhE (phja|chj) (A-15)

We know phj|chj ∼ Dirichlet (chj + α) from equation A-11. Therefore

E (phja|chj) =
chja + α

∑kj

i=1 (chji + α)

=
chja + α

2nh + kjα
(A-16)

and

Var (phja|chj) =
(chja + α)

[

∑kj

i=1 (chji + α) − (chja + α)
]

[

∑kj

i=1 (chji + α)
]2 [
∑kj

i=1 (chji + α) + 1
]

=
(chja + α) [(2nh + kjα) − (chja + α)]

(2nh + kjα)2 [(2nh + kjα) + 1]
(A-17)
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Now,

E
(

p2

hja|chj

)

= Var (phja|chj) + [E (phja|chj)]
2

=
(chja + α) [(2nh + kjα) − (chja + α)]

(2nh + kjα)
2
[(2nh + kjα) + 1]

+
(chja + α)

2

(2nh + kjα)
2

=
(chja + α) [(2nh + kjα) − (chja + α)] + (chja + α)2 [(2nh + kjα) + 1]

(2nh + kjα)
2
[(2nh + kjα) + 1]

=
(chja + α) [(2nh + kjα) − (chja + α) + (chja + α) (2nh + kjα) + (chja + α)]

(2nh + kjα)
2
[(2nh + kjα) + 1]

=
(chja + α) (2nh + kjα) [(chja + α) + 1]

(2nh + kjα)2 [(2nh + kjα) + 1]

=
(chja + α) (chja + α + 1)

(2nh + kjα) (2nh + kjα + 1)
(A-18)

Therefore

Pr (Xhjm|chj) = (1 − Fh) E
(

p2
hja|chj

)

+ FhE (phja|chj)

= (1 − Fh)
(chja + α) [(chja + α) + 1]

(2nh + kjα) [2nh + kjα] + 1
+ Fh

chja + α

2nh + kjα

=
chja + α

2nh + kjα

[

(1 − Fh)
(chja + α + 1)

(2nh + kjα + 1)
+ Fh

]

(A-19)

When there is no inbreeding, i.e. Fh = 0, this equation corresponds to equation

(9) for homozygotes from R&M.

A.4.2 Heterozygotes

The probability individual m from population h has a heterozygous genotype for

ath and bth allele at locus j is equal to

2 (1 − Fh) phjaphjb,

where phja and phjb are the population allele frequencies of the ath and bth alleles

at locus j in population h respectively, and Fh is the inbreeding coefficient for

population h.
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The equation for the expected posterior genotype probability given the sample

allele counts is then

Pr (Xhjm|chj) =

∫

2 (1 − Fh) phjaphjbPr (phj |chj) dphj

= 2 (1 − Fh)

∫

phjaphjbPr (phj |chj) dphj

= 2 (1 − Fh) E (phjaphjb) (A-20)

Because the distribution of the population allele frequencies conditional on the

sample allele counts is Dirichlet distributed, we know

Cov (phja, phjb|chj) =
− (chja + α) (chjb + α)

(2nh + kjα)2 [(2nh + kjα) + 1]
(A-21)

Now,

E (phjaphjb|chj) = Cov (phja, phjb|chj) + E (phja|chj) E (phjb|chj)

=
− (chja + α) (chjb + α)

(2nh + kjα)2 [(2nh + kjα) + 1]
+

chja + α

2nh + kjα

chjb + α

2nh + kjα

=
(chja + α) (chjb + α) [(2nh + kjα + 1) − 1]

(2nh + kjα)2 [(2nh + kjα) + 1]

=
(chja + α) (chjb + α)

(2nh + kjα) (2nh + kjα + 1)
(A-22)

So

Pr (Xhjm|chj) = 2 (1 − Fh) E (phjaphjb)

= 2 (1 − Fh)
(chja + α) (chjb + α)

(2nh + kjα) (2nh + kjα + 1)
(A-23)

A.5 Calculating the Variance of R&M Point Es-

timates of Genotype Probabilities

Rannala and Mountain (1997) are effectively calculating the conditional expecta-

tion of a function of population allele frequencies, i.e.

E [g (phj) |chj]
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We want to know the precision of these estimates, especially when sample sizes

are small. We therefore need to calculate the variability of the allele frequency

functions.

Var [g (phj) |chj] = E
[

g (phj)
2 |chj

]

− E [g (phj) |chj]
2 (A-24)

We derive the variance of the genotype probabilities using the Hardy-Weinberg

Equilibrium equations adapted for inbreeding. These results can be applied using

the standard Hardy-Weinberg equations used by R&M by setting Fh = 0.

A.5.1 Homozygotes

For an individual from population h homozygous for allele a at locus j, the function

of the allele frequencies is

g (phj) |chj = (1 − Fh) p2
hja + Fhphja

We derived the conditional expectation for this function of the allele frequencies

in equation A-10. Squaring this result we find

E [g (phja) |chj]
2 =

[

(1 − Fh)
1
∏

q=0

(chja + α + q)

(2nh + kjα + q)
+ Fh

chja + α

2nh + kjα

]2

= (1 − Fh)
2

[

1
∏

q=0

(chja + α + q)

(2nh + kjα + q)

]2

+

2Fh (1 − Fh)

[

chja + α

2nh + kjα

]

[

1
∏

q=0

(chja + α + q)

(2nh + kjα + q)

]

+

F 2
h

[

chja + α

2nh + kjα

]2

(A-25)

The conditional expectation of the squared function of the population allele fre-
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quencies is

E
[

g (phj)
2 |chj

]

=

∫

g (phj)
2 Pr (phj |chj) dphj

=

∫

[

(1 − Fh) p2
hja + Fhphja

]2
Pr (phj |chj) dphj

=

∫

[

(1 − Fh)
2 p4

hja + 2Fh (1 − Fh) p3
hja + F 2

hp2
hja

]

×

Pr (phj|chj) dphj

= (1 − Fh)
2

∫

p4
hjaPr (phj|chj) dphj +

2Fh (1 − Fh)

∫

p3
hjaPr (phj|chj) dphj +

F 2
h

∫

p2
hjaPr (phj |chj) dphj (A-26)

∫

p4
hjaPr (phj |chj) dphj =

∫

p4
hja

Γ (2nh + kjα)
∏kj

i=1 Γ (chji + α)

kj
∏

i=1

p
chji+α−1
hji dphj

=

∫

Γ (2nh + kjα + 4)
[

∏

i6=a Γ (chji + α)
]

Γ (chja + α + 4)
×

(

∏

i6=a

p
chji+α−1

hji

)

p
chja+α+4−1

hja dphj ×

Γ (2nh + kjα)

Γ (2nh + kjα + 4)

Γ (chja + α + 4)

Γ (chja + α)

=

3
∏

q=0

(chja + α + q)

(2nh + kjα + q)
(A-27)

Similarly,

∫

p3
hjaPr (phj|chj) dphj =

2
∏

q=0

(chja + α + q)

(2nh + kjα + q)
(A-28)

and

∫

p2
hjaPr (phj |chj) dphj =

(chja + α) (chja + α + 1)

(2nh + kjα) (2nh + kjα + 1)
(A-29)
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Putting these results together, we find

E
[

g (phj)
2 |chj

]

= (1 − Fh)
2

∫

p4
hjaPr (phj |chj) dphj +

2Fh (1 − Fh)

∫

p3
hjaPr (phj |chj) dphj +

F 2
h

∫

p2
hjaPr (phj |chj) dphj

=

1
∏

q=0

(chja + α + q)

(2nh + kjα + q)

[

(1 − Fh)
2

3
∏

q=2

(chja + α + q)

(2nh + kjα + q)
+

2Fh (1 − Fh)
(chja + α + 2)

(2nh + kjα + 2)
+ Fh

]

(A-30)

Therefore, the variance of the Hardy-Weinberg Equilibrium probability, conditional

on the sample allele counts, is

Var [g (phj) |chj ] = E
[

g (phj)
2 |chj

]

− E [g (phj) |chj]
2

= (1 − Fh)2











3
∏

q=0

chja + α + q

2nh + kjα + q



−





1
∏

q=0

chja + α + q

2nh + kjα + q





2




+

2Fh (1 − Fh)





1
∏

q=0

chja + α + q

2nh + kjα + q



×

[

chja + α + 2

2nh + kjα + 2
−

chja + α

2nh + kjα

]

+

F 2
h

chja + α

2nh + kjα

[

chja + α + 1

2nh + kjα + 1
−

chja + α

2nh + kjα

]

(A-31)

A.5.2 Heterozygotes

For an individual from population h heterozygous for alleles a and b at locus j,

the function of the allele frequencies is

g (phj) |chj = 2 (1 − Fh)
2 phjaphjb

Again, phj |chj ∼ Dirichlet (chj + α) from equation A-11, and the conditional ex-

pectation for the function of the allele frequencies was derived in equation A-10.



A.5. VARIANCE OF R&M GENOTYPE PROB. ESTIMATES 351

Squaring this conditional expectation, we get

E [g (phj) |chj]
2 =

[

2 (1 − Fh)
(chja + α) (chjb + α)

(2nh + kjα) (2nh + kjα + 1)

]2

= 4 (1 − Fh)
2

[

(chja + α) (chjb + α)

(2nh + kjα) (2nh + kjα + 1)

]2

(A-32)

The conditional expectation of the squared function of the population allele fre-

quencies is

E
[

g (phj)
2 |chj

]

=

∫

g (phj)
2 Pr (phj|chj) dphj

=

∫

4 (1 − Fh)
2 p2

hjap
2
hjb

Γ (2nh + kjα)
∏kj

i=1 Γ (chji + α)

kj
∏

i=1

p
chji+α−1
hji dphj

= 4 (1 − Fh)
2 ×

∫

Γ (2nh + kα + 4)
[

∏

i6=a,b Γ (chji + α)
]

Γ (chja + α + 2)Γ (chjb + α + 2)
(

∏

i6=a,b

p
chji+α−1
hji

)

p
chji+α+2−1
hja p

chji+α+2−1
hja dphj ×

Γ (2nh + kjα)

Γ (2nh + kjα + 4)

Γ (chja + α + 2)Γ (chjb + α + 2)

Γ (chja + α) Γ (chjb + α)

= 4 (1 − Fh)
2 ×

(chja + α) (chja + α + 1) (chjb + α) (chjb + α + 1)

(2nh + kjα) (2nh + kjα + 1) (2nh + kjα + 2) (2nh + kjα + 3)

(A-33)

Therefore, the variance of the Hardy-Weinberg Equilibrium probability, conditional

on the sample allele frequencies, is

Var [g (phj) |chj ] = E
[

g
(

p
2

hj

)

|chj

]

− {E [g (phj) |chj ]}
2

= 4 (1 − Fh)2
(chja + α) (chjb + α)

(2nh + kjα) (2nh + kjα + 1)
×

[

(chja + α + 1) (chjb + α + 1)

(2nh + kjα + 2) (2nh + kjα + 3)
−

(chja + α) (chjb + α)

(2nh + kjα) (2nh + kjα + 1)

]

(A-34)
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Appendix B

Mitochondrial DNA

B.1 Norway rats, Rattus norvegicus

Norway rat samples for this project came from a limited number of areas through-

out New Zealand. The diversity of mtDNA was very low. All but one sample typed

for mtDNA from the archipelago in the Bay of Islands, including two historical sam-

ples from 1984, all samples taken from Moturemu lying in the Kaipara Harbour,

and the single Norway rat caught on Ponui Island in the Hauraki Gulf possessed the

same haplotype. This haplotype exactly matches that for the BN/SsNHsdMCW

Brown Norway Harlan Sprague Dawley strain of rats.

One sample from Motuarohia differed from the above haplotype at a single nu-

cleotide at the 150th base in the sequence. This was not the individual from

Motuarohia that distinguished itself in Figure 9.7 by closely associating with the

individuals from the mainland and Moturoa. The rat from Motuarohia that did

seem to associate more with the mainland Bay of Islands Norway rats and Nor-

way rats from Moturoa had the frequently encountered Norway rat mtDNA hap-

lotype found throughout the samples taken for this project, and internationally

(Hingston et al. , 2005).
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Table B.1: The eight haplotypes of mtDNA detected in New Zealand ship rats.

The indices refer to the site along the 429 nucleotide region of mtDNA D-loop that

a nucleotide variation occurred. Nucleotides represented by “.” are identical to the

nucleotide of the first haplotype at that index.

Haplotype Indices of Variable Nucleotides

78 122 152 172 190 262 366 369

1 T C C T T C C A

2 . . . . . . T .

3 . T . . . . . .

4 . . . . C . . .

5 . . . C C . . .

6 C . . C C . . .

7 . . T . . . . G

8 . . T . . T . G

B.2 Ship rats, R. Rattus

Eight separate haplotypes were detected in samples genotyped for mitochondr-

ial DNA in New Zealand. The most common, and widely spread haplotype was

Haplotype 1 which was in the following regions:

• The Bay of Islands: found for every sample typed, from both the archipelago

samples and the mainland samples from Rawhiti and Doves Bay.

• Greater Auckland Region: all four samples from the mainland surrounding

Moturemu in the Kaipara Harbour, two samples from Kaikoura Island lying

off Great Barrier Island, all six samples from Waiheke Island, and samples

taken from Titirangi in mainland Auckland (Robins et al. , 2007).

• Southland: all four samples from Pomona Island in Lake Manapouri, and

one sample from Blanket Bay in Fiordland.
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Figure B.1: Graphical representation of the mtDNA haplotypes detected in ship

rat samples from New Zealand. Circles represent the haplotypes, with the numbers

corresponding to the haplotypes in Table B.1. Each edge represents one nucleotide

difference. The small black circle represents an intermediate haplotype that was not

found for any sample.

• Stewart Island: all samples tested from Big South Cape Island.

• Overseas: this haplotype was held by the single sample procured from Fiji,

and by rats sampled from Papua New Guinea (Robins et al. , 2007), and New

York, Great Britain, France and French Polynesia (Hingston et al. , 2005).

Haplotype 2 was also wide-spread, being found in the following regions:

• Greater Auckland Region: all samples from Ponui Island, all samples tested

from Nelson Island and Motuhaku, lying in the Kaikoura Island chain off

Great Barrier Island, and several samples from Kaikoura Island, plus one

sample from the surrounding mainland on Great Barrier Island.

• Southland: One sample from Blanket Bay in Fiordland, all samples from

the port of Riverton, and a single sample from the port of Bluff (possibly a

migrant from the nearby Riverton population).
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Haplotype 3 was unique to the port of Bluff in Southland. Aside from a single

rat with Haplotype 2, this was the only haplotype found in samples from this

population.

Haplotypes 4, 5, and 6 form a clade, each differing from the previous by a single

nucleotide. These haplotypes are found solely on Great Barrier Island. Haplotype

4 is a single nucleotide different from Haplotype 1. Aside from a single instance of

Haplotype 2 found in a rat on a stretch of mainland Great Barrier at the closest

point to Kaikoura Island, this was the only haplotype detected for rats sampled

from the mainland of Great Barrier Island. It was also the only haplotype detected

for samples from the Broken Islands archipelago. It was the most common haplo-

type detected for rats taken from Kaikoura Island, though it was not found on the

other islands of the Kaikoura Island chain, Motuhaku and Nelson Island. Only a

few instances of Haplotypes 5 and 6 were detected, and from our samples these

were unique to Kaikoura Island. For a detailed discussion about the haplotypes

detected on Great Barrier Island, see Chapter 9.4.4.

Haplotypes 7 and 8 also form a clade, with Haplotype 8 differing from Haplo-

type 7 by a single nucleotide. They differ from the common haplotype, Haplotype

1, by two and three nucleotides respectively. These two haplotypes are unique to

rats sampled from Stewart Island and nearby inshore islands (not including the

island of Big South Cape). Only a single instance of Haplotype 8 was detected,

in a historical sample taken from Stewart Island in the 1970s. An intermediate

haplotype linking Haplotype 1 to Haplotype 7, with either a T nucleotide at po-

sition 152 or a G nucleotide at position 369, was not detected for any sample typed

for mtDNA. For more discussion about the mtDNA haplotypes found on Stewart

Island, and how they relate to the invasion of Big South Cape, see Chapter 9.1.4.



Appendix C

Morphological Statistics

Lest men suspect your tale untrue,

Keep probability in view.

John Gay

C.1 t-tests of Masses, by Factor
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Table C.1: Table showing 95% confidence intervals for the significant differences in

mass between Norway and ship rats for combinations of latitude, area type, and sex.

Latitude Area Type Sex Difference in Average Mass

Between Species (grams)

South Island Male insufficient data

South Island Female insufficient data

South Mainland Male insignificant

South Mainland Female insignificant

North Island Male Norways > Ships

(55.5, 85.7)

North Island Female Norways > Ships

(26.4, 59.6)

North Mainland Male insufficient data

North Mainland Female insufficient data
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Table C.2: Table showing 95% confidence intervals for the significant differences in

mass between male and female rats for combinations of latitude, area type, and species.

Latitude Area Type Species Difference in Average Mass

Between the Sexes (grams)

South Island Norway insufficient data

South Island Ship Males > Females

(2.7, 39.2)

South Mainland Norway insignificant

South Mainland Ship insignificant

North Island Norway Males > Females

(22.1, 50.3)

North Island Ship insignificant

North Mainland Norway insufficient data

North Mainland Ship Males > Females

(2.8, 20.5)
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Table C.3: Table showing 95% confidence intervals for the significant differences in

mass between island and mainland rats for combinations of latitude, species, and sex.

Latitude Species Sex Difference in Average Mass

Between Area Types (grams)

South Norway Male insufficient data

South Norway Female insufficient data

South Ship Male Islands > Mainland

(51.8, 99.2)

South Ship Female Islands > Mainland

(40.5, 94.1)

North Norway Male insufficient data

North Norway Female insufficient data

North Ship Male insignificant

North Ship Female insignificant
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Table C.4: Table showing 95% confidence intervals for the significant differences in

mass between northern and southern rats for combinations of species, sex, and area type.

Species Sex Area Type Difference in Average Mass

Between Latitudes (grams)

Norway Male Island insufficient data

Norway Male Mainland insufficient data

Norway Female Island insufficient data

Norway Female Island insufficient data

Ship Male Island South > North

(22.0, 58.1)

Ship Male Mainland North > South

(8.7, 49.9)

Ship Female Island South > North

(10.2, 45.3)

Ship Female Mainland North > South

(5.2, 55.7)
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C.2 Model for Mass involving Factors and Head-

Body Length

The output from an analysis of variance for the selected model was:

Analysis of Variance Table

Response: log(m)

Df Sum Sq Mean Sq F value Pr(>F)

species 1 17.433 17.433 652.6396 < 2.2e-16 ***

HBL 1 74.269 74.269 2780.3411 < 2.2e-16 ***

areaType 1 0.674 0.674 25.2443 6.271e-07 ***

latitude 1 1.117 1.117 41.8309 1.759e-10 ***

I(HBL ^ 2) 1 3.779 3.779 141.4783 < 2.2e-16 ***

HBL:areaType 1 1.139 1.139 42.6463 1.184e-10 ***

HBL:latitude 1 0.182 0.182 6.8075 0.009252 **

Residuals 777 20.755 0.027

---

Signif. codes: 0 *** 0.001 ** 0.01 * 0.05 . 0.1 1

The coefficients associated with this model were:

Call:

lm(formula = log(m) ~ species + HBL * (areaType + latitude) +

I(HBL ^ 2), data = physical.df)

Residuals:

Min 1Q Median 3Q Max

-0.715578 -0.084247 0.008157 0.095789 0.470613

Coefficients:

Estimate Std. Error t value Pr(>|t|)

(Intercept) -0.3027220 0.2464790 -1.228 0.21975
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speciesShip -0.0902539 0.0161814 -5.578 3.37e-08 ***

HBL 0.5032012 0.0287599 17.497 < 2e-16 ***

areaTypeIsland -0.7589748 0.1202438 -6.312 4.63e-10 ***

latitudeSouth -0.2961155 0.1470606 -2.014 0.04440 *

I(HBL ^ 2) -0.0110660 0.0008598 -12.870 < 2e-16 ***

HBL:areaTypeisland 0.0459370 0.0069096 6.648 5.59e-11 ***

HBL:latitudeSouth 0.0220293 0.0084432 2.609 0.00925 **

---

Signif. codes: 0 *** 0.001 ** 0.01 * 0.05 . 0.1 1

Residual standard error: 0.1634 on 777 degrees of freedom

Multiple R-Squared: 0.8261, Adjusted R-squared: 0.8245

F-statistic: 527.3 on 7 and 777 DF, p-value: < 2.2e-16

Diagnostic plots (Figure C.1) suggest that the residuals are non-normal (Shapiro-

Wilks test: W = 0.979, p-value < 0.001). This seems to be particularly affected

by a long left tail in the distribution of the residuals. ANOVA is quite robust to

non-normality however, so it was felt this non-normality of the residuals had little

impact on the selection of the model.
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Figure C.1: Diagnostic plots for the selected model for rat masses.
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