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ABSTRACT  

Invasive pests threaten native biodiversity and impact economies worldwide. 

Assessing their movement and persistence patterns is essential for planning management 

interventions to limit their impacts. However, such assessments can be costly and time-

consuming. My study aimed to evaluate the viability of using modern techniques to 

quantify movement patterns, explore population persistence, and identify factors that 

influence the dispersal of one of Australia’s most prevalent invasive vertebrate pests. My 

study used a multidisciplinary approach to assess regional, and landscape-scale movement 

ecology of feral pigs (Sus scrofa) to inform the efficacy of current and future management 

options. 

My research reveals a historically low use of mass-produced tracking devices that 

have been modified for deployment on wildlife. However, I have shown that using these 

unconventional devices can be cost-effective, compared to typical methods, and that these 

technologies successfully measured the impact of management interventions. These 

tracking devices provided evidence that feral pigs changed their habitat preferences for long 

periods after interventions. Additionally, on a larger spatial scale, my modelling shows 

landscape resistance using easily identifiable landscape features can help explain genetic 

dispersal. My research also identified recent genetic connectivity between geographically 

distant populations that cannot be accounted for by currently quantified natural dispersal. 

This body of work uses a synergy of large-scale population genetics and fine-scale 

individual GPS tracking to provide holistic insights into the landscape-level movement 

ecology of feral pigs in remote and isolated regions of the Northern Territory, Australia. 

Overall, my findings highlight the importance of trialling new techniques for 

understanding complex problems. My research reviews a range of subject matter, using 

various techniques to address topics at the forefront of wildlife science. My thesis 
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contributes to animal management and behavioural ecology by improving our 

understanding of the ecological drivers of this pest species, and helps explain underlying 

patterns of persistence in a uniquely Australian setting.  
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CHAPTER 1. GENERAL INTRODUCTION 

1.1 Pest animals 

Globally, plants and animals have been introduced into environments where they 

are not native but where they are suited to thrive. The repercussions of these introductions, 

whether deliberate or accidental, can be beneficial. For example, in California introduced 

plants help feed endemic butterflies (Graves & Shapiro, 2003); in Puerto Rico, non-native 

trees help restore degraded agricultural land to conditions suitable for native plants (Lugo, 

2004); and in the Netherlands, Zebra Mussels filter toxins from lakes (Dionisio Pires et al., 

2010). However, it’s more common that introduction will lead to negative impacts. 

Introduced species are often well suited to their new habitats and thus thrive, out-competing 

native species and altering habitats. In Australia, the South American Cane Toad has 

expanded across the continent and is implicit in the population decline of many native 

species (Doody et al., 2009; Letnic et al., 2008). The European Red Deer has invaded South 

America, altering vegetation communities by eating native species and spreading weeds 

(Vázquez, 2002). When such introduced species establish and expand beyond human 

control, they become ‘pest’ species.  

In Australia, pest species account for $6.84 billion USD annually in losses, 

damages, and management expenses, with the costliest species all being mammals 

(Bradshaw et al., 2021). Feral pigs (Sus scrofa) require substantial resources and 

management efforts to control populations, the cost of which are only surpassed by cats 

and rodents (Bradshaw et al., 2021). Pigs are generalist omnivores with high fecundity. 

Their flexible diet allows them to thrive in various environments. Because sows reach 

oestrus around five months old and have two litters of around ten piglets each year, they 

can increase their numbers by 86%, annually (Choquenot et al., 1996). Constant 

management is required to keep populations at ‘acceptable’ levels and limit their otherwise 
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severe environmental impacts (Choquenot & Parkes, 2001; Department of the Environment 

and Energy, 2017b). 

The impact of feral pigs is extensive. Feral pigs reduce agricultural production by 

destroying crops (Gentle et al., 2015; Hampton et al., 2004). They are potential vectors for 

human and livestock diseases such as Foot and Mouth Disease and Leptospirosis (Hampton 

et al., 2004). They also impact native flora and fauna indirectly by altering ecosystems and 

directly through predation (Bengsen et al., 2014; Engeman et al., 2004). 

1.2 Feral pig management in Australia 

In Australia, feral pigs are managed using a range of methods, including trapping, 

hunting, and poisoning (Bengsen & Sparkes, 2016; Department of the Environment and 

Energy, 2017b). Despite these management actions, pigs continue to extend their range and 

abundance and are a serious environmental problem (Department of the Environment and 

Energy, 2017a; National Land & Water Resources Audit & Invasive Animals Cooperative 

Research Centre, 2008). Management is generally applied to ecologically insignificant 

management units, based solely on property boundaries (Cowled et al., 2008). Although 

government agencies and landowners are investing heavily in pig management, localised 

eradication has proven challenging as pigs’ high fecundity allows them to rapidly encroach 

into managed areas from surrounding unmanaged areas (Cowled et al., 2008; Hone, 2012). 

Their national population is estimated to be over three million (95% CI: 2.3 million to 3.7 

million; Hone, 2020), inhabiting 45% of the continent (Figure 1.1; West, 2008). 

Management protocols, such as those outlined in the national Threat Abatement Plan 

(Department of the Environment and Energy, 2017a), are vague in their description of 

suitable locations and times for implementing common management techniques, such as 

trapping, hunting, and poisoning. Understanding the extent of individual and population 

movements, and the environmental and anthropogenic triggers for that movement, can help 



3 

managers decide when, where, and what type of intervention should be applied for more 

effective outcomes.  

 

Figure 1.1 – Feral pig occurrence throughout Australia (West, 2008). 

Although a common pest, research into the movement ecology of ungulates has 

generally neglected consideration of feral pigs (Kay et al., 2017). There have only been 

eight publications examining feral pig movement ecology in the Northern Territory (Table 

1.1). These publications provide basic information on seasonal habitat use (Caley, 1993; 

Dee, 2004), densities (Hone, 1990a; Ridpath et al., 1983), and the efficacy of control 

techniques (Caley, 1994; Caley & Ottley, 1995; Hone, 1990b). The publications describe 

population increases in areas of cereal crops (Caley, 1993), increased trap-ability in the late 

dry season (Caley, 1994), a sexually dimorphic home-range (Caley, 1997) and predation 

on native animals (Dee, 2004).  
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Such studies have increased our knowledge of the types of habitats used by feral 

pigs in northern Australia throughout the wet and dry seasons. However, their location data 

have been provided by trapping, visual surveys, or Very High Frequency (VHF) radio wave 

telemetry, and the environmental data categorised using a coarse resolution based on 

bioregions. For example, using radiotelemetry to assess movement as either in woodland 

or cropland (Caley, 1993). Therefore, what is currently known about feral pigs in the 

Northern Territory is based on short periods of infrequent location fixing, the most typical 

of which was three-hourly over 14 days, with all of the data from small areas. These existing 

studies do not provide data of sufficiently high temporal resolution for the assessment of 

responses to management interventions over long periods and lacks the insight of a broader 

population-level investigation that can be exploited by land managers for improved 

outcomes.  

Table 1.1 – Summary of previously published work on the movement ecology of feral pigs (Sus scrofa) 

within Northern Territory, Australia. 

Author  Year 
pub. 

Article title Methods Habitat Location 

Caley 1993 Population dynamics of 
feral pigs (Sus scrofa) in a 
tropical riverine habitat 
complex 

radiotelemetry, 
mark recapture, 
hunter’s return 

woodland 
and cereal 
crops 

Douglas Daly 
district 

Caley 1994 Factors affecting the 
success rate of traps for 
catching feral pigs in a 
tropical habitat 

trapping woodland  Douglas Daly 
district 

Caley 1995 The effectiveness of 
hunting dogs for 
removing feral pigs (Sus 
scrofa) 

trapping and 
hunting 

woodland Douglas Daly 
district 

Caley 1997 Movements, activity 
patterns and habitat use 
of feral pigs (Sus scrofa) in 
a tropical habitat 

radio telemetry, 
live trapping and 
hunter’s return 

woodland Douglas Daly 
district 

Hone 1990a Note on seasonal changes 
in population density of 
feral pigs in three tropical 
habitats 

aerial survey woodlands, 
paperbark 
swamp, 
floodplains 

Mary & 
Adelaide 
Rivers 
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Author  Year 
pub. 

Article title Methods Habitat Location 

Hone 1990b Predator-prey theory and 
feral pig control, with 
emphasis on evaluation of 
shooting from a 
helicopter 

aerial survey woodlands 
and 
floodplains 

Mary River 

Ridpath 1991 Feral mammals and their 
environment 

not noted woodland 
and open 
forest 

Kapalga 

Dee 2004 Seasonal habitat use by 
feral pigs (Sus scrofa) in 
the Arafura Wetlands and 
their impact on 
contemporary Aboriginal 
bush food resources 

anecdotal, ground 
disturbance 

wetland North central 
Arnhem Land, 
Arafura 
swamp 
catchment 

1.3 Monitoring animal movement 

As animals move through their environments, they use resources and space 

differentially. Movement is fundamental to survival and helps animals adapt to their 

surroundings. How an animal uses its surroundings has a variety of implications, from 

individual fitness to population persistence (Berger-Tal & Bar-David, 2015; Cattarino et 

al., 2016; Holyoak et al., 2008; Neumann et al., 2015). Historically, animal movements 

were assessed with labour-intensive methods such as mark-recapture, visual assessment, or 

VHF tracking. These methods, although robust, result in infrequent data from confined 

locations and have the potential to be marred by human collection biases (Cagnacci et al., 

2010; Hebblewhite & Haydon, 2010). Such techniques were commonly used for studying 

feral pigs in the Northern Territory (Table 1.1; Caley, 1993, 1997; Hone, 1990a). However, 

multiple studies on various taxa have concluded that movement occurs on spatial and 

temporal scales larger than what can be revealed by the use of conventional techniques and 

technologies (Avgar et al., 2013; Cagnacci et al., 2010; Cattarino et al., 2016; Hebblewhite 

& Haydon, 2010; Hussey et al., 2015). Modern telemetry and genetic analysis offers a 

means to minimise such issues. 
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1.3.1 Global Positioning System based telemetry 

Modern Global Positioning System (GPS) based telemetry systems can track 

animals in near-real-time without the researcher being in the field and can provide 

consistent, frequent fixes over broad spatial scales that are potentially inaccessible by other 

means (e.g., node-based and very high-frequency telemetry; Hussey et al., 2015; 

Tomkiewicz et al., 2010). High frequency data collection offered by GPS telemetry allows 

for fine-scale assessment that can provide insights into movement pathways that may have 

immediate survival implications (Kays et al., 2015; Neumann et al., 2015). The GPS-

tracking data can also be used for broad-scale assessments over large areas and times that 

can reveal dispersal, migration, and nomadic behaviours important for gene flow and 

broader-scale population dynamics (Neumann et al., 2015). However, to obtain such 

information using GPS requires tracking multiple individuals over long periods, which is 

rarely feasible. 

1.3.2 Population and landscape genetics techniques 

Population and landscape genetics techniques can be used to complement the 

shorter-term GPS-based telemetry data. Assessing genetic dispersal and relatedness of 

geographically separated individuals allows us to infer large-scale and long-term 

movements without having to track individuals for extended periods. Genetic analysis is 

particularly useful when it is difficult to obtain telemetry data for elusive animals (Spear et 

al., 2010). We can assess genetic compositions across space to infer dispersal, migration, 

and nomadic behaviours that lead to gene flow. Gene flow is the movement of genetic 

information into or out of a population and can be measured by molecular analysis of 

deoxyribonucleic acid (DNA) across individuals (Balkenhol et al., 2015; Spear et al., 2010). 

There are many molecular methods for assessing DNA, though, historically, these have 

been expensive. Single nucleotide polymorphism (SNP) analysis is an emerging technique 
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that looks at a portion of the genome with high throughput sequencing, offering a robust 

but more affordable method for genetic assessment (Melville et al., 2017; Zimmerman et 

al., 2020). This analysis can summarise the number and richness of alleles, heterozygosity, 

and proportions of polymorphic loci, which can quantify genetic diversity. Such results can 

be compared among populations and individuals to evaluate genetic structure (i.e. genetic 

differentiation). Genetic variation in diversity and structure between populations and 

individuals can be interpreted to infer movement (Balkenhol et al., 2015; Spear et al., 2010).  

It is valuable to assess genetic and telemetry data together because animals can 

move large distances but still be reproductively unsuccessful, leaving no genetic indication 

of movement. Conversely, telemetry data may show movement but not the successful 

reproduction required for long-term persistence. These methods capture movement on 

different temporal scales – current movements of individuals even if not reproductively 

successful (telemetry) and long-term successful dispersal (genetics). Telemetry data can 

show movements that may have immediate impacts, such as when pest animals enter a 

conservation reserve. In contrast, genetics can provide insights into long-term implications, 

such as potential human-induced movements of pests (translocations), and therefore the 

persistence of populations over time. Analysing recent individual movements (through 

telemetry data) and effective dispersal (through gene flow) provides a holistic view of 

animal movements that may be important for short and long-term management.  

1.4 Collecting environmental information 

The analysis of animal movement requires complementary analysis of available 

environmental resources in order to put movement into context (Handcock et al., 2009; 

Hebblewhite & Haydon, 2010; Neumann et al., 2015). Resources are rarely homogenous 

across landscapes and associating movement with resource availability can improve the 
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detail of inferences that can be made about an animal and its environmental interactions 

(Cagnacci et al., 2010; Hebblewhite & Haydon, 2010; Neumann et al., 2015).  

Remote sensing offers a means of assessing the abundance and distribution of 

environmental resources in areas too vast or isolated to assess with other methods. Remote 

sensing is the observation of the different reflectivity of features or objects without a 

physical connection to those features or objects. For ecological research, remote sensing is 

often limited to observations of features or objects located on or near the Earth’s surface 

using data acquired by airborne platforms, such as satellites (Horning et al., 2010). 

Remotely-sensed imagery can be acquired for free, at frequent temporal scales (more than 

fortnightly), and at fine spatial resolutions (> 10 m). Paid services can provide even more 

frequent and fine-scale data. When fine-scale and remotely-sensed data is assessed over 

long periods, it allows spectral characteristics to be categorised and compared across space 

and time, which provides a reasonable approximation of a landscape’s spatiotemporal 

arrangement of environmental attributes (Dodge et al., 2014; Handcock et al., 2009). 

Categorising remotely sensed environmental information permits analysis of landscapes at 

scales infeasible by groundwork but relevant to broad-ranging animals (Neumann et al., 

2015; Wegmann et al., 2016). Coupled with species location data, remotely-sensed imagery 

has resulted in significant scientific findings not possible by other means (Dodge et al., 

2014; Naidoo et al., 2012; Pop et al., 2018). Remotely-sensed environmental data provides 

an affordable means to quantify habitat selection, resource availability, and landscape 

barriers, which are all factors shown to be important for predicting dispersal, disease spread, 

and overall survival (Hoenner et al., 2018; Neumann et al., 2015).  

In addition to improvements in the methods for obtaining movement and 

environmental information, there have been similar advances in computational capability 

and analytical tools (Hebblewhite & Haydon, 2010; Hussey et al., 2015; Kays et al., 2015; 
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Kie et al., 2010). These tools can now evaluate large amounts of data in a fraction of the 

time previously required (Nathan et al., 2008). The movement information gained through 

telemetry tracking and genetic analysis can be paired with environmental information, 

using these improved tools, to infer underlying ecological processes, such as dispersal 

(Balkenhol et al., 2015).  

Using remote sensing, GPS based telemetry and genetic assessments can provide 

novel insight into the movement ecology of elusive animals over vast areas and time, with 

very little field time required. However, these methods are typically expensive and time-

consuming to implement on a meaningful scale for making ecological inferences. For 

example, a historically popular genetic assessment using microsatellites can be more time 

and cost-intensive than using modern alternatives (Schlötterer, 2004; Zimmerman et al., 

2020). The expense of these common methods can limit use by ecologists and land 

managers (Allan et al., 2013; Quaglietta et al., 2012). My research has therefore trialled 

low-cost methods. 

1.5 Thesis aims and scope  

This thesis aimed to evaluate the viability of using modern techniques to assess 

movements and identify factors that influence the distribution of one of Australia’s leading 

invasive vertebrate pests – feral pigs (Sus scrofa). My thesis comprises the first detailed 

assessment of modified solar asset trackers with near-real-time data acquisition for wildlife 

management, including their use to document the fine-scale movements of feral pigs before 

and after management interventions, indicating altered behaviour and habitat selection 

following management interventions. The thesis then documents the broad-scale 

population structure of feral pigs across the top of the Northern Territory, Australia, as well 

as the correlation of populations to environmental features.  
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The results of my research go beyond the immediate habitats and species of 

analysis. Invasions of non-native, highly mobile species are an issue worldwide and 

management is hindered where conventional methods for analysing movement and 

landscapes are not feasible (Lennox et al., 2016). Though this thesis illustrates the use of 

modern techniques for assessing the movement of a common species, the example I provide 

may be applied to various species and locations. 

1.6 Thesis outline  

This thesis consists of six chapters, including four data chapters (Chapters 2–5), 

which have been written as stand-alone publications intended for scientific journals or as a 

report to enable others to conduct similar research. 

The current chapter, Chapter 1, provides a general introduction, including the broad 

impact of pest animals, specifically the globally-renowned feral pig (Sus scrofa). It details 

the existing management interventions for feral pigs in Australia and highlights how 

modernising methods for monitoring animal movements and landscape features could 

provide more detailed individual and population-scale information to better inform 

management. Finally, the chapter outlines the objectives of this project and provides this 

thesis outline. 

In Chapter 2, I review and collate published research on the use of modified GPS 

asset trackers for wildlife management to identify areas that merit further investigation.  

In Chapter 3, I assess the efficacy of using low-cost modified asset trackers with 

near-real-time data transmission for wildlife research. I review device longevity, durability, 

spatial accuracy, and price to quantify their usefulness for wildlife research. A step-by-step 

guide to the modifications discussed in this chapter can be found in Appendix 2.1. 
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In Chapter 4, I explore the potential changes in behaviour and spatial ecology of 

individual feral pigs resulting from management intervention. I use the data from the asset 

trackers discussed in Chapter 3 to describe the fine-resolution spatial ecology before and 

after management intervention.  

In Chapter 5, I expand to a larger-scale investigation, and use landscape genetics to 

assess the spatial ecology of populations, including modelling barriers and facilitators of 

movement. I used landscape genetic resistance surface optimisation to infer effects of 

natural and anthropogenic landscape features on connectivity. 

In Chapter 6, I summarise and discuss the outcomes from the four data chapters and 

consider the significance, limitations, and implications, particularly in the context of pest 

and wildlife management. I conclude by highlighting options for further research.  
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2.1 Abstract 

2.1.1 Background 

Animal biotelemetry devices have supported animal ecological research since their 

inception and have helped advance the field. Over the past few decades, mass-produced 

locating devices, suitable for animal attachment, have been sold at considerably lower 

prices than custom-made animal telemetry devices. Here we review the animal ecology 

literature to better understand what the advent of these mass-produced devices means for 

the field.  

2.1.2 Results  

We found a wide range (n = 32) of mass-produced portable locating devices 

available, with six manufacturers featuring in the literature. The uptake of these devices by 

the research community is still relatively minor, with most applications focused on birds 

that returned to a roost site — enabling data retrieval. Deployment tended to take place over 
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short periods and at high sampling rates. Studies of mammals and reptiles also featured in 

the literature, with various device attachment and modification methods described. 

Concerns around data retrieval appear to have limited the uptake of mass-produced locating 

devices for animal ecological research.  

2.1.3 Conclusion 

Custom-made animal biotelemetry devices are superior to mass-produced portable 

locating devices due to the addition of various sensors for monitoring environmental 

attributes, such as temperature/light/altitude, but the low cost (<$150 USD) of the mass-

produced devices reviewed here make them particularly appealing to ecological 

researchers. Automated data retrieval for mass-produced devices is now starting to appear 

in the literature, and will likely increase the use of these devices in the animal research 

community.  

2.1.4 Keywords 

GPS, low-cost, modified, off-the-shelf, satellite  

2.2 Background  

The field of animal biotelemetry has developed through a unique partnership 

between field biologists and technological enterprises. Since 1959, biologists have used 

research funding to support the development of animal-borne telemetry devices to better 

understand the movement ecology of animals (Clark et al., 2006; Tomkiewicz et al., 2010). 

Technology enterprises custom-produce devices specifically for the study of individual 

species, taking into account their size and lifestyle habits. The demand for animal-borne 

telemetry is increasing (Clark et al., 2006; Thomas et al., 2011), with many companies now 

producing animal telemetry equipment around the world. The number of publications that 

have used animal telemetry devices has significantly risen over the past few decades, with 
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the amount of funds being spent on such devices running into the millions of dollars 

(Campbell et al., 2015). Whilst the cost of the devices has not significantly diminished over 

the past few decades, they have become increasingly sophisticated both in terms of the data 

they collect and the means used to transfer the data to the researcher (Allan et al., 2013; 

Tomkiewicz et al., 2010; Zucco & Mourao, 2009). Thus, whilst the quantity and quality of 

the animal telemetry data has improved substantially, the cost of tagging animals remains 

expensive. Such high expense limits the number of deployments any research project can 

achieve on a fixed budget, and consequently, ecological inferences are made based on a 

limited number of individuals (Clark et al., 2006; Fischer et al., 2018; Thomas et al., 2011).  

In recent years, there has been a boom in personal locating beacons and asset 

tracking devices. The ability to geographically track an item via satellite or a sensor 

network is now commonplace and can be undertaken relatively cheaply with a high level 

of spatial accuracy (Hennessy & Jeffreys, 2018; Kumar & Moore, 2002; Thomas et al., 

2011). These devices tend to be produced for a wide range of domestic and commercial 

applications, not specific to wildlife. Their wide application enables mass production and 

sales to a global market both in shops and over the internet. Consequently, a small, 

lightweight mass-produced locating device that stores thousands of location-fixes on-board 

the device can now be purchased off-the-shelf for less than $100 USD. 

Such a cost difference has been recognised by animal biologists, and mass-produced 

locating devices have started to appear in the animal telemetry literature. Early publications 

referred to these devices as ‘off-the-shelf’ devices because they could be purchased off-

the-shelf from distributers, then deployed on animals. However, as these off-the-shelf 

devices are not designed for wildlife research purposes, they require some adjustment 

(e.g. reducing weight or adding attachment points) in order to make them suitable for such 

deployment. Conversely, custom-made wildlife telemetry devices could not be purchased 
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ready-made, and had to be ordered specifically for the target animal or research 

requirements (Allan et al., 2013; Fischer et al., 2018). Here, we review the animal ecology 

literature to determine how prevalent the use of mass-produced off-the-shelf locating 

devices were, how they were being applied for the study of animal movement, and what 

challenges and opportunities they present to the research community. 

2.3 Methods 

To identify the range of mass-produced locating devices available, we used Google 

Shopping to search for small portable locating devices using two search terms: “small GPS” 

and “personal GPS”. We checked these devices to confirm that they were in fact small 

(< 150 g) and portable (i.e., could function without the need for an external power supply). 

The use of custom-made wildlife trackers is the traditional method of tracking wildlife 

using GPS. This study only investigates the use of non-traditional methods, therefore, 

wildlife-specific devices were excluded from this search. The results of this shopping 

search could potentially be very large, so we chose to limit the review to only the first 16 

results for each search term. Of these results, many were generic devices without a unique 

brand or manufacturer information. Therefore, the search was then expanded to the first 16 

devices with sufficient branding or manufacturers’ information that it could be noted in a 

published wildlife report.  

We then entered the names of these devices into Google Scholar and used this 

search engine to find scientific manuscripts that mentioned the name of one of these devices 

anywhere in the document. The full list of Google Shopping results and Google Scholar 

search terms can be seen in Supplementary Data 2.1 (Appendix 1.1). All returned 

manuscripts were visually scanned to determine if the study applied the device to track 

wildlife movement. Duplicate and non-English entries were removed. This final sub-set of 

manuscripts was carefully assessed, and the following criteria were extracted: device type, 
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study location, species of device attachment, number of animals tagged, duration of the 

deployment, fix rate and method of attachment. The full list of papers with categories can 

be seen in Supplementary Data 2.2 (Appendix 1.2).  

2.4 Results 

The initial web search for small portable locating devices found 32 different types 

that could potentially be used for animal movement research. Using the names of these 

devices in a Google Scholar search, we found 332 peer-reviewed scientific papers. A 

manual scan of these titles and abstracts showed only 146 described research that had 

deployed mass-produced portable locating devices for the purpose of understanding the 

movement of free-ranging animals. The first paper appeared in 2002, and until 2014 there 

were less than eight publications per year that had deployed these devices upon free-ranging 

wildlife (Figure 2.1). From 2015, the number of publications per year that used these 

devices to track animals jumped 3-fold, then remained relatively constant until 2019. In 

2020, there was a further 25% increase in the number of these studies. 

 

Figure 2.1 – The number of publications per year using mass-produced locating devices for wildlife 

research. 

Studies that deployed mass-produced locating devices occurred across the globe, 

with clustering in Europe, Antarctica and the Southern Oceans, Australia and Europe 

(Figure 2.2). The primary taxa studied were birds, which accounted for 73% of all 
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publications. Mammals were the second most commonly studied taxa, accounting for 18% 

of publications, and reptiles made up the remainder. Other taxa were not represented in the 

literature.  

 

Figure 2.2 – The global distribution of published studies that have used mass-produced locating devices for 

wildlife research. The inset bar chart shows the number of published studies on each of the represented 

taxa.  

The number of individuals tracked per study showed an even distribution from 

under 10 animals per study to greater than 100 individuals. Thirty-nine percent of studies 

tracked over 50 individuals (Figure 2.3a). Three types of attachment techniques were 

described in the literature. Adhering the device onto the animal’s back with glue or tape 

occurred in 80% of published studies, with various types of harnesses, collars and tie 

techniques used in the remainder (Figure 2.3b). The deployment duration in 57% of the 

studies was less than 14 days. Less than 5% of studies tracked animals for greater than three 

months (Figure 2.3c). The majority of studies (~96%) used location fix rates of less than 

an hour, with very high frequency (>2 mins) fix rates the most common, accounting for 
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33% of published studies (Figure 2.3d). Only a few studies (n = 5) used devices to record 

animal locations at periods greater than an hour.  

 

Figure 2.3 – The number of published studies that have used mass-produced locating devices to track 

animal movement binned into a) the number of individuals tracked, b) the animal attachment method, c) the 

duration of deployment, and d) the rate of location fixes.  

Six different manufacturers produced all the mass-produced locating devices that 

were applied to animal ecology research. In over half of these studies, the researchers 

modified the device in some manner, such as enhancing the protectivity of electronic 

components, applying weatherproofing or altering the power supply. None of these devices 

offered additional environmental or biological monitors, such as acoustic monitoring, light 

sensors or altimeters, which are options offered by many custom-made devices. All the 

devices could be purchased online for less than $150 USD per device.  

2.5 Discussion  

Despite the low cost of mass-produced locating devices (<$150 USD), they have 

still only been reported by a few studies within the scientific literature. This may be because 
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capturing animals to attach biotelemetry devices requires significant investment and the 

deployment of off-the-shelf devices that were not originally made for wildlife tracking 

purposes is risky. Researchers want to maximise the frequency and duration of data 

collection for each deployment. They want to be assured of data retrieval and want to avoid 

device failures. The hundreds of publications that annually used custom-made species-

specific devices, compared with the <30 publications identified in this research, indicated 

that the majority of the animal research community still prefers to invest in custom-made 

animal-specific devices with automated data retrieval.  

Nevertheless, mass-produced locating devices still have an important role to play 

in animal ecological research. Our review found that these devices had been used to study 

a variety of species across a range of environments and continents. They had been used to 

assess threats to wildlife (Allan et al., 2018; Carter et al., 2019; Fauchald et al., 2017; Harris 

et al., 2012), as well as quantifying movement, activity patterns, site utilisation and paired 

associations (Chaise et al., 2018; Paiva et al., 2015; Widmann et al., 2015). Although not 

widely reported in the literature, it appears that the reason researchers have chosen to use 

mass-produced locating devices is that they can track large numbers of individuals on a 

fixed budget, with most studies identified here (39%) tracking more than 50 individuals. 

Furthermore, the devices reviewed here cost less than half the price of common custom-

made devices (Allan et al., 2013; Henderson et al., 2018), thereby allowing for a larger 

sample size and enabling researchers to make more robust inferences around the effects of 

individual-based movement upon population processes (Hebblewhite & Haydon, 2010).  

The most common application was to track birds for short periods (Appendix 1.2). 

Researchers were able to track a greater number of individuals for a fixed budget and a 

majority of these studies tracked over 50 individuals. Device attachment was relatively 

simple, with most studies taping or gluing the devices to the bird backs. Location estimates 



29 

were fixed at high frequencies over short periods, and as the birds returned to a roost site, 

it was possible for researchers to recover the devices with a high chance of success 

(Isaksson et al., 2019; Torres et al., 2017; Traisnel & Pichegru, 2019). This research 

requirement suited the application of the mass-produced locating devices, which tend to 

have short power longevity. The most commonly used device reported in the literature was 

the i-gotU (Mobile Action Technology Inc., Shindian City, Taipei, Taiwan), though if the 

power source was unaltered it only had a maximum longevity of fewer than seven days at 

an hourly fix rate (i-gotU FAQ). The short power longevity of the devices is further 

exemplified by the fact that more than 75% of the studies we assessed lasted less than 30 

days. Short study durations have limited value across a broad section of animal research 

and, therefore, likely reduced the application of these devices.  

A number of studies supplemented the battery power of their devices to increase 

operational longevity (Allan et al., 2013; Kennerley et al., 2019; Menkhorst et al., 2019). 

However, device modification presents technical challenges, and opening the device 

housing increases the potential for water ingress and mechanical damage (Karl & Sprinkle, 

2019). We argue that if mass-produced locating devices with automatic data retrieval have 

options for duty cycling fix rates and sleep cycles (to preserve battery life), this would 

substantially increase the volume of studies for which these devices are suitable would 

substantially increase.  

Mass-produced locating devices tend to be manufactured for the purpose of tracking 

humans or objects and, therefore, do not come with a means of animal attachment. As 

previously stated, the majority of studies that tracked birds taped their devices to the birds’ 

back, which is a cheap and relatively simple attachment method (Cox et al., 2016; Handley 

et al., 2018; Schoombie et al., 2018). However, for many mammalian and reptilian studies 

the attachment method was more complicated, using some form of harness or collar (Allan 
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et al., 2018; Appel, 2016; Appel et al., 2018; Belamaric, 2019; Kennerley et al., 2019; 

McClune et al., 2015; Ringma, 2017). This additional requirement further deterred use of 

such devices in these taxa. Wilson et al. (1997) provided in-depth detail on how to tape 

telemetry devices to seabirds, which likely contributed to the overwhelming representation 

of this attachment technique in the literature. A similar publication about low-cost, simple 

attachment methodology for the specific physiological and behavioural characteristics of 

mammals and reptiles may boost the application for these taxa.  

Another reason that may have limited uptake of mass-produced devices is their lack 

of additional features, as offered by the latest custom-made animal telemetry devices, such 

as temperature, pressure and acoustic sensors, sleep cycling and automated data retrieval. 

The most significant reason researchers opted for custom-made telemetry devices was their 

automated data retrieval ability (Kays et al., 2015). Retrieving a device from the field is 

expensive, labour intensive and often results in only a small number of devices being 

returned (Matthews et al., 2013). Custom-made animal telemetry devices have solved this 

challenge by adopting an automated method of data retrieval. This is usually via the 

ARGOS (Advanced Research and Global Observation Satellite), Iridium or GSM (Global 

System for Mobile Communications) networks. To save power, data off-load to these 

networks is usually set for once or twice a day. 

Animal biotelemetry companies have been custom-making data auto-download 

devices for decades. However, devices with this capability are beginning to be mass-

produced and sold for much lower costs compared to custom-made telemetry devices, 

potentially driven by the coinciding expansions in satellite and mobile networks. Mass-

produced devices with auto-download capabilities have been trialled by the animal ecology 

research community in birds and mammals in terrestrial and aquatic environments (Lehrke 

et al., 2017; Meynecke & Liebsch, 2021; Weise et al., 2018), and offer a low-cost, reliable, 
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and accurate solution for short-term tracking. The primary purpose of automated data 

acquisition is to detect the movement of objects or assets. Thus, they tend to only calculate 

the device’s location when the target is moving and then transmit that information in near 

real-time. While this may not suit most animal telemetry studies, for others, it offers 

functionality not generally found on custom-made animal telemetry devices.  

We recommend manufacturers of these types of mass-produced devices allow a 

user-defined positional fixing and data off-loading cycle. This ability has the potential to 

widen the appeal of devices to a global group of researchers who currently invest heavily 

in animal telemetry devices. Our telemetry equipment review is not intended as a 

comprehensive investigation of all mass-produced devices used in research, but instead 

provides a snapshot of the current direction of wildlife telemetry research. We argue that 

the trend of increasing usage observed in this snapshot will continue as devices become 

more sophisticated, smaller, lighter and more durable. Researchers will continue to use 

mass-produced devices because they want to track an ever-greater number of individuals 

per study, and mass-produced devices enable this at significantly lower costs (Kays et al., 

2015). 

2.6 Conclusion 

Custom-made animal biotelemetry devices include options for data collection not 

yet offered by the mass-produced devices reviewed here, most notably automatic data 

retrieval. However, mass-produced devices are inexpensive, which is appealing to 

researchers as this allows tracking of more individuals on a fixed budget. Animal telemetry 

manufacturers will remain essential, as they provide custom-made devices, which continue 

to offer sophisticated features and unsurpassed battery longevity. However, improvements 

in the data-transfer capability and battery life of mass-produced locating devices will likely 

increase their uptake by the animal telemetry community over the coming decade.  
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3.1 Abstract 

Assessing animal movement patterns is a common means of inferring species’ 

habitat preferences and niches. This ecological information is invaluable for planning 

wildlife management. Researchers have used mark-recapture and Very High Frequency 

radio wave (VHF) tracking methods to determine animal movement patterns, but these 

methods require large investments of field time and supplies. The advent of global 

positioning systems (GPS) has allowed researchers to accurately determine an animal’s 

position in near-real-time with limited field investments. Devices with GPS specifically 

marketed for tracking wildlife are custom-made with animal-specific attachment methods 

for each species. However, these animal-specific tracking devices are relatively expensive. 

Mass-produced geographical locating devices designed for tracking assets have become 

available, but typically for a fraction of the price of custom-made animal tracking devices. 

This price disparity offers opportunities to reduce the cost of collecting location data for 

free-ranging animals by as much as 90%. Such savings would allow ten times more animals 

to be tracked, thus producing more data for ecological inferences.  

Repurposing mass-produced tracking devices for wildlife research requires some 

modification and a method of animal attachment. I trailed modifications and developed 
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methods for deploying mass-produced tracking devices on feral pigs and donkeys. Whilst 

these methods feature briefly in the data chapters, I considered it worthy to dedicate a 

chapter of my dissertation to the design, development and testing of these devices. 

Documenting this process, including the successes and challenges, will assist future 

researchers wishing to develop their own animal telemetry devices from off-the-shelf mass-

produced geographical locating devices.  

3.2 Keywords 

Animal telemetry, low-cost, off-the-shelf 

3.3 Introduction 

Assessing animal movement patterns is a common method for inferring species’ 

habitat preferences and niches. Animals use space unevenly, revisiting some sites more 

often, and passing through others only occasionally, to find shelter, food and mates (Riotte-

Lambert et al., 2013). By determining how often an animal revisits a site, and how far an 

animal moves over a period, researchers can outline the size of its territory, home-range 

and areas of preferential use (Berger-Tal & Bar-David, 2015; Burt, 1943; Kie et al., 2010). 

Such ecological information is invaluable for planning wildlife management because it 

helps managers identify when and where to intervene (Kay et al., 2017; Schlichting et al., 

2016).  

Mark-recapture and Very High Frequency radio wave (VHF) tracking are examples 

of traditional methods researchers have used to determine animal movement patterns, but 

these methods require large investments of field time and supplies (Clark et al., 2006). The 

advent of global positioning systems has allowed researchers to accurately determine an 

animals’ position within a ten-meter radius, in near-real-time, and with limited field 

investments (Cagnacci et al., 2010; DeCesare et al., 2005; Forin-Wiart et al., 2015). In the 
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1990s, GPS were made available for non-military use, and wildlife researchers have since 

used animal-borne geographical locating devices to provide insights into previously 

undocumented animal movements (Fraser et al., 2018; Hussey et al., 2015). Devices with 

GPS specifically marketed for tracking wildlife are custom-made with animal-specific 

attachment methods for each species. They are constructed to be robust enough for the 

target species while still meeting the study’s weight, size and operational longevity 

requirements. However, these animal-specific tracking devices are often expensive 

(> $1,000 USD), and researchers must order them from one of the very few global 

manufacturers (Knight et al., 2018; Quaglietta et al., 2012; Zucco & Mourao, 2009).  

Mass-produced geographical locating devices designed for tracking assets have 

started to become available at a fraction of the price of custom-made animal tracking 

devices. These mass-produced devices are made with generic features so they can be 

applied across a wide range of asset and personal tracking purposes, such as monitoring 

vehicle movement or tracking cargo containers. Devices such as these, that acquire location 

fixes and store them onboard the device, can be purchased for as little as $50 USD (Allan 

et al., 2013; Knight et al., 2018). Some researchers have recognised the price difference 

between generic mass-produced locating devices and those that are custom-made for 

animal tracking. Cost-aware researchers have attempted to use mass-produced devices to 

track wildlife (Allan et al., 2018; Lehrke et al., 2017; Meynecke & Liebsch, 2021). By 

reducing costs, researchers can track more animals on a fixed budget, thus increasing the 

power of inferences about habitat use, home-ranges and movement (Cagnacci et al., 2010; 

Knight et al., 2018).  

Repurposing such devices, however, requires considerable work to develop 

attachment methods, particularly for large vertebrates known to be tough on equipment 

(Allan et al., 2013). Constructing these devices so that they are suitable for long-term 
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deployment on animals requires increasing structural durability and battery longevity 

without compromising fix-success rates or accuracy. Structural durability and battery 

longevity are crucial as inadequacies in either attribute could result in premature failure or 

loss of devices (Karl & Sprinkle, 2019). Additionally, fix-success-rates and positional-fix-

accuracy are parameters that could affect inferences about animal movement (Knight et al., 

2018; Zucco & Mourao, 2009). It is therefore essential to evaluate these factors to 

determine whether modifications to repurpose devices impairs their operational 

effectiveness, both in stationary and field tests.  

Large feral herbivores are numerous and widespread throughout Australia (Bayliss 

& Yeomans, 1989). Many are declared to be pests and cause extensive environmental and 

financial damage (Department of the Environment and Energy, 2017; National Land & 

Water Resources Audit & Invasive Animals Cooperative Research Centre, 2008). 

Quantifying the distribution and dispersal of pests can help inform management, but 

individual responses can vary across populations and locations (Kokko & López-Sepulcre, 

2006). Therefore, tracking large numbers of individuals provides more robust inferences, 

however, would be cost-prohibitive. Repurposing mass-produced devices offers an 

affordable alternative for monitoring these invasive pests. 

In this paper, I explain the process and methods for repurposing two mass-produced 

geographical locating devices with near-real-time data transmission for feral pigs and 

donkeys, discussing the drawbacks and challenges I encountered. I tested the repurposed 

devices in stationary and field conditions and discuss the durability, longevity, fix-success 

rates and positional fix accuracy, as well as the costs of my repurposed devices. 

Documenting my methods is intended to help future researchers save time and money by 

allowing them to build on the successes I experienced, while avoiding the pitfalls.  
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3.4 Methods 

3.4.1 Study locations 

All field and stationary testing locations were in the Northern Territory, Australia 

(Figure 3.1). Stationary tests were conducted in Darwin (12°22’14.0” S; 130°51’53.4” E). 

For stationary testing, all devices were positioned greater than 1 m apart and less than 10 m 

from any structure greater than 3 m in height. This placement provided unobstructed views 

of the sky. Field testing was undertaken in rural areas known to have high densities of pest 

animals. Field testing on feral pigs was conducted 100 km southwest of Darwin. The feral 

pig study location consisted of open agricultural (grazing) land, floodplains, native 

bushland, coastal vegetation and paperbark swamp. Field testing on feral donkeys was 

conducted in the Victoria River District, approximately 700 km south of Darwin. The feral 

donkey study location consisted of agricultural (grazing) land and native bushland, 

dominated by rangeland and tropical eucalypt savannas. All study locations were subject 

to seasonal monsoonal weather, with the dry season occurring from April-October. 

 

Figure 3.1 – Study locations. The stationary testing location (Darwin) is depicted by a white circle with a 

back centre. The pig testing location is depicted by a solid white circle; the donkey testing location is 

depicted by a solid black circle.  
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3.4.2 Equipment and modifications 

Two types of mass-produced geographical locating devices were assessed in this 

study: modified solar asset trackers (SAT; SmartOne C; Spot LLC, Covington LA) and 

modified disposable battery asset trackers (DBAT; SPOT Trace; Spot LLC, Covington LA; 

Figure 3.2). These devices were selected because they are common mass-produced asset 

tracking devices and offer features useful for wildlife tracking, such as weatherproofing 

and flexible fix return rates. Both devices calculate and transfer their location in the same 

way. At a fix-rate determined by the user, the devices identify their location by trilateration, 

using a constellation of Globalstar low-Earth-orbit satellites. The satellites relay the 

information to the server via a satellite uplink transmission and onto a ground network that 

passes the message to an internet platform for the user to access in near-real-time. The 

internet platform displays locations on an aerial image map, similar to a Google Map image. 

Users can also download a file of the longitude and latitude of each fix. The manufacturer 

recommends a clear view of the sky with the device face-up for best operating performance. 

Each device offers options for the fix rate, which impacts the price of the subscription and 

longevity. The more frequent the fix rate, the higher the price of subscription fees and more 

energy used to transmit more fixes, reducing the length of deployment. These devices were 

subjected to stationary and field testing. 

The SATs  were purchased for $465 USD per device and the monthly subscription 

fee to transmit data was $64 USD. The SATs fix-rate can be set at intervals between 

30 seconds and a week. A 45-min fix rate was selected as an intermate fix-rate that would 

allow for operational longevity and animal behavioural assessment. The units have an 

internal motion sensor that prevented the unit from sending location fixes unless it had 

moved since the last fix was sent. This feature was disabled so that the device would send 

fixes at the interval requested, regardless of whether the device had moved. Each SAT used 
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a solar screen to charge non-replaceable built-in rechargeable NiMH batteries with a 

claimed operating temperature of between -40 ºC to 85 ºC. The manufacturer estimated the 

battery life as up to 10 years. The waterproof rating was IP69K and the physical dimensions 

were 8.26 × 17.78 × 2.86 cm (Figure 3.2).  

 

Figure 3.2 – Unaltered devices. Solar asset tracker (SAT left) and disposable battery asset tracker (DBAT; 

right). 

The SATs did not require modifications to increase battery longevity, so the main 

modifications were to alter the external housing of the units (Figure 3.3). Housings for the 

units were designed to provide contour to the otherwise flat SAT. This contouring allowed 

the units to be attached to rounded collars for a formed fit on feral pigs. Housings also 

provided protection; they were 3D-printed in two materials with different degrees of 

rigidity – plastic (polylactic acid) and aluminium. The SAT was placed inside the curved 

housing and attached using four M3 zinc bolts to the top of the collar. The collar was made 

from 75-mm-wide fabric-covered firehose material. For donkeys, SATs were bolted 

directly onto the collar material without housings, because donkeys were expected to cause 

less damage to equipment, and their larger necks could hold the flat SATs without the need 
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for contouring. Counterweights were included on all collars on the opposite side from the 

SAT. This placement ensured that the SAT always faced skyward. Collars were made with 

a series of holes, similar to a belt, to adjust the collar to fit multiple neck sizes. To secure 

the collar, a bolt plate was made with M6 brass bolts. Although this large size bolt added 

additional weight, smaller bolts would have been more difficult to use in the field. Extra 

care was taken to ensure the interior side of the collar was soft for animal comfort.  

The DBATs were purchased for $100 USD each, and the monthly subscription 

charges were $184 USD each. The DBATs had a limited selection of fix rates – 

2.5/5/10/30/60 min – and a 10-min fix interval was selected. The DBATs motion sensor 

could not be deactivated, meaning that the unit would only send a fix if it had moved since 

the previous fix. DBATs were capable of sending low-battery and power-off messages. The 

unaltered unit weighed 87.9 g without batteries and came with four disposable ultra-

lithium-ion AAA batteries. The operating temperature was -30 ºC to 60 ºC, with extremes 

likely to impact battery performance. With a clear view of the sky, the manufacturer 

estimated the devices would perform for about 17 days at 10-min fix intervals. The 

manufacturer also estimated a median location error of ~8–10 m. Unaltered, the waterproof 

rating was IP67, and the dimensions were 5.13 × 6.83 × 2.14 cm (Figure 3.2).  
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Figure 3.3 – The design and components of pig and donkey tracking collars made from repurposed mass-

produced locating devices. SAT: Solar Asset Trackers; DBAT: Disposable Battery Asset Trackers. 
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The DBATs required modifications to increase the battery longevity and strengthen 

and waterproof the battery modifications. Housings were created to add strength and 

contouring, similar to the SATs. However, because each DBAT had to be opened to 

increase the battery capacity, the housing was cast from polyurethane instead of 3-D 

printing so that all electronic components could be safely embedded in waterproof plastic. 

Battery longevity of units was increased by attaching external lithium-ion battery packs in 

one of three different configurations: 16 AA (SB2357, Eclipse) wired in series for a total 

of 1200 mA, 6 volts, with an expected longevity of >111 days; two D+ (SL2780/S, Tadiran 

Batteries) wired in series for a total of 1900 mA, 7.2 volts, with an expected longevity of 

>175 days; three D+ wired in series with a step-up regulator for a total of 1900 mA, 

10.8 volts, also with an expected longevity of >175 days. The DBAT collars were 

constructed with a similar layout to SATs, with the unit facing skyward but with the 

batteries on the opposite side of the collar (Figure 3.3). In this layout, the batteries acted as 

a counterweight. See Supplementary Data 3.1 (Appendix 2.1) for a step-by-step collar 

construction guide.  

3.4.3 Stationary testing 

Stationary testing was undertaken from 14–20 June 2019 for SATs and from 14–20 

June 2018 for DBATs. The fix-success rates of both SAT and DBAT devices were tested 

by comparing their expected number of fixes to the actual number returned. To determine 

if increasing durability by adding a housing affected fix-success rates, the fix-success rate 

of SAT devices in different housings and positions was compared. Longevity was 

determined by assessing the length of time devices continued to send fixes. Positional 

precision was considered an unnecessary level of detail. Positional accuracy was 

determined to be sufficient and was ascertained using the device with the longest battery 

life. ArcMap10.4.1 (ESRI, 2011) was used to determine positional fix accuracy by finding 
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each fix’s distance from the centre point of all observed fixes. The internal motion sensor 

in the DBATs could not be deactivated, and the DBAT would only acquire fixes if it sensed 

motion between fixes. Therefore, DBATs were attached to the top of an oscillating-rotating 

device. Placing the DBAT on an oscillating-rotating device emulated constant animal 

movement without moving the devices a discernible amount, allowing assessment of the 

batteries with continual use in ideal conditions (i.e., constant movement under open skies). 

The motion sensors in the SATs could be deactivated, so they did not require attachment 

to an oscillating-rotating apparatus.  

3.4.4 Field testing  

To test the durability and longevity of collars under field conditions, they were 

deployed on free-ranging feral pigs (Sus scrofa) and donkeys (Equus asinus; Figure 3.4). 

In consideration of animal welfare, DBATs were excluded from this analysis following the 

poor longevity results of stationary testing. Collars mounted with SAT devices, set on 45-

min fix intervals, were deployed on ten feral pigs between 28–29 May 2019, and seven 

feral donkeys on 17 September 2019. To apply the collars, pigs were captured by manual 

restraint after netting from a helicopter, while donkeys were corralled after mustering, in 

line with Animal Ethics approval (A18003). To determine the collars’ durability, all 

devices salvaged from field tests were visually assessed. Visual signs of wear were 

documented and holes in the collar material were measured. Longevity and fix-success 

rates were calculated in the same manner as in stationary testing. Total movement distances 

during deployments were calculated by summing the distances between sequential location 

positions.  
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Figure 3.4 – Solar Asset Trackers (SAT) being deployed on a feral pig (left) and a feral donkey (right). 

Only adult animals were collared for this study and candidates were selected by 

estimating weight. Collars weighed less than 5% of the animal’s weight, with the smallest 

pig being 45 kg and smallest donkey being 120 kg. Collars were fit to be snug on the neck, 

with enough space to allow the animal to behave normally, wherein it did not experience 

any discomfort while moving and feeding. As a general rule, collars were applied so that 

two fingers could fit between the animals neck and the collar. Both sexes were collared to 

account for potential variation in wear due to different social interactions. Animals were 
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not sedated so that they could quickly resume normal behaviours. All animals were released 

to continue normal activities within 17 min of capture.  

3.5 Results 

3.5.1 Construction 

Building a SAT collar took approximately three hours of active construction and 

greater than ten hours of passive time to 3D print the housing. A disposable battery asset 

tracking collar took approximately ten hours of active construction, eight hours of passive 

time for 3D printing the master for making moulds (a once-off requirement) and 12 hours 

to allow the polyurethane to cure in the mould. Modifications to create SAT pig collars cost 

$36 USD for collars with plastic printed components and $112 USD for collars with metal 

printed components. Donkey collars were around $20 USD because they did not have 

housings and required less counterweight. Depending on the battery setup, the 

modifications to create DBAT pig collars cost between $65–$102 USD in construction 

materials. I purchased SATs for approximately $465 USD, and DBATs for $100 USD. 

Thus, a pig collar built with a SAT cost $501, or $165 USD with a DBAT. These costs 

exclude the price of equipment, labour and subscriptions, which may fluctuate widely based 

on individual choice and access to resources. 

3.5.2 Stationary testing 

Both devices returned the majority of scheduled fixes and were highly accurate. The 

SATs returned 98.4% of fixes, which fell within 5 m of the device’s centre point location 

76% of the time and within 10 m 93% of the time. The DBATs returned 99.8% of fixes 

while face-up, which fell within 5 m of the device’s centre point location 80% of the time 

and within 10 m 96% of the time (Figure 3.5). 
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Figure 3.5 – Spatial distribution of Solar Asset Trackers (SAT; left) and Disposable Battery Asset Trackers 

(DBAT; right). The cross is the centre point of all location fixes, the dark grey is a five-meter buffer, and 

the light grey is a 10 m buffer. Increased size and darkness of circles indicates increased number of location 

fixes. The SAT was tested 14–20 June 2019, with a 45-min fix rate (left) and the DBAT was tested 14–20 

June 2018, with a 10-min fix rate (right).  

Increasing durability by adding a protective metal or plastic housing to SATs 

resulted in a fix-success rate of 99% when placed face-up in stationary testing. Face-up 

SATS without protective housings returned only 98% of fixes. Turning devices upside-

down caused SATs without protective housing to return only 70% of fixes, while 62% were 

returned from those with protective plastic housings and 6% with metal housings 

(Table 3.1). As a result of the DBAT’s poor longevity results, they were not subjected to 

protective housing tests.  

Table 3.1 – The fix-success rates of Solar Asset Trackers (SAT) in different housings made of different 

materials and in different positions. 

Housing type Position Fixes returned 
(%) 

No housing Face-up 98 

No housing Side 95 

No housing Upside-down 70 

Plastic Face-up 99 

Plastic Upside-down 62 

Metal Face-up 99 

Metal Upside-down 6 
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There was great disparity between the longevity of the two different devices. The 

SATs had no malfunctions or electronic failures during stationary testing. Due to time 

restraints, the SAT stationary test was terminated at 302 days, even though the unit was 

still functioning. Following modifications to extend battery life, all DBAT battery 

configurations failed to approach the expected longevity. Of all modified DBATs, the 

16 AA battery configuration lasted the longest at 39 days with 10-min fix intervals, though 

did not meet its expected 111-day operational longevity. The configuration with the highest 

voltage and amperage, the three D+ battery configuration, only lasted 15 days at 10-min 

intervals, also failing to meet its expected longevity of 175 days. Based on such poor results, 

DBATS were excluded from further testing.  

3.5.3 Field testing  

SAT collars with 45-min fix intervals transmitted fixes for between 72–213 days on 

pigs and between 101–137 days on feral donkeys. One donkey destroyed its collar after 

101 days, and the remaining six collars were removed at day 137 due to time constraints. 

It is unclear why the feral pig collars stopped sending fixes. During field deployments, feral 

pig collars returned a mean of 1,255 fixes, an average fix-success rate of 44%, with feral 

pigs covering an average of 125 km during field testing. The donkey collars returned a 

mean of 3,778 detections, an average fix-success rate of nearly 90%, and the feral donkeys 

covered an average of 764 km during field testing (Figure 3.6).  
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Figure 3.6 – The locations of fixes during field deployments of evaluated tracking devices. Ten feral pig 

Solar Asset Tracker (SAT) collars with 45-min fix rates were deployed 28–29 May 2019, and continued to 

function for ≤213 days (top). Seven donkey SAT collars with 45 min fix rates were deployed on 17 

September 2019, and continued to function for <137 days before being removed (bottom).  

Of the ten pig collars and seven donkey collars deployed, four were retrieved from 

pigs and seven from donkeys. Only two feral pig collars still had SATs attached – one in a 

metal housing and one in a plastic housing. The metal-housed SAT was retrieved from a 

boar and the plastic from a sow. Both units were caked in mud but in excellent condition 
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with only minor wear and surface scratches to the SAT (Figure 3.7). The metal housing 

showed no wear, and the plastic housing showed some wear on the corners that would not 

have affected its protective capacity. Metal attachments on both units were very rusty. It is 

unclear from visual inspection why the SATs were not functioning when they were 

recovered. However, after removing the mud and charging the SATs in the sun for 10 hours, 

the devices continued to send fixes, suggesting that they did not receive sufficient sunlight 

to maintain battery operation.  

 

 

Figure 3.7 – Solar Asset Trackers (SAT) collars with plastic housings before (top) and after deployments, 

caked in mud with minor wear to the top left corner of the housing (bottom). 

The two salvaged pig collars without SATs were in very good condition, with no 

damage to the firehose material, and the M6 brass bolts used to attach and adjust the size 



58 

of the collars were still attached. In contrast, the bolts and washers used to mount the SATs 

to the collars appear to have rusted away or were pulled through the collar material, thus 

detaching the collar from the SAT unit. Without the SATs attached, it was unclear which 

device and animal a collar was associated with. Six feral donkey collars were retrieved 

caked in mud, with minor wear but otherwise without significant damage to the device or 

collars. A male wore the only donkey collar with damage - the solar panel was so severely 

smashed that the device no longer functioned.  

3.6 Discussion  

Repurposing mass-produced geographical locating devices offers a low-cost 

alternative to custom-made wildlife telemetry devices and can be successfully deployed in 

field studies if the proper devices and modifications are used for the selected study species. 

Custom-made wildlife devices with near-real-time data acquisition capabilities often cost 

greater than $1,000 USD (Forin-Wiart et al., 2015; Henderson et al., 2018; Zucco & 

Mourao, 2009), while my modified half that, and provided high positional accuracy, fix-

success and durability. Repurposing mass-produced geographical locating devices with 

near-real-time data acquisition capabilities can increase the number of individuals that can 

be tracked while still providing effective remote acquisition of data, in a manner similar to 

custom-made telemetry devices.  

I would not recommend repackaging devices for long-term (> 30 days) 

deployments, despite previous examples of the successful short-term deployment of 

repackaged devices (Allan et al., 2013; Henderson et al., 2018; Kennedy et al., 2015; 

Lehrke et al., 2017). Lehrke et al. (2017) successfully deployed repackaged disposable 

battery asset trackers with near-real-time data acquisition. However, Lehrke et al. (2017) 

only deployed units for ~11 days beyond the manufacturer’s estimated longevity. My 

attempts to repackage DBATS with larger battery capacity were only moderately more 
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successful, with a maximum increase of approximately 22 days from the manufacturer’s 

estimate for unaltered units, using equivalent fix intervals. Despite my improvements, I still 

could not get the units to meet the longevity expected for their modified operational 

parameters. My attempt to increase battery capacity was problematic because it required 

repackaging the devices to protect them for field deployments. Karl and Sprinkle (2019) 

also experienced poor reliability and premature battery depletion of self-packaged devices, 

citing poor soldering and design as attributes for failure. In my case, repackaging DBAT 

was not sufficiently time and cost-effective to warrant field deployments. In contrast, the 

solar asset tracking (SAT) devices did not require repackaging and outperformed the 

DBATs in longevity during stationary testing.  

The SATs far outperformed the DBATs in longevity testing, operating for greater 

than six months, and SATs did not require repackaging. My modifications to the SATs 

involved attaching them to a low-cost collar made of firehose, which was incredibly 

durable, flexible and easy to manipulate for device attachment. I would recommend this 

design for quick, durable and inexpensive deployments. However, for animals that are 

extremely hard on equipment, such as feral pigs, I would recommend large stainless steel 

attachment bolts that cannot corrode or be pried through the firehose. The small diameter 

or types of bolts appeared to be why some of the feral pig collars were returned without 

devices attached.  

Despite the SATs operating longer than DBATs during stationary testing, there was 

a large degree of variability in the longevity and fix-success rates between pig and donkey 

SATs in field testing. The fix-success rates of donkey collars were more than double that 

of pigs and all but one donkey collar was returned in full working order, whereas no pig 

collar was functional when salvaged. This disparity was likely the result of a difference in 

habitat preference between these species, as pigs prefer to shelter in dense vegetation 
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(Barrett & Pine, 1980; Saunders & Kay, 1991), which can impede satellite signal (DeCesare 

et al., 2005) and solar charging. Although the pig SAT collars failed to return a high fix-

success rate, they still provided a good indication of pig locations in near-real-time across 

vast, remote areas (Figure 3.6).  

The positional fix accuracy of both mass-produced geographical locating devices 

was high, with nearly all location fixes falling within 10 m of the devices centre point 

location. This degree of accuracy is equivalent or better than those studies in the existing 

literature that used GPS to track wildlife (Forrest et al.; Liu et al., 2018; Weiser et al., 2016). 

This degree of accuracy is enough to infer habitat use, home-range sizes and activity 

patterns for animals that are large enough to carry such devices (i.e. medium or large 

animals; Frair et al., 2010; Zucco & Mourao, 2009). Increasing durability by adding 

housings did not reduce the fix-success rate for units placed face-up in stationary testing, 

and these results were similar to other studies in open areas (DeCesare et al., 2005; Forin-

Wiart et al., 2015; Liu et al., 2018). 

The different housing materials did not noticeably differ in their protective capacity 

on pigs during the short field study. The lighter and cheaper plastic housing only showed 

minor wear to the edges and had no broken components. Using plastic housings permits 

researchers to deploy collars on animals that cannot withstand the added weight of metal. 

Plastic can also mitigate the logistical difficulty of finding a (currently rare) 3D metal 

printer. Additionally, collars don’t always stay in the correct position in the field, and the 

stationary testing showed poor fix-success when a unit was upside down in a metal housing. 

The donkey collars did not have protective housings, and one device was severely damaged, 

indicating that additional strengthening is beneficial.  
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Two major drawbacks to the SATs were their size (volume and weight) and need 

for sunlight. Their large, long and flat design meant that contouring was necessary for 

smaller animals (pigs, in my case). While the housing added contouring and extra 

protection to the device, it also added more weight. Furthermore, incorporating the housing 

required increasing the counterweight to keep the device facing skyward. Therefore, the 

SAT volume and weight limits the size of animals to which devices can be applied. It is 

possible that an alternative attachment design, such as a harness similar to that described 

by Zucco and Mourao (2009), could alleviate the issue of additional weight due to 

contouring and counterweight. Regardless of the need for contouring or counterweights, 

supplementary protection is still advised because one of the devices was destroyed by a 

donkey. The second drawback (solar charging), further limits the animals that devices can 

be used on, and completely excludes nocturnal animals or those that shelter during the day 

in dark locations. For these animals, DBATs may still be preferable despite their short 

longevity.  

For large animals (> 40 kg) that prefer sunny and open habitats, I would recommend 

my methods for repurposing SATs. I would also recommend using 3D-printed plastic 

housings to help contour SATs and provide additional protection for units. Furthermore, I 

recommend using large stainless-steel bolts and washers to attach units to the collars to 

prevent losses such as those I encountered with the pigs. 

3.7 Conclusion and future work 

My research shows that repurposing mass-produced geographical locating devices 

can reduce the costs of tracking large free-ranging animals in near-real-time. The lure of 

repurposing these inexpensive devices will continue to increase as telemetry technology 

improves, device sizes become smaller, and unit costs decrease. My study provides a basis 

for continued research to improve the collar design and determine the degree of 
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functionality across different habitats. Additional investigation is needed to determine if 

SATs function in a variety of environments and whether collars can be further modified to 

decrease size and increase durability as a smaller, lighter collar design would be suitable 

for more types of animals. Such modifications would increase the appeal of using these 

devices and may lead to them becoming commonplace for wildlife tracking. 
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4.1 Short summary 

Aerial culling caused a flight response in feral pigs who sought refuge in dense 

vegetation, a behaviour still evident 60 days after culling. Our findings have significance 

for preparedness and response planning for exotic disease incursion because this response 

may contribute to the spatial spread of a disease and make surviving individuals challenging 

to detect and cull.  

4.2 Abstract  

4.2.1 Context 

Culling of exotic vertebrate pests is a common strategy to reduce population 

density. 

4.2.2 Aim 

Here we assessed whether aerial culling of feral pigs caused behavioural changes 

of survivors that may enhance persistence. 
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4.2.3 Methods 

Eleven feral pigs inhabiting a 565 km2 management area within seasonally 

inundated wetlands in Northern Australia had satellite locating collars attached 70 days 

before a planned aerial cull to reduce the pig population density by approximately 70%. 

The tracking collars logged and transmitted each pig’s location every 45 minutes during 

this period and for a further 60 days after the aerial cull.  

4.2.4 Key results 

The aerial cull caused all collared pigs to flee into areas of heavily vegetated habitat 

that they had used less frequently before the cull. This preferential use of heavily vegetated 

habitat resulted in shifts in the location and size of the activity space of all individuals after 

the cull, including one collared individual that moved 13 km in the 24 hours immediately 

after the cull. Not all collared individuals increased their daily distances post-cull, but all 

significantly increased their use of heavily vegetated areas.  

4.2.5 Conclusions 

The response of feral pigs to aerial culling is both immediate and long term. They 

adopted behaviours that may make them more challenging to detect and target for future 

culling operations.  

4.2.6 Implications 

These findings may have significance for feral pig management and disease 

preparedness and response planning for exotic disease incursion.  

4.3 Introduction  

Exotic animals can establish themselves quickly in new environments with 

detrimental consequences for native wildlife and domestic stock animals (Cooke, 2002; 

Fèvre et al., 2006; Levy, 2004; Schulz et al., 2017). They can spread diseases to wildlife 



71 

and domestic stock, leading to losses in biodiversity (Byrne et al., 2012; Doherty et al., 

2016) and livestock production (Arias et al., 2017; Gortázar et al., 2007). Once established, 

it is very costly and logistically challenging to eradicate exotic pests (Bolzoni et al., 2014; 

Ganges et al., 2020; Kilpatrick et al., 2009). Eradication of pest animal populations is often 

infeasible (Baxter et al., 2008; Green & Grosholz, 2021), so management techniques 

regularly concede to maintaining low population densities through the mass extermination 

of target animals (Bengsen et al., 2014; Department of the Environment and Energy, 2017a; 

Miguel et al., 2020). This technique is referred to culling and is intended to reduce the 

impact of pests by reducing their numbers. However, increasing theoretical and empirical 

evidence suggests that culling of wildlife can actually increase the incidence of disease 

transmission (Bolzoni & De Leo, 2013; Carter et al., 2007; Donnelly et al., 2007).  

It has been proposed that increases in disease transmission due to culling is because 

the reduction in population density alters the social dynamics of survivors, which in turn 

increases ranging behaviour and the opportunity for epizootic disease transmission 

(Bolzoni & De Leo, 2013; Carter et al., 2007; Donnelly et al., 2007; Harrison et al., 2010). 

Therefore, when reducing feral animal populations, it is highly valuable to consider and 

assess the impacts that culling operations have upon the remaining individuals (Bielby et 

al., 2014; Holmala & Kauhala, 2006; Vicente et al., 2007; Woodroffe et al., 2008).  

Feral pigs (Sus scrofa) are adaptive, highly mobile, generalist omnivores, which 

utilise a range of environments and are well known for transmitting diseases that can impact 

biodiversity and livestock production (Saunders & Bryant, 1988; Tisdell, 1982; Vaske et 

al., 2020). Such diseases include classical swine fever (Boklund et al., 2009; Ganges et al., 

2020) and African swine fever (ASF). The former resulted in an estimated cost of 

$1.31 USD million to the livestock industry in Spain (Fernández-Carrión et al., 2015) and 

$3.73 USD billion in the Netherlands (Meuwissen et al., 1999). African swine fever has 
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recently undergone broad global expansion (Niemi, 2020; Pitts & Whitnal, 2019). This 

disease only infects suidae and arthropods and is easily transmitted between wild and 

domestic individuals. African swine fever can have a near 100% mortality rate, does not 

require direct host contact for transmission, and can endure within the environment for 

prolonged periods, even at sub-zero temperatures (Costard et al., 2009). Initially 

documented in Africa in the 1920s, it was found to be prevalent in native African wildlife 

that displayed no clinical symptoms (Montgomery, 1921). In 1957, Portugal recorded the 

first occurrence outside of Africa, and outbreaks have since occurred around the world 

(Costard et al., 2009). An attempt at eradicating ASF in the island nation of Cuba cost 

$9.4 million USD and in Spain $92 million USD (Costard et al., 2009; Fernandez & 

Williams, 1980). The disease has now spread across most of Asia, with its southern frontier 

including Timor-Leste, Indonesia, and Papua-New Guinea (Department of Agriculture 

Water and the Environment, 2021). 

Australia is an island nation located immediately below south-east Asia. As of 2022, 

there have been no documented ASF outbreaks in Australia. However, northern Australia 

has a large feral pig population (Lopez et al., 2014; National Land & Water Resources 

Audit & Invasive Animals Cooperative Research Centre, 2008). European settlers 

introduced pigs to Australia over 100 years ago, and feral pigs now inhabit ~45% of the 

continent (National Land & Water Resources Audit & Invasive Animals Cooperative 

Research Centre, 2008), having invaded most habitat types. The national population is 

estimated to be 3.2 million individuals (95% CI: 2.4–4.0 million), with a mean density of 

1.03 pigs/km2 (Hone, 2020).  

If ASF were to enter Australia, the feral pig population would likely become a 

disease reservoir (Bengsen et al., 2014; Doran & Laffan, 2005). Once established in the 

wild pig population, ASF would be very challenging to eradicate (Costard et al., 2009) and 
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would be a constant transmission risk to the $1 billion USD per year domestic pork 

livestock industry (Australian Bureau of Statistics, 2020).  

Culling to reduce the feral pig population density is a proposed preparedness and 

response strategy to ASF in Australia (Australian Feral Pig Task Group, 2020). Aerial 

culling (shooting from an aircraft) is the preferred method of reducing feral pig populations 

in northern Australia because it is humane, cost-effective, and easy to implement in remote 

regions (Department of the Environment and Energy, 2017a; Sharp, 2012). Other methods, 

such as poison baiting or trapping in this environment are less effective and incredibly 

challenging, as pigs have abundant alternative food resources and can be trap-wary 

(Bengsen et al., 2014; Caley, 1994; Campbell et al., 2012). Despite the preferential use of 

aerial culling, it does not result in eradication, with at least 20% of feral pig populations 

surviving aerial culls and populations rebounding after three to four years (Davis et al., 

2018; Hone, 1990; Saunders, 1993; Saunders & Bryant, 1988).  

Understanding how aerial culling and the subsequent population reduction affect 

the behaviour of surviving feral pigs is valuable in assessing the effectiveness of aerial 

culling as a tool for disease containment. The aim of this study was to monitor the behaviour 

of surviving feral pigs for a prolonged period following an aerial cull when the population 

density has been substantially reduced (~70%). The study’s results provide insights into 

how aerial culling alters the behaviour of surviving individuals.  

4.4 Materials and methods  

4.4.1 Study area 

The study was undertaken in the lowlands of a 565 km2 Aboriginal Land Trust 

property, 100 km south-west of Darwin, Northern Territory, Australia. Lowlands in this 

region predominantly encompass seasonally inundated flood plains comprised of grassland, 
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sedgeland, herbland, open forest and woodland (Hess & Melack, 2003). The climate of this 

region is tropical monsoonal, and this study was conducted in the mid to late dry season, 

from June through late October, when there was no precipitation and the mean maximum 

temperature only varied by about 3 °C (Bureau of Meteorology 2019).  

The region has high densities of feral pigs. In 2014, an aerial count survey was 

undertaken and the local pig population was estimated to be 1,500, at a density of 

2.63 ± 0.39 pigs/km2 (mean ± SE; ABS Scrofa, 2014). Following the aerial survey, 

intensive annual aerial culling occurred. Over the subsequent four years, 464, 453, 907 and 

621 feral pigs were aerially culled, respectively. By 2019, aerial counts of feral pigs 

estimated the population to be between 600–700 individuals (ABS Scrofa, 2019). The 

property was very remote, and other than these aerial culls, there was no coordinated feral 

pig management, and minimal recreational hunting.  

Despite management of feral pigs being primarily limited to aerial culling, there is 

frequent air traffic across the study site. The property has an airfield, and management 

operations often use low-flying aircraft for weed abatement. Additionally, the property 

borders cattle stations that regularly use aircraft to muster stock. This high intensity air 

traffic should have desensitised animals to low flying aircraft that may confound results.  

4.4.2 Monitoring feral pig behaviour  

In July 2019, 70 days before the 2019 aerial cull, adult feral pigs were captured 

from the management zone and fitted with GPS-based satellite tracking collars. Pigs were 

captured using a soft net deployed via an Ace Canister-Switch air-powered gun operated 

by a shooter in a low flying helicopter. Each feral pig was approached by the helicopter 

hovering ~80 m above the ground, and then the net was deployed. The pilot then landed 

the helicopter, and two experienced handlers manually restrained the entangled pig in the 
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recumbent position. Once the handlers had restrained the pig, they removed the net and 

fitted the collar (Figure 4.1). A total of 11 pigs were captured and collared, with a distance 

of 1.4 ± 0.58 km (mean ± SE) between capture locations. Capturing animals separated by 

this distance reduced the chance of monitoring multiple pigs from the same sounder. All 

procedures were conducted in accordance with Charles Darwin University Animal Ethics 

Committee approval (A18003). 

 

 

Figure 4.1 – Solar-powered GPS satellite locating collar modified for feral pig tracking. 
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The tracking collars comprised a plastic-lined canvas collar and solar-powered 

GPS-based satellite locating devices (SmartOne Solar; Spot LLC, Covington LA; Figure 

4.1). The units had a waterproof rating of IP69K and weighed 385 g with dimensions of 

8.26 cm high, 17.78 cm wide, and 2.86 cm deep. We enhanced the robustness of the GPS 

unit by placing it inside a 3D-printed Acrylonitrile Butadiene Styrene (ABS) plastic 

housing, before mounting the housing to the plastic-lined canvas collars. We designed 

collars to fit the GPS on the animal’s back (facing the sky), counterweighted by lead shot 

to prevent the device from shifting to a face-down position. We also spray-painted the 

canvas and cradle fluorescent pink so that a spotter could identify collared pigs during 

culling. 

The devices did not return a satellite dilution of precision, but stationary testing of 

the units showed high accuracy, with 93% of fixed falling within 10 m during a week-long 

deployment period. The Globalstar constellation of satellites enabled the trilateration of the 

location of the collared pigs every 45 minutes, and the system transmitted the recorded 

location data to us in near-real-time via a website. To account for potential behavioural 

responses to helicopter capture, air traffic continued around the property for the remainder 

of the study. The pigs were also given a ten-day acclimation period after collaring, the data 

of which were not included in the analysis. We had no control over the date of the cull, and 

an acclimation period of 10 days was chosen because that was the longest period that could 

be afforded without reducing the monitoring period below 60 days. This process resulted 

in geographic location data at 45-min intervals for 60 days pre-cull, three days during the 

cull, and 60 days post-cull.  

4.4.3 The aerial cull 

The land managers conducted the aerial cull 70 days after we collared the feral pigs. 

The culling team used a single-engine Robinson R44 helicopter to systematically fly over 
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the management zone at a low height (~130 m). An individual shooter sitting at the 

helicopter’s door used a .308 calibre M1a semi-automatic rifle to cull sighted feral pigs. 

The culling team spent a total of 18 hours (over three days) actively searching and culling 

feral pigs across the entire management zone. During these flights, an onboard observer 

sighted 627 feral pigs, of which 434 were culled. The observer only identified one solitary 

collared feral pigs during the culling period, and that animal was left unharmed.  

4.4.4 Habitat classification 

The different types of habitat within the management area were classified using 

multispectral Sentinel-2 satellite imagery from the European Space Agency Copernicus 

program (Copernicus, 2018). The Sentinel-2 satellites collect imagery at swath-widths of 

290 km, and these are divided into image tiles covering 100 km2. All collared feral pig 

movement occurred within a single Sentinel-2 image tile, so we did not need additional 

processing to align multiple tiles. Sentinel-2 has the benefit of high resolution (10–60 m) 

imagery allowing for fine-scale habitat analysis. Sentinel-2 satellites frequently orbit 

(> 5 days), allowing us to acquire an image of the day after collar deployment. This image 

had <10% cloud obstruction. The image was comprised of bands B2, B3 and B4 and was 

pre-processed at Level-1C, accounting for radiometric and geometric corrections.  

The Sentinel-2 image was used to distinguish five major habitat classes in an 

unsupervised maximum likelihood classification with ArcMap10.4.1 software (Esri, 

Redlands, CA, USA). Most commonly used to classify remotely-sensed and pixel-based 

data (Bolstad & Lillesand, 1991), maximum likelihood classification uses Bayes’ theorem 

to assign a classification to each pixel based on probability assuming normal distribution 

(ESRI, 2011). This method requires selecting the number of classes to be determined and 

does not require additional a priori information about the habitat types. A priori 
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information is not required because each pixel is categorised based on the differences in 

spectral values (Sun et al., 2013).  

We predetermined the number of habitat classes to be five as this value represented 

the most distinguishable options for an inexperienced land manager to identify habitat 

during aerial surveillance. The five habitat classifications were water, open areas, light 

vegetation, moderate vegetation, and heavy vegetation. We validated habitat classifications 

by qualitative ground-based visual inspection of ten randomly selected sites, two from each 

classification. The classification results were then combined with the pig location fixes to 

determine the proportion of location fixes in each habitat class and the differences before 

and after culling. 

4.4.5 Data analysis 

Location fixes were separated into pre-, during, and post-cull data-sets for each 

individual. All data processing and analysis was conducted in the R statistical environment 

(R Core Team [v3.6.0], 2019). Pre- and post-cull behavioural metrics were then compared 

using two methods.  

First, the activity space for each feral pig pre- and post-cull was determined using 

Kernel Utilisation Distributions, implemented with Brownian Bridge movement models 

(KUDBB). We chose the KUDBB smoothing parameter associated with animal movement 

(σ1) using the ‘liker’ function in the ‘adehabitat’ R package (Calenge, 2006), which 

employs the Horne et al. (2007) maximum likelihood approach. We set the smoothing 

parameter within the movement model associated with relocation error (σ2) to a value of 

10 because stationary testing showed that 93% of location fixes fell within 10 m of the 

devices’ centre point location. We measured displacement by the difference in the 

percentage of overlap between pre- and post-cull KUDBB distributions for each individual.  
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Second, the dispersal distances of individuals were assessed pre- and post-cull by 

determining the mean weekly distance moved from a central location within the activity 

space. The central location of the activity space was determined for the pre-cull fixes for 

each individual by calculating the mean latitude and longitude (centroid). The Euclidian 

distance was then estimated from every location fix (pre- and post-cull) to this central 

location. All movement metrics were determined using the ‘adehabitatHR’ package 

(Calenge, 2006) in R. 

To determine if culling had a significant effect on feral pig habitat selection, the 

relative time that a feral pig spent within each habitat was assessed pre- and post-cull by 

calculating the proportion of location fixes within each of the five vegetation classes 

identified by remote sensing. Generalised linear mixed models (GLMM) were used to 

significantly test the impact of the aerial cull, and subsequent population density reduction, 

upon the habitat preference of each individual. The total proportion of location fixes for 

each individual pig was the dependant variable (prop fixes), with pre- and post-cull periods 

(cull: pre-cull or post-cull), habitat type (vegetation: heavy, moderate, light, open, or 

water), and sex of tagged animal (sex: female or male) as predictor variables (full model: 

prop fixes ~ cull * vegetation + sex). The animal IDs were used as a random effect for all 

models, to account for the repeated measures nature of the data, and to account for 

variability amongst individuals. Models were applied in R using the ‘lme4’ package (Bates 

et al., 2015) and compared using an information theoretic approach employing the Akaike 

Information Criterion corrected for small sample sizes (AICc; Burnham & Anderson, 

2002). The model with the lowest AICc score was considered the most parsimonious and 

was assessed to identify significant environmental or biological variables that impacted pig 

habitat preference. 
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4.5 Results 

Six female and five male adult feral pigs were collared and monitored in this study. 

A recreational hunter shot one male within 30 days of deployment. The devices from the 

remaining ten pigs returned a total of 14,552 location fixes throughout the study. The 

incidence of aerial culling immediately caused a substantial drop in the frequency of animal 

telemetry location fixes being relayed to the satellite. This result was so severe that there 

was an absence of location fixes for some individuals for many days post-cull, with others 

only returning around 3% of expected location fixes. For two of the collared individuals, 

no location fixes were recorded following the aerial cull. Over the longer 60-day monitoring 

period, all collared individuals returned a lower fix-success rate (14%) than recorded in the 

60 days before the cull (Figure 4.2). Three of the collared pigs returned very few location 

fixes post-cull (<35), thus we removed them from further analysis. 

 

Figure 4.2 – Feral pig raw detection data. The size of each point is proportional to the number of location 

fixes recorded in any one day. The grey vertical line designates the culling period. Animals 1 – 5 were the 

subjects of comparative pre- and post-cull analysis, whereas Animals 6 – 10 did not return sufficient 

location fixes post-cull to be included. 

The collared pigs that returned sufficient post-cull location data (n=5) occupied an 

activity space (KUDBB) that was two-fold greater than recorded in the 60 days before the 

cull (pre-cull = 3.96 ± 1.5 km; post-cull = 7.2 ± 3.4 km [mean ± SE]; Table 4.1). All tracked 

individuals shifted the location of their activity space after the cull, and the level of activity 
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space overlap was only 11% ± 4% (n = 5; mean ± SE) between the pre- and post-cull 

locations (Figure 4.3). However, no tracked pigs were found outside the management zone 

after culling. According to our generalised linear mixed model, the cull did not significantly 

alter the mean dispersal distance displayed by pigs before and after the cull (t1,6 = -0.283, 

p = 0.77). However, there was a high amount of variability amongst individuals (Table 4.1; 

Figure 4.4). The cull did, however, have a significant effect (p < 0.05) on the type of habitat 

selected by feral pigs in the 60-day post-cull period (Table 4.2). The percentage of fixes in 

heavy vegetation for all five pigs increased after the cull (pre-cull = 67.4% ± 14.4%; post-

cull = 81% ± 14.3% [mean ± SE]). Accordingly, the percentage of location fixes within 

open habitats also significantly decreased after the cull (pre-cull = 11% ± 2.3%; post-cull 

= 7% ± 3.6% [mean ± SE]; Figure 4.5). Sex was not a significant factor influencing habitat 

selection (t1,41 = 0.01, p = 0.834; Table 4.3).  

Table 4.1 Change in activity and space-use metrics for feral pigs due to aerial culling. KUDBB: Kernel 

Utilisation Distributions implemented with Brownian Bridge movement models; km: kilometres. 

1 2 3 4 5 6 7 

Animal 
ID 

Se
x 

Number of 
location fixes 

Mean overall distance 
from centre point (km) 

Difference in 
proportion of 
location fixes 
in heavy veg 
post-cull 

Difference 
in 95% 
KUDBB 
post-cull 

Pre and 
post 
KUDBB 
overlap 

  
pre 
cull 

post 
cull 

Pre (±SE) Post (±SE) (km2)  

Animal 
1 

F 999 806 
1.32 ± 
0.02 

5.46 ± 
0.05 

11% 12.6 17% 

Animal 
2 

M 1185 152 
1.74 ± 
0.01 

0.09 ± 
0.01 

9% 2.1 13% 

Animal 
3 

F 567 147 
0.95 ± 
0.01 

0.40 ± 
0.02 

2% -1.9 0% 

Animal 
4 

M 1226 118 
0.69 ± 
0.01 

0.92 ± 
0.11 

14% 6.1 4% 

Animal 
5 

F 881 272 
4.37 ± 
0.06 

0.61 ± 
0.05 

32% -2.7 23% 
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Figure 4.3 – Change in activity space of feral pigs before and after aerial culling. The map encompasses all 

areas subject to culling. Each panel shows the activity space (KUDBB) of a single feral pig 60 days before 

(yellow) and 60 days after (purple) culling. Vegetation density correlates with increasing greyscale. 

KUDBB; Kernel Utilisation Distributions, implemented with Brownian Bridge movement models. 

 

Figure 4.4 – Mean weekly dispersal distance from the activity space centroid. The pre-cull period is 

illustrated by light grey circles with error bars and post-cull by black circle with error bars. The period of 
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the cull is indicated by the grey vertical line. The pre-cull mean is the solid grey line, and the post-cull mean 

is the solid black line. 

 

Figure 4.5 – The frequency of pig locations recorded in five different habitat types. Filled circles represent 

heavy vegetation; triangles – light vegetation; filled squares – moderate vegetation; crosses – open area; 

squares with internal x – water. 

Table 4.2 – Summary of the best performing generalised linear mixed-model (Model 1). Predictors with 

non-significant values are bold (p > 0.05). Intercept estimates and values relate to the proportion of fixes in 

heavy vegetation post-cull. 

Predictor  Estimate ± SE t value 

Intercept 0.94 ± 0.060 15.587 

Pre-cull -0.52 ± 0.077 -6.720 

Light veg -0.93 ± 0.165 -5.660 

Moderate veg -0.43 ± 0.114 -3.757 

Open area -0.85 ± 0.139 -6.125 

Water -0.93 ± 0.165 -5.660 

Pre-cull * Light veg 0.64 ± 0.180 3.557 

Pre-cull * Moderate veg 0.19 ± 0.134 1.413 

Pre-cull* Open area 0.75 ± 0.155 4.860 

Random Effects  

σ2  0.05 

τ00 SerialNumber  0 

N SerialNumber  10 

Observations  99 

Marginal R2  0.594 
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Table 4.3 – Generalised linear mixed-model selection of variables based on Corrected Akaike Information 

Criterion scores (AICc). Models are in order of best performance, with Model 1 outperforming subsequent 

models. All models had the animal ID as a random factor and used the proportion of location fixes as the 

response variable. Culling period (pre/post), vegetation type (heavy/moderate/light/open/water), and sex 

(male/female) were variables tested to identify the most parsimonious model. 

Model Covariate Df AICc 

1 ~ cull * vegetation + cull + vegetation 11 23.5 

2 ~cull * vegetation + cull + vegetation + sex 12 27.8 

4.6 Discussion 

The aerial cull had an immediate and severe impact on the behaviour of monitored 

feral pigs, disrupting their patterns of behaviour, space and habitat use. Some of these 

behavioural changes remained evident up to 60 days after the aerial culling event. An 

unexpected impact of the cull was a change in the frequency of location fixes that were 

successfully returned via satellite. We suggest that this change in detectability is an artefact 

of the cull-induced change in habitat selection by the surviving feral pigs. Thick canopy 

cover is known to hinder satellite reception for GPS-based location fixing and satellite data 

transmission (Ironside et al., 2017; McMahon et al., 2017; Tomkiewicz et al., 2010). It is 

also possible that the devices quickly drained their batteries after prolonged periods in this 

environment with limited exposure to the sun. This theory is supported by generalised 

linear mixed modelling, which enabled analysis of a high number of location fixes from a 

low number of individuals by accounting for repeated measures. Through this technique, 

we showed that feral pigs selected denser vegetation for up to 60 days after the aerial cull 

than they did prior to the cull. Aerial culling is the preferred method of reducing the number 

of feral pigs in north Australia and has been used in preparedness and response planning 

strategies for the incursion of exotic disease, such as African Swine Fever (Australian Feral 

Pig Task Group, 2020). Therefore, the results of this study have relevance for feral pig 
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management, and the study methods should be replicated for other populations and areas 

where aerial culling is used. 

Responses of the surviving pigs varied greatly amongst individuals after the aerial culling. 

Some pigs travelled large distances, whilst others showed reductions in movement 

compared to their pre-cull behaviour. These observations were based on reduced-post cull 

detectability that may reflect an underestimation of space use. However, these results 

provide an indication of changed use patterns. Such results are not surprising given the 

surviving pigs’ cull experience, and because their social conditions would likely have 

changed. All surviving pigs were identified within sounders of seven or more individuals 

before collaring, and after culling some surviving individuals may have had their entire 

sounder culled, whilst other individuals may have been with a sounder that experienced 

little-to-no culling. Thus, the impetus to move, hide or seek out other pigs may have differed 

substantially between individuals. A flight log could have allowed investigation of 

correlation between high cohort casualties and changed movement behaviours. Previous 

studies that examined the impact of aerial culling on feral pig behaviour have reported little 

or no behavioural changes (Campbell et al., 2010; Dexter, 1996; Saunders & Bryant, 1988). 

However, these studies only reported averaged metrics, which may have masked changes 

in movement by a low number of surviving individuals.  

The activity space sizes recorded in this study are comparable with other studies 

undertaken on feral pigs in Australia (activity space = 3–18 km2) (Caley, 1997; Department 

of the Environment and Energy, 2017b; Dexter, 1999). However, the cull resulted in some 

pigs increasing the size of their activity space, whilst others showed a decrease, presumably 

due to previous culling experiences and social conditions. Nevertheless, all collared feral 

pigs changed the location of their activity space pre- to post-cull. This shift in the locations 

of the activity space appeared to be driven by a shift in habitat preference. Although pigs 
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used dense vegetation before the cull, they significantly increased their use of densely 

vegetated areas post-cull while decreasing the use of more open landscapes.  

Feral pigs in the shrublands of Texas, USA, exhibited a similar immediate flee 

response to aerial culling (Campbell et al., 2010). However, in the Texas study, the feral 

pigs returned to the pre-cull areas within a few days. This didn’t happen for any of the 

collared pigs in our study, and instead surviving feral pigs sought new activity areas (<23% 

KUDBB overlap pre/post-cull). A possible reason for the disparity between the two studies 

is that dense vegetation is actually the preferred habitat for feral pigs (Barrett & Pine, 1980; 

Saunders & Kay, 1991), particularly during the late dry season (Saunders & Bryant, 1988).  

It may be that under high pig densities, the resources in dense vegetation are limited 

and, therefore, individual pigs are forced to feed or transit through less favourable open 

habitats. At the lower post-cull population density, surviving pigs were able to remain in 

the preferred densely vegetated habitat because the resources were less exploited, and 

competition was reduced. However, more telemetry studies are needed to assess feral pig 

responses to aerial culling within a variety of habitats and seasons across northern 

Australia, to better understand the population-level responses to aerial culling.  

Our study is the first to document a long-term change in behaviour and habitat 

preference of surviving feral pigs in response to aerial culling. Its findings have several 

implications for the efficacy of feral pig management. Firstly, the shift of pig activity space 

to occupying more densely vegetated habitat dramatically reduced our ability to detect 

individuals. The pig’s attached satellite telemetry collars experienced reduced detectability 

post-cull, while visual detection from the air or ground would have also been severely 

hampered. This reduction in detection probability of surviving pigs could be problematic 

because managers may believe they have culled a greater proportion of the population than 
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they truly have. In the event of a disease outbreak, these potentially skewed post-cull 

detection numbers could form the basis for diseases transmission modelling and 

management decisions. Knowing that detectability is likely to be impaired for many months 

following an aerial cull will be useful in assessing the effectiveness of a cull. Secondly, the 

aggregation of surviving pigs within dense vegetation may increase contact rates between 

individuals and result in increased disease transmission. For these reasons, we suggest that 

densely vegetated areas should be the focus of more intensive subsequent management 

techniques such as baiting or trapping.  

A third implication of these findings is that managers need to consider that aerial 

culling can cause some individuals to be displaced over large distances within a short 

period. These results need to be considered when assessing the efficacy of aerial culling for 

disease containment, as it would only take the heightened movement of a single infected 

pig to breach a containment area and transmit a disease to new sounders.  

Our study reports from a limited number of individuals from a single area. We argue 

that similar studies should be conducted within a range of habitats across north Australia 

to better understand how feral pigs respond to aerial culling. These data are hard-won and 

costly to collect but will be extremely valuable in determining how Australia prepares and 

responds to future exotic swine disease incursions.  
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5.1 Abstract  

Landscape features are important barriers and facilitators of animal movement that 

influence population dynamics and persistence by affecting access to reproductive 

opportunities, food and shelter. Therefore, identifying which features mediate population 

connectivity may assist in the management of introduced pest species. For example, 

landscape features that restrict individual movement can reduce post-intervention 

recolonisation of managed areas. The feral pig is an introduced species in Australia that 

causes significant agricultural, environmental, and economic damage. Here, we evaluated 

feral pig population connectivity in relation to landscape features common throughout the 

pigs’ geographic range. We assessed the genetic similarity of 202 individuals from along 

the coastal fringe of the Northern Territory, Australia. Then we used landscape genetic 

resistance surface optimisation to infer the effects of natural and anthropogenic landscape 

features on genetic distance in order to understand how the landscape affects effective 

movement and connectivity. Results showed strong population genetic structuring, though 

genetic connectivity was impeded by major perennial rivers and high topographic 
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roughness in the landscape (i.e. escarpments). However, we also found geographically 

distant populations with low genetic divergence, that were separated by high topographic 

roughness, suggesting anthropogenically assisted movement between these populations. 

Our findings identify populations and illustrate areas of high and low connectivity, which 

may be useful for defining the spatial extent of management interventions.  

5.2 Keywords  

Feral animals, invasive, landscape genetics 

5.3 Introduction 

Landscape features are important mediators of animal movement that influence 

population dynamics and persistence by affecting access to food, shelter, and mating 

opportunities (Balkenhol et al., 2015; Storfer et al., 2007). Mediating access to these 

resources can shape basic population processes such as births, deaths, immigration, and 

emigration, which in turn affect population connectivity. For example, connectivity in frog 

populations can be restricted by land relief (Funk et al., 2005) , and butterfly populations 

can be divided by forests (Keyghobadi et al., 1999). From a pest animal management 

perspective, population processes that influence individual dispersal and population 

connectivity are extremely important in determining the relative success or failure of 

eradication programs. If land managers can identify which landscape features restrict or 

assist dispersal, and where these occur, they may be employed to complement management 

strategies. This is exemplified by the fact that researchers have identified that artificial 

water bodies are important for cane toad (Rhinella marina) persistence and have 

highlighted the need to use these features as invasion control traps (Letnic et al., 2015).  

Like cane toads, feral pigs are an introduced pest in Australia that cause significant 

agriculture, environmental, and economic damage. Feral pigs are generalist omnivores, 
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which utilise various environments across most of Australia (Hone, 2020; National Land 

& Water Resources Audit & Invasive Animals Cooperative Research Centre, 2008; Tisdell, 

1982). They threaten the $67 billion AUD agriculture industry by destroying crops, preying 

on livestock, and spreading weeds and diseases (ABARES, 2021; Department of the 

Environment and Energy, 2017a). Feral pig management in Australia is failing, and despite 

considerable eradication efforts, they continue to expand across the continent (Hone, 2020). 

The low impact of control measures on the overall population may be because management 

programs tend to operate independently, over discrete areas, and feral pigs from 

surrounding unmanaged areas can rapidly recolonise managed areas (Delgado-Acevedo et 

al., 2007; Hampton et al., 2004b; Lopez et al., 2014). Management units are usually defined 

by land tenures and property boundaries, and the connectivity of local populations to 

surrounding populations is not considered (Cowled et al., 2008; Hampton et al., 2004b; 

Lopez et al., 2014).  

Quantifying the relationship between landscape features and population 

connectivity (as a result of individual-based animal movements) over such broad areas can 

be challenging (Allan et al., 2013; Matthews et al., 2013). However, developments in 

genetic data generation and analysis have provided a platform for assessing functional and 

structural connectivity that alleviates the issue of tracking many individuals in the field for 

long periods. These techniques infer the effects of landscapes on functional connectivity 

by assessing congruence between structural connectivity hypotheses. Some examples 

include the ecological distances between individuals in the landscape derived from 

landscape resistance hypotheses, least-cost path or circuit theory analyses, and genetic 

distances among individuals or populations – which are, in turn, affected by shared ancestry 

between individuals (McRae, 2006; McRae & Beier, 2007; Spear et al., 2010). In this way, 

these techniques can be used to assess the genetic structure between individuals and group 
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them into populations before correlating their genetic connectivity to landscape features 

that influence movement and connectivity.  

Roads, rivers, and topographic roughness are easily identifiable landscape features 

that impact animal connectivity. For many animals, roads are landscape features associated 

with high mortality and decreased population abundance (Ceia-Hasse et al., 2018; Jones, 

2000; Riley et al., 2006). However, for some vagile species, small roads do not interfere 

with movement (Frantz et al., 2010) and conversely, roadsides can facilitate increased 

movement (Allan et al., 2018; Fenderson et al., 2014). Furthermore, feral pigs in Australia 

are transported large distances by humans (via roads), helping them colonise new areas 

(Spencer & Hampton, 2005). Rivers are another landscape feature that can affect animal 

movement. Although physically able to swim, some terrestrial mammals find large, wide 

rivers barriers to dispersal (Fenderson et al., 2014; Frantz et al., 2010). Despite the potential 

of rivers to limit movement, feral pigs in Northern Australia preferentially use areas 

surrounding major rivers because there is abundant food, easy access to water, and shelter 

(Caley, 1997). Topographic complexity (roughness) represents another physical barrier to 

movement, as complex topography forces animals to expend more energy to detour around 

obstacles or steep inclines. Additionally, level terrain provides a greater viewshed for 

detecting predators (Butler et al., 2019). Topographic roughness, rivers and roads could be 

mediators of feral pig movement in Northern Australia.  

Here, we used landscape genetics to assess whether feral pigs exhibit population 

structuring in the Top End of the Northern Territory, and identify which landscape features 

may influence this. We hypothesised that perennial rivers and areas of high topographic 

roughness impede feral pig movement, and that feral pig populations may be structured 

between these features. 



103 

5.4 Methods  

5.4.1 Study area 

The study area incorporated mainland Northern Territory, Australia, north of -15° 

latitude (Figure 5.1). The area is dominated by a tropical monsoonal climate, with 90% of 

the annual rainfall (1,300 mm) occurring between November – March, while May – 

September remains primarily dry (Collins et al., 2009). The area is characterised by a belt 

of open forests of Eucalyptus sp., Acacia sp., and Callitris sp. extending from Western 

Australia to Queensland (Beringer et al., 1995; Van Oosterzee et al., 2014). Feral pigs are 

widespread across the areas with seasonal fluctuations in distribution and abundance 

(Choquenot et al., 1996; National Land & Water Resources Audit & Invasive Animals 

Cooperative Research Centre, 2008).  

 

Figure 5.1 – Study area and location of pig samples. 

5.4.2 Landscape sampling / Resistance layer 

We graded the study area into classes based on the presence of four landscape 

features which we hypothesised would influence connectivity. These landscape features 

were roads, rivers, near rivers (within 1 km of a river), and topographic roughness. We 

created a set of raster layers of these landscape features and coded them categorically 

according to hypotheses about effects on resistance to movement by feral pigs (Figure 5.2). 
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For the roads layer, all arterial roads and highways in the study area were small, with four 

or fewer lanes and we classed cells containing such roads with a value of one and cells 

without such roads with a value of two. Roughness was recoded into smooth (1), 

moderately rough (2) and roughest (3). All major perennial rivers were categorised with a 

value of three. Cells adjacent to major perennial rivers (‘near rivers’) were assigned a value 

of one. The ocean and islands were masked from the analysis. 

 

Figure 5.2 – Landscape layers. 

We obtained the raw landscape data from two sources. The roughness raster was 

created from the Geoscience Australia 1 sec Shuttle Radar Topography Mission (SRTM) 

Digital Elevation Model (Geoscience Australia, 2011). The roads and river data were 
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sourced from the Northern Territory Department of Infrastructure, Planning and Logistics 

(NTDIPL), however, these data did not identify riparian zones adjacent to major rivers, 

which we hypothesised would be influential in connectivity. Therefore, we created the 

‘near rivers’ raster from the NTDIPL data by identifying cells within 1 km of rivers using 

the ‘gridDistance’ function with queens’ case in the raster package in R (Hijmans & van 

Etten, 2012). 

We based the rasters’ spatial grain on the resolution of the variable with the largest 

grain and did not kernel smooth the raster. The result was a raster of 654,939 cells with a 

7.5 x 10-6 km² resolution. The spatial extent was WGS84 129.0004, 137.5729, -14.99792, 

-10.70042, encompassing the top half of the Northern Territory, which provided a sufficient 

edge margin around the samples to avoid edge effects in the landscape resistance analysis. 

5.4.3 Movement and connectivity  

5.4.3.1 Genetic sampling 

We measured the genetic similarity of feral pigs as a proxy for gene flow and 

connectivity. Two types of samples were collected – tissue and blood samples. Tissue 

samples (n = 134) were acquired between 2018–2019, during the live animal handling for 

other research, as well as opportunistically from carcasses provided by hunters across the 

Northern Territory. Tissue was acquired from the periphery of the ear and stored in ethanol. 

Tissue samples were trimmed to 10 mg sections to remove skin and reduce potential cross-

contamination from the field. Blood samples (n = 606) were acquired during other research 

in 2016 and kept chilled in sterile vacuum tubes until 100 μl could be aliquoted from each 

sample for processing. The blood samples were all collected from individuals able to be 

accessed while flying transects over the coastal fringe of the Northern Territory. Individuals 

were recorded in the order that they were found and were classified as a group if found with 

cohorts. The first adult from each group, or each individual if found without cohorts, was 
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selected for genetic analysis (n = 109). All procedures were carried out in accordance with 

Charles Darwin University Animal Ethics Committee approval (A18003). 

Diversity Arrays Technology (Canberra, Australia) completed DNA extraction and 

genotyping using their specialised ‘DarTSeq’ process for extracting single nucleotide 

polymorphism (SNP) from across the pig genome. The DarTSeq process is a genome 

complexity reduction concept (Kilian et al., 2012), which relies on restriction enzymes to 

provide a reduced representation of a genome, instead of assessing the whole genome, 

thereby making it a cost-effective option (Melville et al., 2017). SNPs were called from the 

clustered sequences and mapped against the most recent reference genome assembly for 

Sus scrofa – Sscrofa11.1 (The Swine Genome Sequencing Consortium, 2017). This 

technique produced 42,438 SNP loci from our samples that we then filtered. 

5.4.3.2 Filtering Single Nucleotide Polymorphism data 

We retained SNPs with <0.9 of missing SNP data, repeatability >0.95, minor allele 

frequency >0.01, mean sequencing depth >10, allele depth ratio <2 (i.e. difference in 

sequencing depth between alleles), and filtered out secondary SNPs in the same sequence. 

We filtered out all SNPs that didn’t map to reference genomes with an alignment e-value 

of <20 and chose only SNPs that mapped to autosomes for landscape genetics analysis. We 

completed filtering using custom scripts and the dartR package in R (version 3.6.1; Gruber 

et al., 2018). 

5.4.3.3 Group assignment and genetic diversity 

We assessed the overall genetic diversity, heterozygosity (HT), observed 

heterozygosity (HO), and estimated genetic differentiation (FST). We estimated Weir and 

Cockerham pairwise FST estimates using significance estimated via 1,000 permutations and 

false discovery rate (FDR) correction.  
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We evaluated spatial autocorrelation coefficients (r) in GenAlEx (Peakall & 

Smouse, 2006, 2012) using pairwise individual genetic and geographic distances to 

determine spatial clustering of similar genotypes over different spatial scales to infer 

dispersal (Banks & Peakall, 2012; Peakall et al., 2003). GenAlEx uses heterogeneity tests 

for spatial autocorrelation of diploid codominant genetic loci to show the spatial scale of 

genetic structure among individuals (Peakall & Smouse, 2012). We set a series of distance 

intervals ending at 50, 100, 150, 200, 300, 400, 500, 600, and 1,000 km, and significance 

was evaluated with 999 permutations of the data. 

Next, we performed a principal coordinates analysis (PCoA) to visualise genetic 

similarities and to determine if there was population clustering. We used STRUCTURE 

(version 2.3.4) (Pritchard et al., 2000) to then investigate patterns of clustering among 

sampled individuals applying models where we used correlated allele frequencies and set 

the number of genetic clusters (K) from one to ten, with burn-in periods of 20,000 and 

80,000 Markov chain Monte Carlo (MCMC) repetitions. The prior mean FST for 

populations was set to 0.01, with a standard deviation of 0.05 and a Λ value of 1. We used 

the change in likelihood with increasing K to identify a K value above which model 

likelihood would not substantially improve.  

We then used individual pairwise genetic distances among individuals in 

ResistanceGA (Peterman, 2018) to model environmental resistance to movement, using all 

combinations of our environmental variables. This package applies linear mixed-effects 

models with a maximum-likelihood population effect, using a pairwise genetic distance 

matrix as the response variable and a resistance distance matrix as the explanatory variable, 

optimising the resistance values of the candidate land cover layers through Circuitscape to 

maximise model fit. We used 1,000 bootstrap iterations and cell directional connections of 

eight. The output was a model ranking table describing the combination of landscape layers 
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that best explained genetic distance and estimated the resistance values of each landscape 

element and the contribution of each raster layer to the resistance surface. We determined 

the most parsimonious models by AIC values.  

Using the optimised resistance surface from the model with the best AIC from 

ResistanceGA, we used ResDisMapper (Qian et al., 2019) to identify geographic areas 

where genetic differentiation was significantly different than expected. We fit a model of 

isolation by resistance (IBR), identifying that a non-linear IBR model was better than a 

linear model, then used ResDisMapper to map areas where observed genetic distances were 

significantly greater or lesser than expected under the IBR relationship. We used 1,000 

repetitions and a p significance of 0.05 to display a 30 by 30 grid.  

5.5 Results  

After filtering, we assessed samples from 202 individuals with 9245 biallelic SNPs 

and x̄HT = 0.29, x̄HO = 0.20, x̄ FST = 0.17.  

Low rates of dispersal were documented by autocorrelation coefficients in GenAlEx 

that were high at low distances, and were non-significant beyond 150 km (Figure 5.3).  
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Figure 5.3 – Spatial autocorrelation graph showing distance classes (in kilometres) and autocorrelation 

coefficient values (r). Red lines indicate the bounds of a randomisation significance test and the areas 

outside the bounds were significantly different to a random sample. 

The principal coordinates analysis showed distinct clustering of individuals 

indicating an apparent population structure (Figure 5.4). Based on visualisation of the 

PCoA and sample locations, we estimated the number of populations to be seven. There 

was some overlap between neighbouring populations, except for P4, a population 

geographically restricted on a peninsula. Populations P3 and P7 had high genetic 

connectivity despite large geographic separation. 
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Figure 5.4 – (a) Principal coordinate analysis (PCoA) plot of genetic distance between feral pigs (Sus 

scrofa) sampled from across the coastal fringe of the Northern Territory Australia. The axis shows the 

percentage of total variance. Each point is an individual and each colour is a separate population. Ellipses 

encapsulates ≥95% of points for each population. (b) The geographic location of populations. 
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We also inferred feral pig populations based on STRUCTURE results, identifying 

that the model with seven populations, when the change in ln(PD) first drops below 10,000, 

was an informative model to present, as the likelihood of more complex models improved 

at a slower rate above K = 7 (Figure 5.5).  

 

Figure 5.5 – Plot of mean posterior probability (ln(PD); blue) values per clusters (K), based on 80,000 

repetitions per K, and the change (Δln(PD); red) between consecutive iterations of K from STRUCTURE 

(Pritchard et al. 2000) to estimate the genetic structure. 

Individuals were grouped into seven genetic clusters (populations) in 

STRUCTURE, with some showing more gene flow between populations (Figure 5.6). 

Again, P4 was more genetically distinct and populations P3 and P7 showed high genetic 

similarity.  
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Figure 5.6 – Population assignment plot with populations on the x-axis and the assignment probably on the 

y-axis. Each bar denotes an individual sample, and the colours of the bars signify the source locations of 

each sample.  

The best overall model to explain resistance to the dispersal of individuals 

combined the environmental factors of rivers and topographic roughness (Table 5.1 and 

Table 5.2). The best preforming model showed high resistance in central areas and along 

major rivers (Figure 5.7). All models performed better than the Null model, and all models 

with roughness performed better than the isolation by distance model. In this optimised 

model, rivers contributed 0.252 and 0.747 to resistance and roughness, respectively. The 

resistance value for cells corresponding to rivers was 11.09, intermediate topographic 

roughness was 1.43, high roughness was 11.71, and the baseline resistance value for land 

surface with low roughness was allocated a value of 1. 

Table 5.1 – Model outputs table (AIC) indicating that the best performing model is Rivers and Roughness.  

Model AIC 

Rivers + Roughness  91485.66 

Roughness  91812.95 

Near Rivers + Roughness  92934.74 

Near Rivers + Rivers + Roughness  93975.70 

Roads + Roughness  94251.04 

Rivers + Roads +Roughness  94553.95 

Near Rivers + Rivers + Roads + Roughness  94972.57 

Near Rivers + Roads + Roughness  96318.15 
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Model AIC 

Rivers  97701.73 

Near Rivers + River  97771.46 

Rivers + Roads  97788.93 

Near Rivers + Rivers + Roads  98055.65 

Euclidian distance 98075.79 

Roads  98085.50 

Near Rivers  98102.76 

Near Rivers + Roads  98221.11 

Null 115060.60 

Table 5.2 – Coefficient table of best performing model. 

 Estimate Std. Error t value 

Intercept 81.10 0.535 151.54 

Rivers + Roughness 5.91 0.027 214.61 

 

Figure 5.7 – Optimised resistance surface of the best performing model in ResistanceGA. 

Using the best preforming model, we visualised high resistance separating 

populations on the West and East coasts, with high resistance inland, and a bottleneck in 

the Cobourg Peninsula. Visualisation also showed low resistance, mainly along the coast 

(Figure 5.8).  
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Figure 5.8 – (a) Population clustering of feral pigs across the coastal fringe of the mainland of the Northern 

Territory, Australia. Each point is an individual and each dot colour is a separate population identified using 

the STRUCTURE program. (b) Landscape resistance compared to isolation by distance (IBD) across the 

research area which shows areas where genetic distances are greater or lower than expected based on the 

IBD relationships modelled. Darker shades of red indicate increasing resistance and lighter shades of green 

indicate increasingly lower resistance. White indicates zero resistance. Red/green contour lines indicate 
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areas with significantly higher/lower values of resistance than a null distribution (i.e. IBD). Black dots 

indicate individual samples. 

5.6 Discussion 

The feral pig population in the top-end of the Northern Territory is not one single 

continuous population. From the analysis and modelling of genetic profiles from 202 

individuals, we found good support for models predicting seven populations across the Top 

End and low rates of dispersals of individuals (<150 km). These populations generally 

conformed to a spatial arrangement explained by isolation by distance; however, large 

rivers, topographic relief, and anthropogenic features significantly influenced connectivity. 

Assessment of habitat connectivity in conjunction with genetic samples from across such a 

large geographic area has not previously been reported for feral pigs in the Northern 

Territory, despite habitat use being a critical parameter in successfully managing pests 

(Froese et al., 2017). Here, we have demonstrated where influential landscape features 

occur and propose that they are considered in future feral pig management strategies. 

Dispersal is known to be affected by natural and anthropogenic landscape features, 

which can facilitate or hinder access to mates and resources essential for persistence. In the 

Northern Territory, rivers have high concentrations of large predatory crocodiles and 

topographic complexity is associated with areas of rocky inclines, both of which deter pig 

movement. Our results corroborate this, revealing topographic roughness and rivers are the 

most important predictors of genetic connectivity of feral pigs. Roads and areas near rivers 

are also insightful for predicting connectivity, however, our models indicate that they are 

less so. The drivers of movement are complex, and our research attempted to assess only a 

few of the factors that would be easy for land managers to identify. Future research should 

delve deeper into the more inconspicuous mediators of pig movement in tropical northern 

Australia, such as the changing seasons. 
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In Australia, feral pigs typically move less than 250 km from capture sites, even 

under hunting pressure (Caley, 1993, 1997; Saunders & Bryant, 1988), and their average 

home-range is 0.3–10 km2 (Department of the Environment and Energy, 2017b; Hampton 

et al., 2004a; Spencer & Hampton, 2005). Thus, another area requiring further investigation 

is the genetic connection between populations P3 (the population closes to the largest urban 

area in the NT) and P7 (the population furthest from urbanisation). These unusually 

genetically similar populations were separated by >250 km, with the landscape separating 

these two populations being less favourable habitat for feral pigs. Our results indicate that 

geographic features (rivers and roughness) affect movement, which would have heavily 

impacted the dispersal rate between these populations. From our results, it is unclear 

whether the genetic connection is a result of human-assisted translocation, or whether there 

are environmental factors at play that have affected genetic drift. We can only say with 

certainty that there is high genetic connectivity between these populations that does not 

conform to isolation by distance or resistance mediation. 

In Western Australia, similar unnatural genetic connectivity between 

geographically distant populations has been documented and correlated to human-assisted 

translocation (Dexter, 1996; Saunders & Bryant, 1988; Spencer & Hampton, 2005). 

Researchers have proposed that hunters intentionally moved pigs to create new populations 

or supplement existing ones close to easily accessible recreational hunting areas (Spencer 

& Hampton, 2005). We were unable to obtain samples from inland habitats, but samples 

from these areas would help to substantiate the theory of human-assisted translocation. 

Human-assisted translocation is particularly concerning when considering disease spread 

as it makes containment and management more difficult. Thus, investigating this further 

should be a high priority.  
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5.7 Management implications  

Dispersal is a critical management challenge for disease containment and 

population eradication. Landscape features can facilitate or hinder dispersal, and can be 

exploited to benefit management outcomes. The landscape features we investigated 

correlate with the functional dispersal of feral pigs, however, these features did not define 

the geographic boundaries of the populations. For example, rivers and topographic 

roughness have not prevented individuals from mixing between populations, although they 

do influence gene flow patterns and should be considered when planning management 

interventions.  

We found good support for a model of seven populations of feral pigs across the 

coastal fringe of the Northern Territory. These seven populations provide a measurement 

of distances and locations to consider when planning management units, instead of 

ecologically arbitrary land tenure units. Some of these populations span great distances 

which will be nearly impossible to manage without the combined efforts of multiple 

landholders. Of the seven populations identified, two had unusual genetic similarities (P3 

and P7) considering the extensive geographical distance and topographic roughness 

between them. Therefore, both locations should be the focus of increased research, public 

awareness campaigns and policing to ensure people understand how harmful translocation 

of introduced pests can be.  
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CHAPTER 6. GENERAL DISCUSSION  

The efficacy of management options for invasive pest species must consider their 

movement ecology across a range of spatio-temporal scales. This allows managers to 

identify patterns and processes that may facilitate or hinder persistence, both in the short- 

and long-term (Balkenhol et al., 2015; Gibbs et al., 2015). My research was conducted at 

different scales (short-term, individual-level movements, and multi-generational, 

population-level connectivity) to provide a holistic assessment of feral pig spatial ecology 

in the top-end of the Northern Territory. In this thesis, I have investigated the historic use 

of alternative means of tracking individual animals (Chapter 2), described novel methods 

for employing these unconventional tracking technologies (Chapter Three), with real-world 

examples on individuals (Chapter 4), and expanded the movement assessment to 

population-level tracking (Chapter 5). In this chapter, I summarise the key findings of this 

multidisciplinary research, as well as its limitations, and discuss how this work can inform 

invasive species management, before suggesting future research directions. 

6.1 Significance 

6.1.1 Objective 1: Identify the existing use of modified devices for wildlife research and 

areas for improvement 

There has been a historically low, but increasing use of modified off-the-shelf 

commercial tracking devices to collect fine-scale movement data from wildlife. The 

majority of these devices were data loggers deployed in Antarctica and Southern Oceans, 

Australia, and Europe. Most devices were applied to birds with adhesive or tape and tracked 

for brief periods. A search of the literature highlighted the shortage of publications 

describing modified devices deployed for long periods on large mammals or using devices 

with automatic remote data retrieval capabilities. In the subsequent chapters, I worked to 

overcome these limitations by developing methods for modifying and deploying these off-
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the-shelf commercial tracking devices for large animals, deploying them over long periods, 

and using automatic remote data retrieval. 

6.1.2 Objective 2: Outline methods for modifying low-cost tracking devices for wildlife 

research and test their accuracy, fix-success rates, durability, and longevity 

Modified solar asset trackers with automatic remote data upload capabilities proved 

effective in monitoring the movements of large mammals for long periods with good fix-

success rates and durability, for under $570 USD. Modified devices were highly accurate, 

but the alternations and positioning of devices affected fix-success rates, with repackaged 

disposable battery asset trackers and upside-down units in metal housings performing the 

worst (35% of expected longevity and 6% fix-success rate, respectively). Fix-success rates 

were higher for animals in open habitats, such as donkeys (90% mean fix-success), than 

animals that occupied habitats with denser vegetation, such as pigs (44% mean fix-success). 

Therefore, recommended modifications include choosing devices that do not require 

repackaging, using a plastic protective housing, facing the devices skyward, and attaching 

them to durable fire hose with large stainless-steel bolts. My research provides an example 

of how free-ranging mammals can be tracked accurately in near-real-time for a fraction of 

the cost of wildlife-specific telemetry devices, and I have provided a step-by-step guide to 

modifying such devices (Appendix 2.1). I use these devices in the subsequent chapter 

(Chapter 4) to investigate the movement ecology of feral pigs. 

6.1.3 Objective 3: Compare the habitat preference of free-ranging animals before and 

after management intervention using modified devices 

Feral pigs are a destructive and invasive pest in Australia, and understanding how 

they behaviourally respond to management interventions is important for refining 

management operations. In this chapter, I fitted feral pigs with modified solar asset trackers, 

which recorded aerial culling-induced behavioural changes in surviving feral pigs. There 
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was high variability of dispersal patterns between individuals after the intervention, but all 

animals were detected more frequently within heavily vegetated habitats. These findings 

have important implications for the efficiency of management actions because they 

highlight the issues around post-cull pig detectability and aggregation, and ultimately 

influence the long-term effectiveness of management interventions.  

6.1.4 Objective 4: Determine which landscape features best explain connectivity and 

identify populations 

In this chapter, I mapped the first genetic feral pig dataset across the top-end of the 

Northern Territory and modelled their resistance to dispersal. Models using rivers and 

topographic roughness best explain genetic flow. There was evidence of population 

clustering, as well as the existence of two geographically distant populations with high 

genetic connectivity, suggesting abnormally large movement between populations. These 

findings highlight the fact that rivers and topographic roughness are important determinants 

of genetic connectivity, though there are likely other factors at play.  

Overall, meeting these four objectives has shown that integrating low-cost 

telemetry, remote sensing, and landscape genetics can provide broad insights into the 

movement ecology of large free-ranging animals for a fraction of the cost of other tracking 

options. We now know that modified inexpensive mass-produced locating devices are 

effective for tracking large free-ranging mammals for long periods, despite their 

historically low application in the literature. We discovered that animals tracked in this 

manner had responses to management not previously quantified in the Northern Territory. 

Furthermore, we discovered that rivers and topographic roughness are good predictors of 

the effective dispersal of feral pigs, and their historic dispersal has resulted in population 

clustering along the coastal fringe. This knowledge is beneficial because it allows for more 

targeted management by focusing on small-scale individual movement after interventions, 
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and large-scale movement by targeting defined meta-populations, instead of managing 

ecologically arbitrary property boundaries. The findings of my thesis have implications for 

how, when, and where future feral pig management and research should be conducted. The 

knowledge and tools produced here will help support more effective management of one 

of Australia’s leading terrestrial pest animals.  

In addition to these important findings specific to feral pig populations in the 

Northern Territory, this work also describes methods replicable both on a national level or 

on other species for use gaining a similar well-rounded understanding of movement 

patterns across different spatio-temporal scales. This thesis offers researchers a method of 

reducing expenses and field-time when assessing the movement ecology of terrestrial 

animals.  

6.2 Limitations 

My literature review (Chapter 2) provides insight into the application of modified 

devices, however, it was not all-encompassing because I could not account for unbranded 

devices – there are many unbranded GPS devices on the market. Though there may be 

publications that have used such devices, I was unable to search for them without an 

appropriate search term (i.e. a brand name). Furthermore, there may be publications that 

omitted the name of the device used, preventing them from being included in the search 

results. Despite these limitations, my review defines the overall trend in modifying devices 

for wildlife research.  

Both devices assessed in Chapter 3 came from the same manufacturer and used the 

same satellite constellation to acquire data. The discussed metrics could vary between other 

devices, as use of particular satellite constellations may differ between manufacturers. 

Therefore, the spatial accuracy and fix-rate success I report cannot be extrapolated to other 
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devices. However, my research provides evidence that modified devices can be accurate. 

My research also provides useful methods for collar construction regardless of the device 

brand.  

My initial attempts to trap pigs for Chapter 4 were unsuccessful, and animals had 

to be captured by helicopter. This capture technique may raise concerns about bias resulting 

from first collaring and then culling occurring from a helicopter. However, possible bias 

was mitigated by the long period (>70 days) between the two events, as well as potential 

desensitisation to helicopter noise from frequent, prolonged low-flying over the property 

for other purposes. Another limitation was the small sample size resulting from the 

unanticipated, sudden, and drastic drop of fix-success rates following the culling operation. 

Though I used statistically robust methods to make inferences about the small sample size, 

assessing an increased number of ground-captured individuals would have helped provide 

more compelling conclusions.  

The number of individuals sampled was larger for the genetic research, however, 

the sample locations were limited, as they were opportunistically collected from 

recreational hunters and government bodies. These groups typically did not hunt in areas 

with low densities of animals. Therefore, I was unable to obtain samples from central 

regions of the Northern Territory. Additional samples from inland areas would have helped 

strengthen the argument that genetic connections between geographically distant 

populations are unnatural and likely human-assisted. I would also have liked to combine 

the field data from Chapter 4 with the genetic data from Chapter 5 to help bolster this 

assertion, however, the GPS devices failed much earlier than predicted by the outcomes of 

Chapter 2’s stationary testing and I was unable to get the necessary data for such an 

analysis. Additionally, the environmental factors that affect movement and gene flow are 

diverse and multifaceted. Only a very few specific environmental factors were considered 
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in Chapters 5 and 6. These factors should be considered a small part of a more complex 

response. 

6.3 Implications for wildlife management  

Though there has been an increasing application of modified devices for field 

research, there were still far more publications using standard wildlife-specific technology. 

Modified devices are appealing due to their low cost. However, their application is unlikely 

to immediately or dramatically alter the rate of publication because the trend indicates a 

slow increase in their use. The literature shows a successful uptake of modified devices for 

tracking birds over short periods. Gaps in the literature identified in Chapter 2 (i.e. few 

publications on large animals, for long periods, or using automatic data retrieval) will likely 

inspire wildlife managers to improve cost-efficiencies in their wildlife management 

endeavours by employing alternative devices, modifications, and attachment methods to 

non-avian species.  

The methods and techniques for modifying and applying devices described in 

Chapter 3 will allow researchers to deploy more devices on limited budgets. Wildlife 

managers should not waste time modifying battery capacity unless they intend to track 

nocturnal animals or those that shelter from the sun. Devices altered to increase battery 

capacity did not meet the longevity expected for their modified operational parameters. 

However, solar devices, made with the techniques described in Chapter 3, will provide 

wildlife managers with a plethora of highly accurate, frequent detections over long periods, 

if applied to the correct animals, as there was a large difference in results between species.  

In Chapter 4, collared pigs shifted their activity spaces and shelter locations to dense 

vegetation for long periods following the culling operation. This change in movement can 

help land managers account for and implement strategies to alleviate the issues associated 
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with post-intervention movements. There are three recommendations from this research. 

Firstly, post-intervention assessments should be conducted >60 days after culling, because 

surviving animals occupied densely vegetated areas immediately after culling, thus 

avoiding detection. Secondly, densely vegetated areas should be targeted if further 

interventions are required, despite detection difficulties. Finally, managers should be 

prepared for some individuals to move large distances, while others remain sedentary, as 

we encountered both behaviours.  

Management strategies, particularly those concerned with containing dispersal, also 

need to consider rivers and topographic roughness (Chapter 5), as they best describe the 

genetic connectivity of our samples. These easily identifiable landscape features can be 

exploited by wildlife managers. Moreover, two populations separated by significant 

barriers and large geographic distances were more genetically connected than they were to 

their neighbours. This anomaly suggests genetic drift (e.g. where isolation has been so 

severe that there has been genetic divergence from neighbours) or human-assisted 

translocation between populations. Land managers should consider such cases if they 

intend on limiting dispersal, particularly in the event of disease outbreaks.  

6.4 Future work  

In Chapter 2, the literature revealed gaps in the application of modified devices, 

which offer opportunities for expanding device application to more types of animals, in 

different locations, using different attachment methods, and fix intervals. In Chapters 3 and 

4, I have documented the use of two modified devices and trialled them on two different 

species. However, there remain many more applications methods, animals, and habitats 

where the use of modified devices have relevance. In Chapter 3, though I successfully 

deployed modified devices, I recognised that the solar devices could be further altered, 

possibly with alternative attachment methods, to reduce size and weight. 
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Chapter 4 investigated the movement of individuals from different sounders, 

thereby identifying changes in habitat selection across a large area. Researchers 

investigating the spread of disease may find such tracking data useful for understanding 

interactions between individuals. Assessing contact between individuals could help 

managers plan for disease containment and the timing of management interventions. The 

collars I used in Chapters 3 and 4 would cost-effectively allow multiple individuals within 

the same sounder to be tracked, with high fix rates and with near-real-time data acquisition. 

Using the movement data from Chapter 4 in a behavioural change point analysis may also 

provide insight into patterns displayed when individuals unexpectedly converge, a 

suspected consequence of culling (Chapter 4). Land managers could then exploit this 

information to improve the cost and time-effectiveness of management techniques, such as 

the Judas technique, and to understand the dynamics of disease spread.  

In Chapter 5, I found that rivers and topographic roughness best explain the patterns 

of genetic dispersal of feral pigs across the Top End. This research should be applied to 

other jurisdictions investigate if findings are the same outside of the wet-dry tropics of 

northern Australia. My thesis identifies landscape features influential to genetic 

connectivity, which is a necessary first step towards paving the way for future landscape 

resistance work to investigate ecological processes (e.g. abundance, survival, or fecundity) 

important to spatial genetic structure (Spear et al., 2010). Another avenue to investigate 

using the genetic data would be whether proximity to heavily hunted areas increases the 

genetic dispersal of feral pigs. 

6.5 Concluding remarks  

My primary aim was evaluating the viability of using modern, low-cost techniques 

to assess movement and identify the factors influencing the dispersal of feral pigs. In this 

thesis, I have highlighted a growing interest in using modified devices for wildlife tracking. 
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I have included methods for completing such modifications, demonstrating that these 

devices can provide real-world insight into individual animal movement. Furthermore, my 

genetic analysis has shown that a population-scale investigation can also be used to discern 

large-scale movements and associated landscape features. I have clearly demonstrated that, 

applied together, these techniques provide a holistic assessment of animal movement.  
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APPENDICES 

Appendix 1 – Chapter 2 Supplementary Material 

Appendix 1.1 – Supplementary Data 2.1 – A list of devices from Google Shopping and the associated search 

terms for Google Scholar 

Device search terms  Results 

“Cat Tracker”  AND  biotelemetry 10 

“Cat Tracker”  AND  telemetry 10 

“CatLog” AND  biotelemetry 10 

“CatLog” AND  telemetry 32 

“CatTra” AND  biotelemetry 0 

“CatTra” AND  telemetry 0 

“CatTrack1” AND  biotelemetry 6 

“CatTrack1” AND  telemetry 6 

“CatTraQ” AND  biotelemetry 26 

“CatTraQ” AND  telemetry 26 

“Chipolo” AND  biotelemetry 0 

“Chipolo” AND  telemetry 2 

“DG-100” AND  biotelemetry 2 

“DG-100” AND  telemetry 6 

“DG-200” AND  biotelemetry 3 

“DG-200” AND  telemetry 3 

“DO1” AND  biotelemetry 5 

“DO1” AND  telemetry 109 

“F9 GPS” AND  biotelemetry 0 

“F9 GPS” AND  telemetry 0 

“Findster” AND  biotelemetry 0 

“Findster” AND  telemetry 0 

“GF07” AND  biotelemetry 0 

“GF07” AND  telemetry 4 

“GF19” AND  biotelemetry 0 

“GF19” AND  telemetry 1 

“GPS-MS1” AND  biotelemetry 8 

“GPS-MS1” AND  telemetry 8 

“i-gotU” AND  biotelemetry 153 

“i-gotU” AND  telemetry 152 

“iTrack” AND  biotelemetry 1 

“iTrack” AND  telemetry 18 

“LA9028” AND  biotelemetry 0 

“LA9028” AND  telemetry 0 

“Loca8tor” AND  biotelemetry 0 

“Loca8tor” AND  telemetry 0 
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Device search terms  Results 

“LT-20” AND  biotelemetry 0 

“LT-20” AND  telemetry 2 

“nuttag” AND  biotelemetry 1 

“nuttag” AND  telemetry 1 

“Spark Nano” AND  biotelemetry 1 

“Spark Nano” AND  telemetry 1 

“Spot Gen3” AND  biotelemetry 3 

“Spot Gen3” AND  telemetry 3 

“Spot Trace” AND  biotelemetry 19 

“Spot Trace” AND  telemetry 19 

“Spytec” AND  biotelemetry 0 

“Spytec” AND  telemetry 0 

“Tkstar” AND  biotelemetry 0 

“Tkstar” AND  telemetry 1 

“Trackimo Guardian” AND  biotelemetry 0 

“Trackimo Guardian” AND  telemetry 0 

“Trackstick” AND  biotelemetry 10 

“Trackstick” AND  telemetry 10 

“TrackTag” AND  biotelemetry 31 

“TrackTag” AND  telemetry 30 

“Trak-4” AND  biotelemetry 3 

“Trak-4” AND  telemetry 3 

“UniTraQ” AND  biotelemetry 2 

“UniTraQ AND  telemetry 2 

“White GEGO” AND  biotelemetry 0 

“White GEGO” AND  telemetry 0 

“Wolftrack” AND  biotelemetry 2 

“Wolftrack” AND  telemetry 2 
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Appendix 1.2 – Supplementary Data 2.2 – A list of scientific manuscripts documenting the use of small, 

portable mass-produced geographical locating devices used for tracking wildlife movement.  
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Appendix 2 – Chapter 3 Supplementary Material 

Appendix 2.1 – Supplementary Data 3.1 – How to construct a low-cost animal tracking collar. 
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