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SUMMARY  

The European badger (Meles meles), one of Ireland’s most iconic native species, acts as a wildlife 

reservoir of Mycobacterium bovis, the causative agent of tuberculosis in cattle. Badgers have been 

implicated in the spread of the disease to cattle in Ireland and the UK. To understand the dynamics 

of a disease and to control it successfully, a complete picture of ranging behaviour of the carrier 

species is required. Much of our knowledge of ranging behaviour in badgers derives from studies of 

high-density populations. There is concern that environmental disturbances, such as major 

roadworks, can increase movements between badger social groups, resulting in increased TB 

breakdowns in cattle herds. The ranging of a medium-density Irish badger population was monitored 

before, during and after a major road upgrade and realignment project, using GPS tracking collars. 

Using the GPS data, I estimated badger home range size, nightly distances travelled and the distance 

and frequency of extra-territorial excursions. My results show that the road upgrade and realignment 

project had a very limited effect on the ranging behaviour of badgers, and that territoriality in the 

area was not disrupted. Roadworks of this nature are therefore unlikely to result in increased TB 

breakdowns in cattle herds. However, my analyses highlight that there was greater connectivity 

between social groups than suggested in the literature. I show that badgers made frequent extra-

territorial excursions throughout the year. I illustrate that some dispersing badgers travelled long 

distances through unexpectedly large areas. I describe a previously unrecognised type of ranging 

behaviour, super-ranging, found in 22% of male badgers. Super-rangers held enlarged territories that 

encompassed two or more traditional social group territories. All of these behaviours have the 

potential to increase contact between badgers from different social groups and have implications 

for disease transmission. My findings can be used to better understand and model the epidemiology 

of disease, and to formulate more effective and efficient TB control initiatives, such as vaccination 

of badgers. Finally, this research greatly enhances our understanding of badger ecology, by 

contributing to knowledge of medium-density populations, and gives a more detailed picture of 

dispersal in badgers than has been obtained before. 
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CHAPTER 1 

INTRODUCTION: 

CAUTION! ROADWORKS AHEAD. 

 

1.1 Why study ranging behaviour in badgers? 

Knowledge of ranging behaviour is particularly important for understanding the spread and 

maintenance of infectious diseases in wildlife (Conner and Miller 2004). European badgers (Meles 

meles) are highly susceptible to tuberculosis (TB), caused by Mycobacterium bovis (Gormley and 

Costello 2003). In both Ireland and the UK, badgers have been implicated in the spread of M. bovis 

to cattle and in acting as a wildlife reservoir for bovine tuberculosis (bTB) (Murphy et al. 2010; Corner 

et al. 2011; Godfray et al. 2013). The UK and Irish governments spend millions each year attempting 

to eradicate bTB, in part through culling badgers (Godfray et al. 2013; DAFM 2016a). However, 

badgers are a protected species in both countries and culling is not considered a sustainable bTB 

control strategy (Gormley and Corner 2013). Both Ireland and the UK are investigating injectable and 

oral vaccine strategies designed to inoculate badgers against M. bovis (Chambers et al. 2017; 

Gormley et al. 2017; Gowtage et al. 2017; Perrett et al. 2018). Ireland has recently announced that 

it will begin to roll out a national vaccination programme, starting with areas in which trials of 

injectable vaccines have recently taken place (Aznar et al. 2011, 2018; DAFM 2018).  

In order to understand the dynamics of a disease and to control it successfully, as complete a picture 

as possible of the ecology and ranging behaviour of the carrier species is required (Conner and Miller 

2004). Badgers live in social groups, but are unusual social animals, because while they share a main 

sett and a territory, there is little evidence for cooperative behaviour between them and they 

generally forage individually (Woodroffe and Macdonald 1993). Several hypotheses have been 

proposed to explain the socio-spatial organisation of badger, e.g. the Resource Dispersion 

Hypothesis (Macdonald 1983; Woodroffe and Macdonald 1993); the Anti-Kleptogamy Hypothesis 

(Roper et al. 1986), and the Sett Dispersion Hypothesis (Doncaster and Woodroffe 1993). The 

Resource Dispersion Hypothesis holds that territory size and shape is determined by food patch 

distribution while social group size is determined by food patch richness (Macdonald 1983; 

Woodroffe and Macdonald 1993). The Anti-Kleptogamy Hypothesis (Roper et al. 1986) holds that 

the driving factor in badger socio-spatial organisation was mate defence by male badgers rather than 

food resources, because male badgers engage in territorial defence behaviours to a greater extent 
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than female badgers. Sett Dispersion Hypothesis (Doncaster and Woodroffe 1993) argued that the 

location and size of setts determines the size of territories, maximum social group size and social 

group density. Whatever the mechanism, the organisation of badgers into territorial social groups 

appears to limit the spread of TB because it lowers disease transmission rates between groups 

(Cheeseman et al. 1988b; Delahay et al. 2000b; Davis et al. 2015). However, badger movements into 

and out of neighbouring social groups is associated with increased prevalence of TB in these groups 

(Rogers et al. 1998; Riordan et al. 2011). Therefore the ranging of badgers is of direct importance to 

the transmission of TB infection both between individual badgers (Weber et al. 2013; O’Mahony 

2015b) and between badgers and cattle (Martin et al. 1997; Eves 1999; Griffin et al. 2005b; 

Woodroffe et al. 2009; Mullen et al. 2015). 

 

1.2 The badger in Ireland  

The European badger is a very well-studied species, but much of the current understanding of badger 

biology derives from long-term studies of populations in Great Britain (GB) where densities are 

relatively high. Those findings may not necessarily be applicable to lower density populations (Roper 

2010). For example, in England, where badgers are often found at higher densities, they exhibit 

classic territorial behavior where all members of a social group mark and patrol territory boundaries 

and actively exclude other groups (Kruuk 1978a, b). Territory boundaries are contiguous and very 

stable, persisting in some cases for decades (Rogers et al. 1997), and home ranges map directly onto 

territory boundaries (Cheeseman et al. 1987; Palphramand et al. 2007). However, where badgers 

exist at much lower densities, for example in Luxemburg, Scotland, Spain and Poland, they appear to 

be less territorial, either with indistinct boundaries or unoccupied space between social groups 

(Kruuk and Parish 1982; Revilla and Palomares 2002; Kowalczyk et al. 2003; Schley et al. 2004). In 

Ireland, badgers exist at intermediate densities (Sleeman et al. 2009; Elliott et al. 2015) and hold 

territories that are contiguous.   

Given the proximity of Irish and British badgers, one might expect their ecologies to be similar. 

However, several studies have highlighted many physiological and ecological differences. Irish 

badgers exhibit less sexual dimorphism compared to their UK counterparts (Lynch et al., 1997). Both 

sexes have a smaller body mass than GB badgers at all times of the year (David Kelly, TCD, pers. 

comm.). There are also differences in breeding patterns. While conception rates are lower than in 

Britain, successful implantation rates and foetal survival rates are higher than in British badgers 

(Corner et al. 2015). Like GB badgers, Irish female badgers are polyoestrous and continue to cycle 

throughout the year until gravid, but the peak in mating occurs later in the year than in the UK 

(Corner et al. 2015). Genetic analysis by O’Meara et al. (2012) and David Kelly (TCD, unpublished 
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data) using both nuclear and mitochondrial DNA to examine shared haplotypes has revealed that the 

Irish badger population clusters more closely with populations in Spain and Norway, forming an 

‘Atlantic fringe’, whereas British populations cluster more closely with those found in Central Europe, 

possibly due to different colonisation histories. However, this is a subject that is still under debate 

(Frantz et al., 2014).  

Irish badgers live in less complex sett systems (Byrne et al., 2012a) that tend to be located in 

hedgerows (Smal 1995), rather than woodland (Roper 2010). Despite the fact that Irish badgers also 

live in contiguous territories, there appears to be a lower incidence of bite-wounding compared to 

Britain (Byrne et al. 2012a; MacWhite et al. 2013a), and Irish badgers may be less territorial than 

British badgers (Elliott et al. 2015). Differences also extend to diet. While badgers in Britain have 

classically been considered earthworm specialists, a term coined by Kruuk and Parish (1981), Cleary 

et al. (2009) found that Irish badgers are more accurately described as opportunistic generalists, with 

a diet that is influenced by seasonal resource availability. Their diet is comprised primarily of Tipulid 

(crane fly) larvae in spring/early summer, of Noctuid (cutworm) larvae in autumn/winter and Anura 

(frogs) and Aculeata (wasps/bees) in summer. Carabid beetle adults and larvae and Lumbricidae 

(earthworms) are consumed throughout the year, albeit in much lower frequencies. This difference 

in diet breadth does not appear to be due to lower densities of earthworms in Ireland compared to 

Britain (Muldowney et al., 2003). These ecological differences may manifest themselves in the 

ranging behaviour of badgers and may have significant implications for efforts to control bTB in 

Ireland and Britain respectively, where differing disease management strategies may be required.  

 

1.3 The history of bTB control in Ireland 

A voluntary test and slaughter scheme for cattle has been in operation in the Republic of Ireland 

(ROI) since 1954 when bTB levels were very high, with 80% of herds and 17% of cattle infected 

(O’Keeffe 2006). A compulsory national bTB eradication program has been operating in ROI since 

1959. There followed a rapid fall in the number of animals testing positive and the prevalence of 

disease i.e. the number of cases present in the cattle population at a given time, decreased to 0.44% 

by 1965 (DAFM 2016a). This progress was not maintained and bTB prevalence has stabilised, albeit 

at very low levels. Since the mid-60’s between 20-40,000 cattle per annum have tested positive for 

bTB (O’Keeffe 2006). The most recent available annual statistics (for 2016) show that disease 

prevalence is at 0.24% with a herd incidence i.e. the number of new herds in the population testing 

positive in a given time period, of 3.27% (DAFM 2017). Disease levels vary throughout the county 

with a minimum herd incidence of 1.56% in Co. Leitrim and a maximum of 12.52% in West Wicklow 

(DAFM 2017). In East Wicklow, where our study area is located, the average incidence is 7.26% 
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(DAFM 2017). However, the study area itself has historically low levels of bTB (Margaret Good, 

DAFM, pers. comm.).  

 

The first TB infected badger to be detected in Ireland was found in 1974 (Noonan et al. 1975) and 

there followed several studies (the East Offaly Project 1989-1994 and the Four Areas Project 1997-

2002) to ascertain the link between TB in badgers and cattle (Máirtín et al. 1998; Eves 1999; Griffin 

et al. 2005b, b; Kelly et al. 2008). These studies have shown that reducing the density of badgers over a 

wide area and maintaining these lower densities over a number of years reduced the levels of tuberculosis 

in cattle locally and reduced the risk of TB-related herd restrictions (Máirtín et al. 1998; Eves 1999; Griffin 

et al. 2005b; Kelly et al. 2008; DAFM 2016a). Since 2004, the national TB eradication program has 

included the reactive culling of badgers (More and Good 2015) with the aim of reducing the national 

badger population by 25-30%, thus reducing significant badger-cattle interactions (O’Keeffe 2006). 

Studies on reactive culling have shown a reduced risk of TB-related herd breakdown (Olea-Popelka et al. 

2009) and a reduced prevalence of TB in badgers (Byrne et al. 2015). In areas under cull, the rate of 

removal was estimated at 0.45 badgers km-2 year-1 resulting in a reduction in the relative abundance 

of badgers of between 64-71% (Byrne et al. 2012c). The last estimate of the national badger 

population (84,000) was in 2009 (Sleeman et al. 2009) yet national eradication of the badger seems 

unlikely (Byrne et al. 2012c) because capturing of badgers is confined to no more than 30% of the 

country’s agricultural land over the lifetime of the strategy (O’Keeffe 2006). However, the impact of 

reactive culling on the size of the national population, to date, is unknown. 

 

1.4 TB epidemiology & risk factors 

Knowledge about disease epidemiology, including causation, transmission and maintenance of 

infection, is central to the development of disease control strategies (More and Good 2006). 

Tuberculosis is primarily a respiratory disease in badgers, although it can progress to other organ 

systems (Corner et al. 2011). TB in badgers is a chronic disease, the manifestation of which varies 

from long-term latency with no signs of disease to acute disease and death (Corner et al. 2011). Up 

to 80% of infected populations may exhibit no visible lesions, however stressors such as territorial 

defence, assertion of dominance, lactation and nutritional stress may trigger disease progression 

(Gallagher and Clifton-Hadley 2000). Although complex, the mechanism of infection between 

badgers is well understood (More and Good 2006; Corner et al. 2011). The minimum infective dose 

for lower respiratory infection is a single bacillus (Corner et al. 2011). The main routes of infection 

are, in decreasing order of importance but requiring progressively higher doses of bacilli: infection 

of the lower respiratory tract; bite wounds via contaminated saliva, the upper respiratory tract and 

the gastrointestinal tract (Corner et al. 2011). M. bovis can be shed from the respiratory, digestive, 
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and urinary tracts and from skin lesions (Corner et al. 2011). Openly-draining lesions and infected 

bite wounds are sources of extremely high numbers of bacilli (Delahay et al. 2001). Badger behaviour 

such as sett-sharing, allogrooming, mating, and active territorial defence including bite-wounding as 

well as ingestion of contaminated food are risk factors for badger-to-badger transmission (Corner et 

al. 2011).  

Latrines, into which badgers deposit urine, faeces and scent-gland secretions, may act as focal points 

of indirect TB transmission (Hutchings and Harris 1999; Scantlebury et al. 2004). Latrines are used to 

delineate territories and to communicate, and depositions of faeces accumulate in them (Roper et 

al. 1993; Kilshaw et al. 2009; Buesching et al. 2016). Viable M. bovis bacilli have been detected in 

faeces from latrines, and also in soil samples from setts in both the UK and Ireland (Young et al. 2005; 

Courtenay et al. 2006), with evidence that mycobacterium can survive in soil for up to 12 months 

(Ghodbane et al. 2014).  

The mechanism of TB transmission between badgers and cattle is not fully understood (More and 

Good 2015). There are thought to be two potential routes for badger-cattle transmission – direct 

transmission, i.e. respiratory, through close contact between badgers and cattle either in pasture or 

in farm buildings, and indirect transmission through ingestion of grass, feed, or water contaminated 

with excretions containing viable M. bovis (More and Good 2006; Corner et al. 2011). Direct 

transmission from badgers to cattle has been demonstrated (Little et al. 1982), but the rate of 

transmission was slow (Corner et al. 2011). For direct infection to occur via the respiratory route 

either in housing or in pasture, the animals must be extremely close (<1m) and inhale the bacteria 

within seconds as bacilli do not survive very long in the air (Corner et al. 2011). Evidence for badgers 

visiting farm yards and buildings is equivocal with some researchers documenting frequent visits 

(Garnett et al. 2002; Tolhurst et al. 2009) while many others find few visits (Sleeman and Mulcahy 

1993; Mullen et al. 2015; O’Mahony 2015a; Woodroffe et al. 2017). There is some evidence that 

badgers infected with TB may use farm buildings more (Cheeseman and Mallinson 1981a). Evidence 

for direct contact between badgers and cattle in pasture is also minimal (Benham and Broom 1989; 

Mullen et al. 2013; Woodroffe et al. 2016a). However, contact between badgers and cattle may 

involve just a few individuals that have relatively high contact rates, and may therefore be able to 

act as hubs for disease transmission (Böhm et al. 2009).  

Cattle may be infected by consuming contaminated foodstuffs although this requires a large mass of 

heavily contaminated food (Corner et al. 2011). When visiting farm buildings, badgers most 

frequently visited feed stores and were observed excreting/scent-marking on and around feed 

(Garnett et al. 2002; Tolhurst et al. 2009). While badgers appear to avoid cattle in pasture (Mullen 

et al. 2013; Woodroffe et al. 2016a), cattle in pasture will display interest in badgers (Benham and 

Broom 1989). Cattle will also investigate sett entrances and bedding ejected from setts (Phillips et 
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al. 2003; Ward et al. 2010). Indeed, camera-trap footage from the present project shows several 

cattle investigating active badger sett entrances (Figure 1.1). Indirect transmission via environmental 

contamination is probably a more likely route of transmission than direct infection (Mullen et al. 

2013, 2015, Woodroffe et al. 2016a, 2017) with soil, spring and pond water, sediment samples, hay, 

feed, faeces and soil samples from setts all found to contain M. bovis bacteria that were both viable 

and persistent (Young et al. 2005; Courtenay et al. 2006; Fine et al. 2011; Ghodbane et al. 2014; 

Barbier et al. 2016). 

 

a)    

b)  

Figure 1.1 Indirect transmission opportunities a) badger (circled in red) emerging from 

sett at night and b) cattle investigating sett entrances the next morning. Red arrow 

points to location of sett entrance.  
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Despite decades of control in Ireland, TB persists in both cattle and badgers. Prevalence in badgers 

appears to have declined from between 26-36% (Murphy et al. 2010; Byrne et al. 2015) to 

approximately 11% in culled areas (Byrne et al. 2015) and is estimated at 15% in un-disturbed (i.e. 

un-culled) areas with low bTB prevalence (Murphy et al. 2011). However, prevalence in TB is not 

uniform throughout the country. In areas where TB prevalence in cattle is low, it is also low in badgers 

(Murphy et al. 2011). Conversely, where TB prevalence in cattle is high it is also high in badgers 

(Furphy et al. 2012). The spatial clustering of TB both in cattle and badgers has changed little in 

recent years (More and Good 2006) with local hotspots attributable to reinfection from the 

environment, wildlife and farm-to-farm (More and Good 2015). White et al. (2013) estimated that 

15% of infections in Irish herds were due to residual infection within the cattle herd, up to 20% from 

contiguous spread between neighbouring cattle herds and 19-39% due to infected wildlife. Further, 

an infected wildlife source best explained the existence of neighbouring herd risk at distances greater 

than 25m from the farm. Estimates regarding wildlife as the source of infection (White et al. 2013) 

were based on the other sources of infection being ruled out. Badger social structure and the 

longevity of infected animals make them an ideal maintenance host (Corner et al. 2011). 

 

1.5 A perturbation effect of culling?  

 

There is evidence in British studies of the Randomised Badger Control Trail (RBCT) for both positive 

and negative effects of culling on bTB breakdown rates, due to a perturbation effect on badger social 

structure and ranging behaviour (Cheeseman et al. 1993; O’Corry-Crowe et al. 1996; Tuyttens et al. 

2000a, b; Donnelly et al. 2006; Carter et al. 2007; Donnelly et al. 2007; Jenkins et al. 2008). These 

social disruptions included rapid immigration into culled areas, increased group range size, increased 

group range overlap, increased inter-group movements and increased distances moved (Carter et al. 

2007), that resulted in higher TB transmission rates among badgers and between badgers and cattle 

(Woodroffe et al. 2006; Donnelly et al. 2007; McDonald et al. 2008; Godfray et al. 2013). However, 

some British studies report differing results in terms of the efficacy of culling over different 

timescales (Donnelly et al. 2006, 2007).  

 

In contrast, Irish studies have reported sustained decreases in the rates of bTB breakdowns as a 

result of culling trials (Eves 1999; Griffin et al. 2005a; Kelly et al. 2008; Olea-Popelka et al. 2009), 

despite some evidence for social disruption (O’Corry-Crowe et al. 1996; Costello et al. 2006). Culling 

operations have resulted in a decrease in the prevalence of TB in badgers from approx. 26-36% to 

11% between 2007 and 2013 (Byrne et al. 2015). There is much debate over the efficacy and ethics 

of culling as a measure to control TB in badgers and why results from control trails carried out in ROI 
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and UK differ (O’Connor et al. 2012). It has been suggested that differences including variation in 

badger densities, cattle and badger demography, TB epidemiology, previous culling histories, 

different trapping methods and consistency of culling operations may explain differing outcomes 

(O’Connor et al. 2012; Byrne et al. 2015). Other researchers question the validity of the RBCT results 

(More et al. 2007; More and McGrath 2015), while Hendy (2016) suggests that analysis of longer 

term data reveals that proactive culling has in fact been successful in reducing bTB in the UK. While 

culling of badgers in Ireland and Britain may disturb local badger populations, whether or not that 

leads to increases in bTB is unresolved.   

 

 

1.6 Other types of disturbance  

 

Other activities have the potential to disturb badger ranging behaviour and consequently the rate of 

disease transmission. It has been proposed that density reduction due to persecution is analogous 

to culling (Sadlier and Montgomery 2004). For example, persecution has been found to increase the 

distance badgers travel, and to reduce territoriality (Sadlier and Montgomery 2004; Sleeman and 

Mulcahy 2005). Low-level disturbance of badgers due to persecution has been associated with 

increased risk of TB in cattle in Northern Ireland and may even lead to the persistence of TB hotspots 

(Wright et al. 2015). It has been suggested that environmental disturbances such as clear felling of 

forests (Blumstein, 2010; Enda Mullen, NPWS, pers. comm.) and landscape changes that occur as 

road density increases (Van der Zee et al. 1992) may also impact the population density and ranging 

behaviour of badgers. As such, events like these may also have implications for TB transmission 

among badgers and between badgers and cattle. Recently, the Irish media has reported concerns 

over the impact that major roadworks may have on bTB breakdowns resulting from associated 

increased movement in badgers (e.g. Hubert 2016). 

There have been many studies on the impact of roads on the ecology of wildlife in terms of 

population density, barriers to, or facilitators of, movement, habitat loss and fragmentation, 

mortality, increase or decrease of food availability and avoidance behaviour (Carr et al. 2002; Coffin 

2007; Benítez-López et al. 2010). However, there have been few studies that have specifically 

examined the impact of road construction itself on mammals, and none on badgers, even though 

the process of construction could have extremely high disturbance intensity (Kohn et al. 1999; Klar 

et al. 2009; Lesmerises et al. 2013). Most mustelid studies examining the impact of roads focus on 

barriers to movement, population reduction due to road traffic accidents (RTAs), fragmentation, and 

the effectiveness of mitigation measures (e.g. Clevenger 2013). Similarly, most of the literature 

pertaining to the effect of roads on badger ecology is focussed on barriers to dispersal, mortality due 
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to RTAs and the mitigation of these effects (Davies et al. 1987; Van der Zee et al. 1992; Clarke et al. 

1998; Dekker and Bekker 2010).  

 

1.7 Objectives of the N11 badger project 

 

The N11 badger project was conceived and funded by the Department of Agriculture, Food and The 

Marine (DAFM) and the National Parks and Wildlife Service (NPWS) (MacWhite et al. 2013a). The 

study was designed to investigate whether or not a major road upgrade and realignment project 

resulted in disturbance of the local badger population. GPS tracking collars were used to record any 

changes in their ranging behaviour. Originally, data were to be collected before, during and after the 

roadworks, allowing for one year before and one year after the roadworks. However, the recession 

resulted in several delays to the construction start date, meaning that nearly four years’ worth of 

data were collected in advance of the roadworks commencing, giving us excellent base-line 

information on the badger population’s ranging behaviour (MacWhite et al. 2013a; Mullen et al. 

2013, 2015). Ultimately, the timing of the study was split into three phases: before the roadworks 

(April 2010-December 2013); during the roadworks (January 2014 – June 2015); after the roadworks 

(July 2015 – August 2016). It was one of the longest GPS studies of its kind for this species. GPS 

tracking provided a much higher resolution view of behaviour than is practical using radio-tracking 

(Urbano et al. 2010). It generated a very large dataset (80 individual badgers collared, yielding 

103,000 GPS locations over 26,522 collar-nights) and allowed us to take continuous readings of the 

same individual over months and in some cases over several years (mean 323 badger-nights per 

badger, range 12-1166). Trinity College Dublin (TCD) was initially asked to assist with statistical 

analyses, but the scope of the project was such that in 2014 I was recruited as a PhD researcher to 

facilitate both field work and data analyses regarding ranging behaviour, foraging patterns and 

genetic analysis. The objective of this thesis is to compare data from before the roadworks started 

with data from during and after the roadworks, to ascertain whether an environmental disturbance 

of this magnitude altered badger ranging behaviour, and if so, how long it took to return to pre-

roadworks patterns.  

 

1.8 Structure of the thesis 

In this thesis I explore the ranging behaviour of European badgers in our study population, first by 

placing their ecology in context along the population density spectrum, then by presenting data that 

reveals some unusual ranging behaviour, before progressing to analyse their ranging behaviour in 

the response to the roadworks. I analyse several measures of ranging behaviour – home range size, 

nightly distance moved, the distance of extra-territorial excursions and the frequency of extra-
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territorial excursions. I conclude by discussing the ranging behaviour of this badger population, with 

a specific focus on any effects that the roadworks had on this behaviour, ‘atypical’ ranging behaviour 

in the population, along with implications for TB transmission and control. This thesis will take our 

comprehension of ranging behaviour in medium-density populations several steps forward, further 

enhancing our understanding of badger ecology across the species’ range. 

 

1.8.1 Chapter 2 Density matters: How population density influences social mammal ecology. 

The European badger is one of many species that may have its social organisation and behaviour 

affected by population density. Population density may have considerable implications for the 

implementation of effective and efficient disease control strategies such as vaccination. In this 

chapter I perform a meta-analysis that looks at the relationship between population density and 

various other population metrics such as group size, group density and territory size across the 

species’ range. This analysis places the ecology of the badger in Ireland in context along the 

population density continuum.  The effects of population density on badgers was considered to give 

context to the investigations in this thesis, particularly as much of what is known about badger 

movement and behaviour has been obtained from research on unusually high-density populations 

in the UK. It is unclear if their findings may be transferable to populations of lower density, such as 

ours, despite geographic proximity. The chapter is formatted as a complete paper, exploring the 

ecological correlates of population density, and has been submitted for publication.  

 

1.8.2 Chapter 3 General materials and methods 

This chapter details the methodology I used to investigate badger ranging behaviour, beginning with 

a description of the study area, detailing the trapping and handling of badgers in the field, the data 

collection and data management procedures, and a brief overview of the statistical analyses 

employed as well as an ethical statement. The methodology applies to all of the subsequent data 

chapters in the thesis (Chapters 5-8), although I provide a fuller description of statistical analyses in 

each chapter individually.  

 

1.8.3 Chapter 4 Super-Ranging: A new ranging strategy in European badgers.   

One metric that can be used to interrogate the ranging behaviour of the European badger is home 

range size. Home range size varies considerably across the geographical range of this species. 

Further, there is some evidence that ranging varies by sex in a given population, but research results 
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to date have been equivocal. While investigating the patterns of home range size in our population, 

I noticed an unusual ranging strategy, not between the sexes but within male badgers. In this chapter 

I present an analysis that reveals a previously unrecognised ranging behaviour in male badgers, that 

adds a new layer of understanding to the ecology of the species. It also improves our understanding 

of the dynamics of disease, and specifically the maintenance of TB in the badger population. It has 

implications for the development and implementation of badger vaccination schemes. Further, the 

existence of this alternative ranging strategy must be taken into consideration when investigating 

the effects of the roadworks on the ranging behaviour of badgers in this population. This chapter is 

formatted as a complete paper, and it has been published (Gaughran et al. 2018). 

 

1.8.4 Chapter 5 Ranging behaviour in the N11 badgers: The importance of recognising different ranging 

strategies.  

In this chapter, I introduce the various types of metrics I used to investigate ranging behaviour: home 

range size, nightly distance moved, the distance and the frequency of extra-territorial excursions. I 

present data that illustrate the differences in home range size and nightly distance moved between 

badgers using three different ranging strategies found in our population, i.e. traditional rangers, 

super-rangers and dispersers. My findings illustrate that it is appropriate to perform analyses of 

ranging behaviour and to consider the effects of the roadworks on these three badger cohorts 

separately.  

 

1.8.5 Chapter 6 Ranging behaviour in traditional rangers: Do roadworks disrupt territoriality? 

This chapter focuses on the ranging behaviour of traditional rangers, i.e. those badgers that are 

neither dispersing nor super-ranging. They constitute the vast majority of the badgers in the study 

population. I investigate the effect of sex, age cohort, seasonality, roadworks phase and adjacency 

to the road on home range size, nightly distance moved, and the distance and frequency of ETEs. My 

findings illustrate that there was a small but significant effect of the roadworks on the nightly 

distance travelled by traditional rangers. However, there was no effect of the road construction 

phase on home range size. A small effect on the distance and frequency of ETEs was only evident 

after road construction was completed. Together these results suggest that the roadworks had very 

little impact on the ranging behaviour of traditional rangers and did not disrupt territoriality in the 

study area. This chapter contributes to our knowledge of ranging behaviour in badgers by enhancing 

our understanding of medium-density badger populations.  
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1.8.6 Chapter 7 Ranging behaviour in super-rangers: Are roadworks their kryptonite?   

This chapter focuses on the ranging behaviour of super-rangers, i.e. those non-dispersing male 

badgers that hold greatly enlarged territories compared to their conspecifics for long periods of time 

(see Chapter 4). Super-rangers constitute a small proportion (9%) of the badgers in the study 

population, but they have provided a wealth of data due to the longevity of their super-ranging 

behaviour. I investigate the effect of age cohort, seasonality, roadworks phase and adjacency to the 

road on their home range size and nightly distance moved. I do not investigate ETEs in these badgers, 

as it is not appropriate. My findings illustrate that there was no effect of the roadworks on super-

rangers’ ranging behaviour. This chapter further characterises the ranging behaviour of super-

rangers, providing additional evidence for the existence of this alternative ranging strategy.  

 

1.8.7 Chapter 8 Dispersal patterns in N11 badgers: Do dispersing badgers follow diversions? 

This chapter focuses on the ranging behaviour of dispersers, i.e. those badgers that are in the process 

of permanently moving from one social group to another social group. They constitute 19% of the 

badgers in the study population, but due to the relatively short length of time that dispersal took in 

this population, they provided a relatively limited amount of data. I begin by looking for patterns of 

dispersal in the population. I then investigate the effect of sex, age cohort, seasonality, roadworks 

phase and adjacency to the road on home range size, nightly distance moved, and the distance and 

frequency of ETEs. My findings illustrate that there was a difference between the sexes in terms of 

where they moved, with females almost equally likely to move next door as move further away. I 

also show that many females dispersed as yearlings, and when they did so, they never moved next 

door. Males, regardless of the age of dispersal, almost always moved to the adjacent social group, 

with only one male disperser moving further away. The analysis of ranging behaviour provides 

insights into the process of dispersal in this population. The long distances moved and the wide areas 

covered have implications for disease transmission. Finally, my findings illustrate that there was no 

effect of the roadworks on dispersers’ ranging behaviour.  

 

1.8.8 Chapter 9 Discussion 

This is the final chapter in the thesis and comprises a discussion of the findings in relation to ranging 

behaviour of traditional rangers, super-rangers and dispersers collectively. I provide a synopsis of 

ranging behaviour in this population, highlighting the resulting connectivity that super-ranging, 

dispersal and ETEs create between social groups. I discuss seasonality in badger ranging behaviour, 

how age and sex affected ranging behaviour, and impact that the roadworks had on ranging 
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behaviour. I then consider the implications that my findings have for understanding the risks of TB 

transmission, for modelling disease dynamics and for developing TB control strategies in Ireland. 

Finally, I consider the direction that research should take in future, both in terms of further 

interrogation of the N11/M11 dataset, and beyond this project.  
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CHAPTER 2 

DENSITY MATTERS: 

HOW POPULATION DENSITY INFLUENCES SOCIAL MAMMAL ECOLOGY 

 

This chapter is formatted as a complete journal manuscript because it has been submitted for 

publication to Oecologia, Oikos and Journal of Animal Ecology. 

 

2.1 INTRODUCTION  

2.2.1 Introduction to thesis 

The European badger is one of many species that may have its social organisation and behaviour 

affected by population density. The effects of population density on badgers was considered to 

give context to the investigations in this thesis. This is especially pertinent, because much of our 

understanding of badger movement and behaviour yields from research on unusually high-density 

populations in the UK. The findings of those studies may not be transferable to populations of 

lower density, such as ours. This may have considerable implications for the implementation of 

effective and efficient disease control strategies such as vaccination.  

2.2.2 Introduction to paper 

The density of a population of social mammals can affect many aspects of its ecology including 

social structure, mating systems, dispersal behaviour, the expression of territorial behaviour and 

the dynamics of disease. Many social mammals display flexibility in their social structure, ranging 

from a solitary existence or living in pairs to forming large communal groups, depending on 

population density, e.g. red fox Vulpes vulpes (Baker et al. 2000; Iossa et al. 2009), striped mice 

Rhabdomys pumilio (Schradin and Pillay 2004), Ethiopian wolves Canis simensis (Sillero-Zubiri and 

Gottelli 1995) and grey wolves Canis lupus (Thurber and Peterson 1993; Hayes and Harestad 2000). 

Even in mammals that are not considered social, atypical ‘social’ behaviour many be observed at 

high population densities, e.g. simultaneous sharing of dens by common brushtail possums 

Trichosurus vulpecula (Caley et al. 1998). Population density can also determine mating systems, 

sex ratios and relatedness within social groups. For instance, at different densities red fox mating 

patterns range from obligate monogamy to facultative polygyny (Baker et al. 2000). The striped 

mouse mating system ranges from solitary females and solitary males, to communal groups of up 
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to four breeding females and up to two breeding males (Schradin and Pillay 2004). Sex ratios in 

both Ethiopian wolves and red foxes are equal at high population density, but female-biased at 

low-density (Sillero-Zubiri and Gottelli 1995; Iossa et al. 2009). Population density also affects 

relatedness within litters; multiple paternity litters are a feature of high-density red fox (Iossa et al. 

2009) and European badger Meles meles populations (Carpenter et al. 2005; Dugdale et al. 2007), 

but not low-density populations. 

Population density may also affect the degree of dispersal in social mammals. At high population 

densities, red fox social groups contain unrelated subordinates of both sexes, whereas at low 

densities social groups contain very few unrelated females and no unrelated males (Iossa et al. 

2009). This indicates that the rate of dispersal into non-natal groups is higher when population 

density is higher. Conversely, in the European badger (henceforth “badger”), in low-density 

populations, the social unit is a mated pair and their cubs (Revilla and Palomares 2002), which 

implies that dispersal happens early in their second year. In high-density populations, where social 

groups of over 20 individuals have been reported (Rogers et al. 1997), only 6-30% of the population 

is thought to disperse from the natal group (Woodroffe and Macdonald 1993; da Silva et al. 1994; 

Dugdale et al. 2007). Similarly, striped mice normally disperse in time for their first mating season, 

but dispersal is delayed at high population densities when offspring remain in the natal group for a 

few months without breeding (Schradin and Pillay 2004).  

The expression of territoriality in social mammals can also be affected by population density. 

Butynski (1990) found that in blue monkey populations intraspecific conflict was high between 

groups at high densities, but was never observed at low densities. Similar differences in 

territoriality are well documented in the badger. In England, where badgers are often found at 

higher densities, they exhibit classic territorial behaviour where all members of a social group mark 

and patrol territory boundaries and actively exclude other groups (Kruuk 1978a, b). Territory 

boundaries are contiguous and very stable, persisting in some cases for decades (Rogers et al. 

1997), and home ranges map directly onto territory boundaries (Cheeseman et al. 1987; 

Palphramand et al. 2007). However, where badgers exist at lower densities, for example in 

Luxemburg, Scotland, Spain and Poland, they appear to be less territorial, either with indistinct 

boundaries or unoccupied space between social groups (Kruuk and Parish 1982; Revilla and 

Palomares 2002; Kowalczyk et al. 2003; Schley et al. 2004).  

Population density also has implications for the transmission of disease in social mammals. In 

general, high-density populations are at greater risk of disease outbreaks (Prange et al. 2003). 

However, the relationship between population density and disease transmission is not linear. Hu et 

al. (2013) describe a relationship in contact rates between foxes and rabies transmission, and 

between brushtail possums and tuberculosis (TB) transmission, where transmission rates do not 
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scale proportionally with population density, due to changes in territory size. Territoriality further 

complicates the relationship of disease transmission with population density. Territoriality may 

offer a level of protection from disease outbreaks, as contact rates are reduced by the existence of 

territory boundaries (Davis et al. 2015). However, aggressive encounters between social groups at 

territory boundaries may promote disease transmission. Both the frequency and severity of 

intraspecific bite-wounding in the badger (Macdonald et al. 2004) and intraspecific killings in grey 

wolves (Mattisson et al. 2013) are known to increase as population density increases.  

Ecologists, epidemiologists, conservationists and policy-makers (henceforth “stakeholders”) all 

need a comprehensive understanding of the ecology of a species in order to manage it effectively. 

As the ecology of a species can be influenced by its population density, the local population’s 

density may dictate the most effective management strategy (Balestrieri et al. 2016). For example, 

where social mammals need to be vaccinated against disease, local density will determine the 

required strategy. Haydon et al. (2002) estimated that for the endangered Ethiopian wolf, in 

populations of ≥100 animals/km2
,
 vaccination of only 20% of the population was sufficient to 

eliminate the risk of extinction, whereas 40% vaccination was required in less dense populations. In 

contrast Smith and Wilkinson (2003) found that as population density increased, the probability of 

eliminating the disease decreased. In order to eliminate rabies outbreaks in red foxes,  it was 

estimated that at low densities (0.25 social groups/km2) 20% vaccination was likely to control the 

disease, whereas at high-density (1 social group/km2) 80% vaccination was necessary (Smith and 

Wilkinson 2003).  

Bite wounds are the second most frequent mode of TB transmission after aerosols among badgers 

(Corner et al. 2011). As the frequency and severity of bite-wounding increases with population 

density (Macdonald et al. 2004), an understanding of the local population density is critical for 

correct modelling of TB transmission and developing control strategies. Rogers et al. (1998) 

demonstrated that a high rate of extra-territorial excursions (ETEs) was associated with a high TB 

incidence among badgers the following year. Tuyttens et al. (2000a, b) found that the rate of ETEs 

increased in populations disturbed through culling, which may counteract the benefits of 

population reduction. They highlighted the need to research ETEs at different densities to see 

whether this effect is present across the density spectrum, or whether it is merely a feature of 

disturbed populations.  

Because it exists at an unusually large range of densities, the badger provides a particularly good 

species to investigate the effects of population density on other density parameters, such as group 

size, territory size and the density of social groups. Changes in all of these population densities 

proxy measures may reflect differences in ecology. Badgers have a wide geographic range across 

the Palearctic to the Volga River (Del Cerro et al. 2010), with the population density varying by 
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orders of magnitude from 0.04 badgers per km2 (Estonia and Poland, Griffiths and Thomas 1993) to 

44.33 badgers per km2 (Wytham Woods, England, Macdonald and Newman 2002). The badger is 

also of particular interest because in the UK and Ireland it acts as a wildlife reservoir for TB, where 

it is subject to control operations (O’Connor and O’Malley 1989; Cheeseman et al. 1989; Corner et 

al. 2011). In these circumstances, the local population density will determine the most appropriate 

disease management strategy.  

When reviewing population density of the badger across its range, some studies have described 

absolute population density. For instance, Feore and Montgomery’s (1999) study of three different 

populations focused on the absolute densities, and interpreted these with respect to different 

habitat types. To quote density in absolute terms and focus on ecological similarities or differences 

between populations, appears sensible. However, there has been a tendency in the literature to 

categorise population density rather than describe it in absolute terms (e.g. Table 2.1). A few 

attempts at proposing a population density classification system have been made, e.g. by 

Štollmann (1967, in Matyáštík and Bičík 1999) and more recently by Griffiths and Thomas (1993). 

Štollmann (1967) categorised Slovakian populations as either ‘very low’, ‘low’, ‘moderate’, ‘good’ 

or ‘very good’. Griffiths and Thomas (1993) considered population densities across Europe to be 

either ‘low’, ‘moderate’ or ‘high’ at <0.1 badgers per km2, 0.1-0.99 badgers per km2 or ≥1 badgers 

per km2 respectively. Neither of these systems appears to have been consistently adopted perhaps 

because they don’t cover the full range of densities found in the wild.  

Furthermore, there appears to be little consensus as to what constitutes a low, medium or high-

density population, with populations above 7 individuals per km2 being described as moderate-

density and populations of 4 individuals per km2 being described as high-density (Table 2.1). 

Similarly populations of 36 individuals per km2 have been described as high-density while those of 9 

individuals per km2 have been described as very high (Table 2.1). Such haphazard assignment of 

categories compromises the comparison of like with like and hinders the implementation of best 

animal management practise. In addition, populations are not counted consistently, with measures 

of density reported either as the total number of individuals per km2 (adults plus cubs) or the total 

number of adults per km2, or through the use of main sett density, as a proxy for population 

density (Table 2.1). We believe there is a need to be consistent in the use of categories describing 

population density, and to make the different density metrics comparable across studies. We 

therefore propose a new universal classification system that reflects ecological differences 

between populations living at different density levels (Table 2.1). 
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Table 2.1 Population density descriptors in the literature. Examples of published badger population 

density descriptors, and the descriptor proposed in the new universal classification system. 

Reference Population 
Density         

(inds. km-2) 

Descriptor  

Used 

Proposed 

Descriptor 

Revilla and Palomares (2002) Donaña National Park, Spain 0.28 Low  Low 

Balestrieri et al. (2009)  River Po, Italy 1.12* Low  Medium 

Do Lihn San et al. (2007a)  Jura Foothills, Switzerland 1.8 Low  Medium 

Kruuk & Parish (1987) Aviemore, Scotland 2.2 Medium  Medium 

O’Mahony (2015b) Down, Northern Ireland 3.62 Medium  High 

O’Corry-Crowe et al. (1996) Offaly, Republic of Ireland 4.4 High  High 

Cheeseman et al. (1988a) Suburban Bristol, England 5.5 Medium  High 

Palphramand et al. (2007) Dalby Forest, England 7.4** Moderate  High 

Cheeseman et al. (1988a) Woodchester Park, England 9 Very High  High 

Huck et al. (2008) Brighton, England 33 High  Very High 

Rogers et al. (1997) Woodchester Park, England 36.03 High  Very High 

 

* 0.21 setts per km2 converted to 1.12 individuals per km2 based on Fig. 2.4    

** 5.5 adults per km2, converted to 7.4 individuals per km2 based on Fig. 2.5 and Appendix 2.2 

 

In order to live at high densities, social mammals can either live in larger social groups, they can live 

in smaller territories or their territories can be more densely packed. These changes in socio-spatial 

structure can have implications for other aspects of their ecology. In the present study, a meta-

analysis of published data is used to relate the population density of badgers to other density 

parameters, including the number of individuals per social group, the territory size and the density 

of social groups. We hypothesised that at high densities social groups would be larger, territories 

smaller and the density of social groups higher. We further hypothesised that the relationship 

between territory and group size would be such that larger groups hold smaller territories. We also 

investigated the relationship between adult population density and total population density 

because each of these parameters have been used to describe populations in different studies. 

Finally, we propose that changes in population parameters at different densities illustrate the 

fundamental importance of population density in shaping badger ecology. 

In circumstances where populations are categorised as low, medium and high by stakeholders 

(Table 2.1), we believe that population density classifications should be based upon ecological 
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differences between density levels. This is important because the behavioural interactions and 

social organisation of badgers are moderated by population density (Macdonald and Newman 

2002; Roper 2010). A good classification system should also, unlike previous systems (Štollmann, 

1967; Griffiths and Thomas; 1993), adequately reflect the spread of population densities across the 

species’ range and should use a consistent density metric. Accordingly, we propose a new 

classification system that meets these requirements. We anticipate that our analyses and 

classification system will facilitate a more cohesive picture of the badger’s ecology across its range, 

and enable stakeholders to compare the diverse array of badger population metrics more easily. 

While the population density of other social mammal species may not show the large natural 

variation seen in badgers, we believe that our approach and findings may be widely applicable.  

 

2.2 MATERIALS AND METHODS 

We reviewed the literature on badger densities and compiled a summary table (Appendix 2.1) 

listing density measures including; population density (individuals per km2 and adults per km2), 

density of social groups or main setts (groups per km2), social group size (individuals per sett and 

adults per sett) and territory size (ha). If values were not cited directly within publications, we 

calculated them, where possible, from data provided. An assumption in badger ecology has been 

that each social group’s territory contains one active main sett (Clements et al. 1988; Thornton 

1988; Neal and Cheeseman 1996; Delahay et al. 2000a). In order to include the largest possible 

number of studies in our analyses we combined social group density and main sett density 

estimates into a variable called group density (groups per km2). Where both social group and main 

sett density were reported, we used social group density. We reported all density estimates as the 

number of adults or individuals per square kilometre (km2), and all territory sizes in hectares (ha) as 

most studies used these units of measurement. Most researchers reported population density as 

the number of individuals, rather than the number of adults per unit area. Therefore, we used the 

number of individuals per km2 to order the populations.  

Finally, we assigned each population one of four categories; ‘low’, ‘medium’, ‘high’ or ‘very high’ 

density, based on ecological criteria including territorial arrangements and breeding systems (Table 

2.2). Badgers lived in social groups that were either non-contiguous, i.e. there was space between 

social group boundaries, or contiguous, i.e. social groups abutted one another and shared borders. 

At different densities, the number of breeding females in a group ranged from one female (Revilla 

et al. 1999; Revilla and Palomares 2002; Kowalczyk et al. 2003; Van Apeldoorn et al. 2006); usually 

just one female (Kruuk and Parish 1987; Kruuk 1989); often greater than one female (Harris and 
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Cresswell 1987) to multiple females (plural breeding) denning separately within the same social 

group (Macdonald and Newman 2002; Carpenter et al. 2005; Dugdale et al. 2007). 

We analysed the data using the statistical package R Version 3.1.2 (R Core Team 2016). We natural 

log (ln) transformed non-normal data prior to analysis to conform to assumptions of normality. We 

investigated correlations between population density and social group size; population density and 

territory size; group size and territory size; population density and group density; and individual 

and adult population densities.  

 

Table 2.2 Proposed new classification system of population density for the badger. Classifications are 

based on ecological differences and are compared to that suggested by Griffiths and Thomas 

(1993). Densities are reported as individuals per km2. 

Density 

Category 

Griffiths and Thomas 

(1993) - ind/km2  

This study – 

ind/km2  

Borders 

Contiguous? 

No. of Breeding 

Females 

Low <0.1 <0.99 No 1  

Medium 0.1-1.0 1.0 – 2.99 Yes Usually 1  

High >1 3.0 – 9.99 Yes Often >1  

Very High Not Applicable ≥ 10.0 Yes Separate denning  

 

 

2.3 RESULTS 

The data from all studies included in our analyses are outlined in Appendix 2.1. Our analyses 

revealed strong linear correlations between population density and social group size; population 

density and territory size; group size and territory size; population density and group density; and 

individual and adult population densities.  

 

2.3.1 The relationship between population density and social group size 

We investigated the relationship between population density (number of individuals per km2) and 

social group size (Fig. 2.1) using data from 58 studies of 41 populations (Appendix 2.1). We found a 

strong, positive correlation between these two measures (Pearson’s product-moment correlation, 

t=6.39, df=56, p<0.001, r2 = 0.42), indicating that areas with higher local population densities had 

larger social groups.  
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Figure 2.1. Plot of social group size against population density (individuals per 

km2). The independent variable has been ln transformed (Appendix 2.1).  

 

 

2.3.2 The relationship between population density and territory size 

We investigated the relationship between population density and territory size (Fig. 2.2) using data 

from 48 studies of 31 populations (Appendix 2.1). We found a strong, negative correlation between 

these two measures (Pearson’s product-moment correlation, t=-9.93, df=46, p<0.001, r2=0.68), 

indicating that social groups in areas with a higher local population density had smaller territory 

sizes. Removal of an anomalous data point* (Fig. 2.2) improved the strength of the relationship 

(Pearson’s product-moment correlation, t=-11.13, df=45, p<0.001, r2=0.73). Both of these 

correlations suggest that population density is a strong predictor of territory size. 
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Figure 2.2 Plot of territory size against population density. Both variables have 

been ln transformed (Appendix 2.1). * This data point (Johnson et al. 2002) is 

cited as unpublished data from the Wytham Woods population in 1996. The 

territory size figure may be incorrect as it does not agree with any other 

Wytham Woods study.  

 

 

2.3.3 The relationship between territory size and group size  

We investigated the relationship between the size of group territories and the number of 

individuals in a social group (Fig. 2.3) using data from 38 studies of 22 different populations 

(Appendix 2.1). We found a weak but significant negative correlation between the two variables 

(Pearson’s product-moment correlation, t=-3.2, df=36, p<0.003, r2=0.22), indicating that in 

populations with smaller group sizes, territory sizes were larger. Again, removal of an anomalous 

data point* (Fig. 2.3) improved the strength of this relationship (Pearson’s product-moment 

correlation, t=3.5, df=35, p<0.001, r2=0.26). 
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Figure 2.3 Plot of territory size against group size. The response variable 

has been ln transformed (Appendix 2.1). * This data point (Johnson et al. 

2002) is cited as unpublished data from the Wytham Woods population 

in 1996. The territory size figure may be incorrect as it does not agree 

with any other Wytham Woods study.  

 

 

2.3.4 The relationship between population density and group density 

We investigated the relationship between population density and group density (Fig. 2.4) using 

data from 61 studies of 47 populations (Appendix 2.1). We found a strong, positive correlation 

between these two density measurements (Pearson’s product-moment correlation, t=24.67, 

df=59, p<0.001, r2=0.91), indicating that areas with lower badger densities had a lower density of 

groups.  
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Figure 2.4 Plot of social group or main sett density (groups per km2) against 

population density. All data have been ln transformed (Appendix 2.1).  

 

 

2.3.5 The relationship between total and adult population densities 

A total of 27 studies reported population density figures in terms of both the total number of 

individuals and the total number of adult badgers (Appendix 2.1). These data allowed us to 

investigate the relationship between total badger density and adult badger density (Fig. 2.5). We 

found a strong, positive relationship between the number of adults and the total number of 

individuals in a population (Pearson’s product-moment correlation, t=42.31, df=25, p<0.001, 

r2=0.99).  Using the straight-line formula y = 1.0083x – 0.3182, the total number of individuals in a 

population can be estimated from the number of adults in a population, and vice versa. The value 

of the intercept and the strong correlation of number of adults to number of individuals at all 

densities (p<0.001) suggests that, on average, at any given density, a badger population will consist 

of approximately 75% adults and 25% cubs. This estimate is supported by the untransformed data 

(Appendix 2.2). 
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Figure 2.5 The relationship between the number of adult badgers per 

km2 and the total number of individuals per km2. The plotted data have 

been ln transformed (Appendix 2.1). 

 

 

2.3.6 Proposed density categories 

There is a tendency in the literature to refer haphazardly to populations by density categories 

rather than exact density values. We propose a new classification system that is reflective of 

changes in badger ecology at different densities (Table 2.2) and the spread of population densities 

across the species range, enabling realistic comparison of like with like. Population densities ranged 

from 0.04 individuals per km2 (Griffiths and Thomas 1993) to 44.33 individuals per km2 (Macdonald 

and Newman 2002). Of 104 individual studies, we classified 44% as low-density, 26% as medium-

density, 13% as high-density and 17% as very high-density (Fig. 2.6). The main ecological 

parameters for each category are outlined in Table 2.3 - mean population density (all individuals 

and adults only); mean social group size (all individual and adults only); mean social group density 

and mean territory size. The low and medium-density estimates were a mixture of national and 

local population surveys throughout the species’ range. The high- and very high-density estimates 

were several local population surveys from the UK and two from Ireland. 
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Figure 2.6. The range of badger densities within the new universal classification. 

The number of badgers per km2 has been ln transformed (Appendix 2.1). 

 

 

Table 2.3 Density category population metrics. A summary of population density, social group size, 

group density and territory size statistics for each density category in the new classification system.  

 Low Medium High Very High 

Mean inds. km-2 
0.35 

(SE ± 0.04, N=46) 

1.82 

(SE ± 0.13, N=27) 

6.34 

(SE ± 0.48, N=13) 

25.76  

(SE ± 2.53, N=18) 

Mean adults km-2 
0.47  

(SE ± 0.07, N=9) 

1.61  

(SE ± 0.20, N=15) 

5.23 

(SE ± 0.31, N=7) 

21.29 

(SE ± 2.71, N=11) 

Mean inds. group-1 
3.44 

(SE ± 0.04, N=9) 

3.88 

(SE ± 0.13, N=18) 

5.63 

(SE ± 0.48, N=9) 

7.33 

(SE ± 2.53, N=12) 

Mean adults group-1  
2.89 

(SE ± 0.23, N=13) 

3.13 

(SE ± 0.29, N=14) 

4.55 

(SE ± 1.02, N=6) 

5.98 

(SE ± 0.57, N=11) 

Mean groups km-2 
0.13 

(SE ± 0.03, N=18) 

0.56 

(SE ± 0.07, N=20) 

1.14 

(SE ± 0.15, N=10) 

3.35 

(SE ± 0.37, N=13) 

Mean territory 

 size (ha) 

1065.64 

(SE ± 285.17, N=14) 

511.64 

(SE ± 237.45, N=12) 

76.57 

(SE ± 14.92, N=8) 

44.6 

(SE ± 11.53, N=14) 
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2.4 DISCUSSION 

We have illustrated how the local population density of the badger varies by orders of magnitude 

across its range (Griffiths and Thomas, 1993; Macdonald and Newman, 2002). We have shown that 

this range of densities correlates with several social and spatial parameters of the badger’s ecology 

such as social group size, territory size and group density. While other researchers may assume 

such correlations exist, we are unaware that these relationships have been clearly demonstrated 

before. These relationships are important because they indicate that badgers living at different 

densities experience very different social situations. For example, badgers in low-density 

populations live singly or in pairs in non-contiguous, large territories (Revilla and Palomares 2002) 

while those in higher density populations live in larger social groups holding smaller, contiguous 

territories (Rogers et al. 1997). The changes in spatial organisation and social structure that occur 

along the density spectrum have implications for breeding and territorial behaviour (Macdonald 

and Newman 2002; Macdonald et al. 2004) and these in turn have implications for stakeholders in 

developing appropriate management strategies (Palphramand et al. 2007). 

 

2.4.1 The relationship between population density and social group size  

Despite natural variability in the size of social groups, we found a positive correlation between 

population density and social group size (Fig. 2.1). At low densities solitary badgers have been 

reported as the sole members of social groups (Pigozzi 1987), whereas at very high densities 

groups of greater than 20 individuals have been reported (Rogers et al. 1997). In long term studies 

at Woodchester Park (Rogers et al., 1997) and Wytham Woods (Macdonald and Newman, 2002), 

there was an increase in the average social group size as density increased, while territory 

boundaries remained stable over many years. Thus, the population density increase was facilitated 

solely by an increase in group size. Such flexibility in social structure has been reported for several 

other social mammal species; changing from solitary to social living, e.g. striped mice (Schradin and 

Pillay 2004), and increases in group size from pairs to larger numbers, e.g. red foxes (Baker et al. 

2000; Iossa et al. 2009), Ethiopian wolves (Sillero-Zubiri and Gottelli 1995) and grey wolves (Hayes 

and Harestad 2000; Schmidt et al. 2007). 

 

Of all our correlations, the relationship between population density and group size showed the 

greatest variation (r2 = 0.42). This suggests that mechanisms other than population density (e.g.  

food patch richness, timing of dispersal or species adaptability) are likely to be important in 

determining social group size. Badgers are opportunistic and adaptable as evidenced by their 

presence in diverse habitats (Brøseth 1997; Rosalino et al. 2004; Huck et al. 2008) and their varied 
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diet (Kruuk and Parish 1981; Goszczynski et al. 2000; Rosalino et al. 2005; Cleary et al. 2009). This 

adaptability might explain the variability of the relationship between population density and group 

size, especially if food patch richness is important in determining social group size (Macdonald 

1983). 

 

2.4.2 The relationship between population density and territory size  

 

In most of the populations reviewed, badgers living at higher densities held smaller territories than 

those at lower densities (Fig. 2.2). We found population density to be a stronger predictor of 

territory size (r2=0.68) than of group size (r2=0.42). The relationship between population density 

and territory size was surprisingly strong given that available land may contain neither sites suitable 

for locating setts, nor suitable and sufficient food resources (Doncaster and Woodroffe 1993; 

Rosalino et al. 2005). The resource dispersion hypothesis (RDH), comprehensively reviewed by 

Macdonald and Johnson (2015), predicts that territory size should be determined by the dispersion 

of food patches in a habitat, rather than by population density. While our results indicate a strong 

negative relationship between population density and territory size, our dataset does not permit 

an analysis of dispersion of food resources in the study populations, so the cause of this 

relationship cannot be determined.  

 

Similar relationships between population density and territory size have been reported for other 

social mammals. In a red fox population where density was reduced by disease, smaller social 

groups held larger territories after the outbreak (Iossa et al. 2009). Butynski (1990) studied two 

populations of blue monkeys with similar resources, but a ten-fold difference in population density. 

Groups in the lower density population held larger territories than those in the higher density 

population. Other studies have linked this negative relationship to a range of ecological factors 

such as habitat optimality (Sillero-Zubiri and Gottelli 1995; Schradin and Pillay 2004), variability in 

food supply (Hayes and Harestad 2000; Loveridge et al. 2009; Mattisson et al. 2013) and intrinsic 

social factors (Schmidt et al. 2007).  

 

2.4.3 The relationship between territory size and group size 

Higher densities can be accommodated by decreasing territory size, increasing group size, or both. 

In Northern Ireland where three badger populations of different densities were studied (Feore and 

Montgomery 1999), the mean territory size was smallest and the mean social group size largest in 

the highest density population (Appendix 2.1).  Thus, both territory size and social group size may 

change to accommodate higher density populations.  
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The RDH proposes that group size should be determined by the richness of food patches, while 

territory size should be determined by the dispersion of those patches (Macdonald 1983). It 

predicts that there should be no correlation or, at most, a negative correlation, between social 

group size and territory size (Bacon et al. 1991; Johnson et al. 2001). The results of our meta-

analysis show a weak, negative relationship between territory size and group size (r2=0.22; Figure 

2.3), agreeing with the predictions of the RDH.  

The relationship between territory size and group size is equivocal for other social mammals. Rich 

et al. (2012) found a weak negative relationship between pack size and territory size for grey 

wolves. In contrast, Sillero-Zubiri and Gottelli (1995) report a positive correlation between pack size 

and territory size for higher density Ethiopian wolf populations, but no correlation in low-density 

populations. Robertson et al. (2015) found that locally larger badger groups hold larger territories, 

however our analyses suggests that, across their range, larger groups hold smaller territories. This 

difference is likely to have arisen because of the difference in scale between local population 

parameters (Robertson et al. 2015) and a more global analysis (our results).  

 

2.4.4 The relationship between population density and group density 

It may be that very high-density populations can only be produced by having large social groups 

with small territories, closely packed together. If so, then social group density should also increase 

as population density increases. 

An assumption in badger ecology has been that each social group has one active main sett 

(Clements et al. 1988; Thornton 1988; Neal and Cheeseman 1996; Delahay et al. 2000a) so in our 

analysis, we combined the data for sett density and social group density, forming the parameter 

“group density”.  Many assessments of population density report sett density as a proxy for social 

group density (Cheeseman et al. 1981; O’Corry-Crowe et al. 1996; Balestrieri et al. 2016). We 

found a strong, positive relationship between group density and population density (p<0.001; 

Figure 2.4). Our analyses indicate that social group density is higher in higher density populations.  

 

2.4.5 The relationship between total and adult population densities 

We found a strong, positive relationship between the number of adult badgers per km2 and the 

total number of badgers per km2, where both figures were reported. Some studies only reported 

adult density (Kruuk and Parish 1982; Sleeman et al. 2009). Our results allow the total density to be 

estimated from such studies (from ln transformed data) using the straight-line formula ‘y = 1.0083x 

– 0.3182’. Such interchangeability of data is useful to stakeholders working with the existing 
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literature. The formula of the line also predicts that at any given density, 25% of the population, on 

average, will be cubs (Appendix 2.2). This is surprising because Dugdale et al. (2007) suggested 

mean litter sizes should be larger at lower densities and McDonald et al. (2016) reported negative 

density dependent recruitment of cubs. Nonetheless, despite the relatively small sample (N = 26) in 

our meta-analysis, our data support a strong correlation between adult and total population, and a 

consistent proportion of cubs in the population across a wide range of densities (Fig. 2.5).  

 

 

2.4.6 Proposed density categories 

While many researchers may be loath to apply density categories rather than quote absolute 

population density figures, particularly where such tight linear relationships between population 

density and other aspects of ecology have been illustrated, many authors tend to do so (Table 2.1). 

With the objective of facilitating consistent classification among stakeholders, we propose a new 

universal classification system (Table 2.2). We believe this classification more adequately reflects 

the range of densities across badger populations than previous systems (e.g. Griffiths and Thomas 

1993), but perhaps more importantly, it reflects differences in badger ecology at these four density 

levels. 

Firstly, the low category is characterised by having non-contiguous territories. While the mean 

number of individuals per group are similar for both low- and medium-density populations (3.46 

and 3.88 respectively), extremely large and/or non-contiguous home ranges are a feature of low-

density populations, e.g. Spain (Revilla and Palomares 2002); Netherlands (Van Apeldoorn et al. 

2006); Poland (Kowalczyk et al. 2003). By contrast, in medium- and higher density populations, 

home ranges tend to be contiguous and decrease in size with increasing density, e.g. Scotland 

(Kruuk and Parish 1982); Northern Ireland (Feore and Montgomery 1999). This contiguous 

arrangement provides greater opportunity for interactions between social groups and necessitates 

some degree of territorial defence. We therefore feel that a separation of the low-density 

population category is justified. 

The vast majority of Irish populations (76%) are of medium-density (Appendix 2.1). Medium-

density populations are characterised by usually having just a single breeding pair (e.g. Kruuk and 

Parish 1987; Kruuk 1989). The mean social group size changes between medium- and high-density 

populations (3.88 and 5.63 respectively), such that in medium-density populations the social group 

is usually a pair of breeding badgers (with or without cubs), while in high-density populations a 

social group usually contains more than a single breeding female (e.g. Harris and Cresswell 1987). 

Such a change in group composition constitutes a major influence on the group’s ecology and 
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behaviour. For example, as population density increases, so too does the frequency and severity of 

intraspecific bite-wounding, which may have significant implications for disease transmission 

(Macdonald and Newman 2002; Macdonald et al. 2004). Additionally, in Britain there is evidence of 

breeding suppression in populations where more than one adult female is present in the social 

group (Woodroffe and Macdonald 1993; Macdonald and Newman 2002). This almost certainly 

introduces a dispersal pressure on subordinate females which is absent in social groups comprised 

of only one breeding female. This change in social group composition from a single breeding pair to 

more potential breeders offers a clear distinction between the medium- and high-density 

categories. 

We included the very high-density category to reflect unusually high densities (<10% of 

populations) reported for some areas in parts of the species’ range in Britain and Ireland (e.g. 

Cheeseman et al. 1981; Feore and Montgomery 1999; Macdonald and Newman 2002; Sleeman et 

al. 2010). These areas report population densities two to three orders of magnitude greater than 

some of the lowest reported densities and considerably higher than the mean for high-density 

populations (25.76 individuals per km2 for very high-density compared to 6.34 individuals per km2 

for high-density populations). At such densities, Macdonald and Newman (2002) reported an 

increased number of ‘earthworkings’ and a shift in the pattern of outlier sett use with individuals 

from the same group denning separately. They suggested that as density increased, a change in the 

nature of interactions between social group members might act as a mechanism to sustain high 

social group numbers. Indeed genetic analysis on two very high-density populations in southern 

England (Carpenter et al. 2005; Dugdale et al. 2007) confirmed plural breeding within social 

groups. While our results suggest that there is a lot of variability in social group size at both high 

and very high densities, we believe that a division of these categories is justified on the grounds of 

the changes in behaviour and ecology. 

We have demonstrated, using the badger as a case study, the importance of population density in 

affecting all aspects of a social mammal’s ecology and therefore the importance to stakeholders of 

an awareness of the density of their study population. Our findings serve to emphasise the 

importance of tailoring both conservation and management efforts to specific population densities. 

We believe extrapolations from populations of a given density should be made with caution to 

populations with different densities, as ecological pressures will differ between them (Balestrieri et 

al. 2016).  

General patterns evident in badgers from our analyses are also apparent in the ecology of other 

social species, and our approach may be widely applicable. We suggest that such patterns are likely 

to be of interest to stakeholders working with other social mammal species. When considering, e.g. 

how best to deliver oral vaccines to social mammals, it is extremely important to know the density 
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of a population and its associated ecology (Haydon et al. 2002; Smith and Wilkinson 2003). In terms 

of epidemiology, population density clearly has implications for disease transmission in that the 

opportunity for encounter and transfer of disease is greater at higher densities (Hu et al. 2013). 

Where stakeholders favour referring to density categories, our new classification system should 

allow appropriate targeting of management regimes according to the density and ecology of the 

population in question, thereby greatly increasing their efficacy. 
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CHAPTER 3 

GENERAL METHODOLOGY 

 

3.1 Study area 

The study was conducted in Co. Wicklow, Ireland (52.924130, -6.117960). The study area was a 

matrix of undulating agricultural land (75%), and patches of mixed and coniferous woodland (14%) 

with small residential areas and farmyards scattered throughout (7%). These figures were estimated 

by digitising the study area in ArcMap™ (ArcGIS® 10.4.1, ESRI, Redlands, California) and using DAFM’s 

Land Parcel Identification System (LPIS) to identify land use in each year. LPIS is a geographic 

information system that is updated annually to include information on the type of livestock farmed, 

arable crops grown and any environmental initiatives such as planting of wild bird cover. Local 

farming practices include pasture (cattle and sheep), arable (primarily wheat, barley and maize) and 

some equestrian activity. In any given year, on average, 68.5% of agricultural land was under pasture, 

while at least 16.7% was arable crops. There were approximately 27 cattle herds in the study area, 

totalling c. 3110 animals (Teresa MacWhite, DAFM, pers. comm.). A well-developed hedgerow 

system connected fields.  

The road upgrade involved building a new 16km section of motorway (M11) alongside the original 

national road (N11) (MacWhite et al. 2013a). Wildlife underpasses were installed under the M11 at 

appropriate places following environmental impact assessments (EIAs) and field studies to locate 

badger paths and crossings. EIAs and field studies were carried out by Mott McDonald (Dundrum, 

Dublin 16, Ireland) in consultation with NPWS. On this project, the entire 16km of motorway was 

fenced with badger-proof fencing that funnelled wildlife into the underpasses. From 2010 to 2016, 

51 badgers were killed in road traffic accidents (RTAs) in the study area that we are aware of. Of 

those, 28 were killed on the N11 and 21 killed on side roads. There have only been two RTAs on the 

new M11 motorway, both in October 2016. The first involved a young badger that gained access 

through a hole in the fencing along a fly-over road. The fence was immediately repaired. The second 

badger was unknown to us and may have accessed the motorway area via a river that runs through 

it.  

At the start of the study, based on blood testing and bacteriology, TB prevalence in badgers in the 

study area was 19%. All captured study area badgers have been vaccinated with BCG vaccine since 

April 2010 and M. bovis has not been isolated from any badgers since December 2013. Since then 

there have been 7 more capture events, and 270 samples submitted for culture. Inside the study 

area there have only been two herd breakdowns since April 2010 – one high risk breakdown (c.15 
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reactor animals) on the edge of the study area in 2012, and one low risk breakdown (1 reactor 

animal) in the middle of the study area in March 2014. Both breakdowns were attributed to badgers. 

Since 2014, there have been no further breakdowns within the study area. In 2015 there was a 

complete herd depopulation in a farm directly adjacent to the study area. However, this was 

conclusively demonstrated to be due to an infected cow being brought into the herd.  

The study area has expanded incrementally over the years from 18.5km2 in 2010 to 32.7km2 in 2016, 

due to increases in the number of cages deployed and increased trapping efficiency. The size of the 

study area in each year was estimated in ArcMap by drawing a polygon around the badgers’ GPS 

locations for that calendar year. 

 

3.2 Trapping and handling of badgers 

Badgers were captured under NPWS licences as required by the Wildlife Act, 1976 (see Ethical 

Statement, Section 3.3), in two trapping events per annum: April-May (3-4 weeks) and September-

October (3-4 weeks) using cage traps following the methods in Cheeseman and Mallinson (1980) 

and, on occasions when necessary, stopped-restraints with a minimum closure of 32.5cm (Wildlife 

Act, 1976, Regulations 2003 (S.I. 620 of 2003); Murphy et al. 2009). Cage traps were of a standard 

DAFM approved design, 1.1m to 1.3m long, about 35cm wide and 35cm high, and were constructed 

from 3cm square 8-gauge galvanised mesh, hot dipped and finished in a smooth black plastic coating 

(Rathcormac Steel Supplies, Rathcormac, Co. Sligo, Ireland) (Fig. 3.1). The triggering mechanism was 

by means of a string trip-line, the moving or breaking of which closed the trap door behind the 

badger. Stopped-restraints were used at setts where no badgers had been caught in cages and where 

badger activity was evident, indicating the presence of “cage-shy” badgers (cages accounted for 97% 

of captures, and stopped-restraints for 3%).  

 

 

 

 

 

 

 

 

 

Figure 3.1 Mother and cub sleeping in a cage. Nugget and Annie.   
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Cages were deployed at 22 different locations throughout the study area at main setts, at some 

subsidiary setts and at large latrines. Approximately 2 to 3 cages were used at each site, with the 

number of cages totalling 55. Cages were baited with peanuts for two weeks prior to and during 

trapping events. During the pre-baiting period cages were secured in an open position. During 

trapping events, each team member was assigned a subset of trapping locations that were checked 

at 7am each morning. All cages were checked in advance of processing, so that recaptured badgers 

could be released without delay, and so that the order of processing could be established, e.g. 

prioritising mothers with cubs or distressed badgers, and planning our route around that study area, 

ignoring those sites that had no badgers. This ensured the return of badgers to their setts as quickly 

as possible. All fieldwork was carried out with the land owners’ consent.  

 

a)      b)   

Figure 3.2 Processing badgers a) Anaesthetising a badger and b) taking blood samples and swabs 

for TB testing. 

 

Captured badgers were anaesthetised in-cage by veterinary practitioners from DAFM using ketamine 

hydrochloride (Narketan 10® or Vetalar®) at 10 mg/kg and medetomidine (Domitor® or Medetor®) 

at 0.1 mg/kg (Mullineaux et al. 2003). Body weight was estimated by the vet by eye. The dose was 

delivered by intramuscular (i/m) injection into the lumbar muscles using a pole syringe (Fig. 3.2 a). 

All badgers were marked by an implanted Radio Frequency Identification (RFID) microchip and a 
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tattoo on first capture. The last four digits of the microchip number were tattooed to the right medial 

thigh (inside hindleg). The tattoo and microchip numbers were used to identify individual animals at 

subsequent recaptures during the study. Badgers were vaccinated against TB with Bacille Calmette-

Guérin (BCG) vaccine by i/m injection into the lumbar muscles by the vet on the team. All badgers 

were weighed, clinically examined for signs of ill-health, external wounds and ectoparasite load, and 

records taken. Blood samples and pharyngeal swabs were taken to determine TB infection status 

(BrockTB Stat-Pak ® and selective mycobacterial culture respectively) (Fig. 3.2 b). Once badgers had 

been processed they were placed in marine-grade plywood recovery-boxes, where they were 

allowed to recover in safety. Bait was replenished and cages re-set for the next night (Appendix 3.1).  

  

3.3 Ethical statement 

Ethical approval for the project was granted by Trinity College Dublin’s Animal Research Ethics 

Committee (Project No. 290516) and the Health Products Regulatory Authority (Project No. 

7024754, and Individual Authorisations for each team member). Badgers were captured under 

licences (NPWS Nos. 101/2009, 04/2010, 13/2010, C123/2010, 03/2011, C040/2011, C03/2013, 

C005/2013 and C001/2015) as required by the Wildlife Act, 1976. Both cage traps and stopped-

restraints conformed to national legislation for humane trapping defined in the Wildlife Act, 1976, 

Regulations 2003 (S.I. 620 of 2003). When handing badgers, we always attempted to minimise stress 

by checking cages early in the morning, and processing more vulnerable individuals first, e.g. 

lactating mothers, cubs, agitated animals. Recovery boxes were used to protect anaesthetised 

animals from the elements, corvids and birds of prey while they recovered. These were placed next 

to sett entrances and hinged doors allowed quick and easy access to the sett. Where cages were 

situated at latrines rather than setts, recovery boxes were placed under cover and well hidden.  

 

3.4 Data collection 

Data collection began in April 2010 in advance of roadworks commencing and GPS tracking 

continued until October 2016 when all collars were removed. We aimed to capture as many badgers 

as possible within each social group. Badgers weighing 8kg or more and with a suitable neck to head 

ratio (that is, a cranial circumference of at least 1cm more than the neck circumference) were fitted 

with a Tellus Light (previously Tellus 1C) GPS collar (Followit Wildlife, Lindesberg, Sweden) (Fig. 3.3). 

This meant that collars weighed no more than 3% of a badger’s body weight. Such criteria usually 

precluded the collaring of cubs, except perhaps during autumn trapping events when they were at 

least nine months old, and heavy enough to wear a collar.  
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Figure 3.3 Mucky Jack wearing a Tellus Light GPS satellite tracking collar.  

 

If badgers were recaptured in the same trapping session, they were identified by scanning their 

implanted RFID chip, recorded and released without anaesthetic. Badgers wearing collars from a 

previous session had their collars replaced to ensure sufficient battery life for the new season. Collars 

were programmed to take four GPS readings per night at 10pm, 11pm, 1am and 2am, when badgers 

were expected to be above ground, except in April, May and September when 8 readings a night 

where taken hourly between 9pm and 4am to facilitate the planning of the upcoming trapping event 

(MacWhite et al. 2013a). 

 

3.5 Categorisation of data for analyses 

3.5.1 Sex and age of badgers 

Badgers were sexed at each trapping event. Lactation was confirmed for females during the April-

May events based on their appearance (extended teats and swollen mammary glands, (Woodroffe 

and Macdonald 1995). Each badger had their teeth examined and photographs taken. Age was 

determined by dentition (Hancox 1988; da Silva and Macdonald 1989) and general appearance of 

each badger. Data from our research group has found that Irish badgers give birth from the first 

week in February to early March with the majority of cubs born in mid-February (Corner et al. 2015). 

In our study, for convenience, date of birth was assumed to be the 1st of February for all badgers. 

Age cohorts were defined as follows: cub (a badger in its first year); young adult (from the end of the 

badger’s first year to the end of its third year of life, i.e. a yearling or a 2-year old); older adult (a 3- 

or a 4-year old) and aged adult (badgers ≥5 years old).  

 



  Chapter 3 

38 

 

3.5.2 Social group membership and ranging status 

A social group was defined as the group of badgers which were regularly trapped at the same main 

sett and whose home ranges overlapped during the time-period in question. Thus, I assigned badgers 

to a social group based on their most frequent trapping location and, if collared, their location based 

on GPS tracking data. I categorised badgers into one of three ranging status categories – traditional 

ranger (TR), disperser (DP) or super-ranger (SR, Chapter 4) – on the basis of their behaviour. Super-

ranging is a newly-described behaviour and is presented in Chapter 4 (Gaughran et al. 2018). TRs’ 

home ranges overlapped almost completely with members of their social group and they generally 

remained within their social group’s territory boundaries. Dispersers were defined as those badgers 

that were in the process of moving permanently from one social group (usually their natal group) to 

another social group. They tended to make exploratory forays outside of their original home range 

for a period of time before completely moving to their new territory, after which time they rarely (if 

ever) returned to their original social group. Some badgers took only one night to disperse. Super-

rangers were those badgers that ranged within an extended territory which consisted of their 

original/natal territory and some or all of an adjacent territory or territories. They used the main 

setts of all these social groups.  

 

3.5.3 Roadworks: phase and adjacency 

A social group was categorised as adjacent to the roadworks if it shared a border with the N11/M11 

and associated roadworks. Those social groups that were further away were categorised as non-

adjacent.  The timing of the roadworks was split into three phases: before (April 2010-December 

2013); during (January 2014 – June 2015); after (July 2015 – August 2016) the rebuilding of the road. 

The area where the new motorway was to be located was subject to a compulsory purchase order 

(CPO) in 2004. The land was cleared twice in that period and became mostly scrub land. During the 

‘before’ phase the CPO area was fenced-off, but completely accessible to and regularly used by 

badgers (Fig. 3.4). In the ‘during’ phase, ground within the CPO area was completely cleared, leaving 

mostly exposed earth (Fig. 3.5). Work progressed at different rates in different areas along the road-

build during the construction phase. Continuous badger-proof fencing was installed only at the very 

late stages, so the area was still accessible to badgers for most of the ‘during’ phase, although it was 

much less frequently used. In the ‘after’ phase, badger proof-fencing was in place and underpasses 

operational. Badgers did not have access to the CPO area around the M11 and its associated access 

roads (Fig. 3.6). Underpasses were inspected for accessibility and their use by badgers (and other 

wildlife) confirmed through the use of camera-traps (Fig. 3.7).  
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Figure 3.4 Satellite image of part of the study area before the roadworks. The thin 

orange hatching indicates the location of the CPO area running alongside the N11 

road. The N11 road is represented by the thick green line. Source: Geohive.ie. 

 

  

  

Figure 3.5 Aerial image of part of the study area taken during the roadworks. The N11 

can be seen to the right-hand side of the photograph. Source: Wicklownews.net  
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Figure 3.6 Aerial image of part of the study area taken upon completion of the 

roadworks. Source: independent.ie 

 

 

 

Fig 3.7 Camera-trap image of a collared badger entering an M11 underpass. 

Badger-proof fencing is visible in the background. 
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3.6 My role as part of the field work team 

I joined the project in April 2014 and immediately became an integral part of the field work team. 

The team consisted of five people in a typical trapping event - Enda Mullen, NPWS District 

Conservation Officer; Teresa MacWhite, DAFM Veterinarian; Peter Maher DAFM Veterinarian; Mark 

Foley, DAFM Agricultural Technical Officer, and myself. 

 

 

Figure 3.8 Tattoo identification. The author tattooing an ID 

number onto an anaesthetised badger.  

 

My role involved carrying out pre-trapping surveys to check the activity of setts and latrines for the 

upcoming trapping season, which helped to ensure cages were placed in the most appropriate 

places. I assisted with digging cages in at appropriate locations and taking them up again at the end 

of a trapping event. I participated in radio-tracking searches for missing badgers and collars. During 

trapping events, I checked a subset of four cage locations in the mornings – usually the farthest flung 

or hardest to access. If a badger was present, I scanned it for a microchip using a sheep-scanner, and 

if a microchip was present, recorded its identity. I then reported the badger’s presence to the team 

leader by mobile phone. If the badger had already been trapped and processed during that trapping 

event, I released the badger. Otherwise, it remained in the cage for processing. During the processing 

of badgers, I was responsible for a variety of tasks. I weighed badgers using a hanging scale. I tattooed 
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ID numbers on new captures (Fig. 3.8). I marked blood/tissue samples and pharyngeal swabs with 

the appropriate ID number. I took dental photographs for subsequent age assessment by the DAFM 

vet. I assisted with the general physical exam. I placed badgers securely in recovery boxes once 

processed. When the main note-taker was not present, I took all of the notes for the capture record 

sheets. A sample of the record sheet is available in Appendix 3.1.  

 

3.7 Data management  

I downloaded GPS locations from the Followit website and converted the data from the global 

geodetic system WGS-84 to the Irish Grid projection system using Grid InQuest II (Ordnance Survey 

Ireland). I assigned the relevant location data to the correct badger by cross-referencing the Followit 

collar number with the collar number on the capture records. To visualise the data, I mapped the 

GPS locations onto the World Imagery basemap using the coordinate system TM_75 Irish Grid in 

ArcMap. Data for each individual badger was visualised by assigning different colours to each badger 

with the Symbology tool in Layer Properties (Fig. 3.9). I interrogated the data visually using the 

Definition Query tool that allowed selection of data from different years, months, badgers, social 

groups etc.  

 

 

Figure 3.9 Screengrab from ArcMap of GPS locations for collared badgers in 2013. GPS locations are 

mapped as points, with each individual badger assigned a different colour. The location of the N11 

national road is represented by a green line and the M11 motorway by a blue line.  
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To facilitate spatial analyses, I digitised the study area by creating a polygon shapefile, which traced 

the landscape features in the study area, e.g. field boundaries, roads, rivers, forestry, farmyards etc. 

(Fig. 3.10). In total, there are 1591 polygons in this map layer. This layer would form the basis upon 

which future layers would be created, e.g. the demarcation of territory boundaries (Chapter 5), and 

from which further data would be generated, e.g. the distance of extra-territorial excursions 

(Chapter 5, 6 & 8). Data regarding landscape features, e.g. the area and coordinates of the centroid 

of a polygon, were extracted from these map layers using the Calculate Geometry tool in the layer’s 

Attribute Table. Dispersal maps and other maps for publication were created in ArcMap. 

 

 

Figure 3.10 Screengrab from ArcMap of the digitised study area. Thin grey lines represent 

landscape features such a field boundaries and roads. The N11 national road is represented by a 

green line and the M11 motorway by a blue line. Grey filled polygons represent areas of forestry.  

 

All other data management was carried out in R Version 3.4.0 (R Core Team 2016) including the 

maintenance of the master GPS dataset, the creation of specific subsets of data for individual 

analyses, and the estimation of home ranges and creation of movement trajectories using the 

packages adehabitatHR and adeHabitatLT (Calenge 2011a, b) (See Chapter 5 for details).   
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3.8 Statistical analyses  

I performed all the statistical analyses in this thesis using R. Specific details of statistical tests and 

models used are detailed in the relevant data chapters (Chapters 2, 4, 5, 6, 7 & 8). Data are 

generally presented as tables and/or plotted in R. Histograms, or frequency distributions, were 

used to visualise the shape of continuous data, allowing the underlying distribution, skewness and 

the presence of outliers to be inspected (Fig. 3.11a). The majority of plots in this thesis are 

boxplots, which plot continuous against categorical variables. Boxplots convey several measures of 

data (Fig. 3.11b). The thick black line in the middle of the box represents the median value and the 

box itself represents the interquartile range (IQR), i.e. 50% of the data lies within the top and 

bottom of the box. The whiskers represent the lowest datum still within 1.5 IQR of the lower 

quartile, and the highest datum still within 1.5 IQR of the upper quartile. The open circles above 

and below the whiskers represent extreme values or outliers, values that are either ≥1.5 times 

above the third quartile or below the first quartile. In addition to the basic boxplot components, I 

also plotted a grey filled dot on top of the boxplots to illustrate the location of mean values.  

In cases where two predictor variables were involved in an interaction, I plotted the means with 

95% confidence intervals of the response variables against the interacting categories of interest 

(Fig. 3.11c). I found that this allowed interpretation of the interaction more clearly than a boxplot 

did. For non-normal data, confidence intervals around the means were calculated by non-

parametric bootstrapping of the raw data values, where 95% confidence intervals were calculated 

by the bias-corrected accelerated percentile method (BCa) suitable for non-parametric data 

(Crawley 2013). 

Results of all statistical analyses were discussed in regular meetings with the research group (Prof 

Nicola Marples and Dr David Kelly).  
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Figure 3.11a Sample histogram/frequency distribution. The x-axis represents bins of values of a 

continuous variable, in this case nightly distance travelled (km). Here the data are in bins of 200m, 

increasing from 0 to 12km. The y-axis represents the frequency of occurrence of data points that fall 

into each bin. This distribution is highly skewed to the right with a very long tail, meaning that the 

data is non-normal and the mean is greater than the median.  

 

 

Figure 3.11b Sample boxplot. The y-axis represents the variable of interest, in this case nightly 

distance (km^0.838), and the x-axis the categories of interest, in this case roadworks phase. The thick 

black line in the middle of the box represents the median value. Grey dots represent the mean value. 

The box itself represents the interquartile range (IQR), i.e. 50% of the data lies within the top and 

the bottom of the box. The whiskers represent the lowest datum still within 1.5 IQR of the lower 

quartile, and the highest datum still within 1.5 IQR of the upper quartile. The open circles above and 

below the whiskers represent extreme values or outliers (≥1.5 IQR).  
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Figure 3.11c Sample interaction plot. This figure plots the interaction between sex and age cohort in 

relation to nightly distance travelled. The y-axis represents the mean nightly distance travelled (m), 

and the x-axis represents the age cohorts. Black circles represent mean females and grey triangles 

represent males. The whiskers represent 95% confidence intervals.  
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CHAPTER 4 

SUPER-RANGING. 

A NEW RANGING STRATEGY IN EUROPEAN BADGERS. 

 

This chapter has been published in PLOS ONE:  

Gaughran et al. (2018) Super-ranging. A new ranging strategy in European badgers. 

PLoS ONE 13(2): e0191818. https://doi.org/10.1371/journal.pone.0191818  

 

4.1 INTRODUCTION 

4.1.1 Introduction to chapter 

One of the metrics used to interrogate the ranging behaviour of badgers in this population was home 

range size. There is some evidence that home range size varies by sex, but research results to date 

have been equivocal. While investigating the patterns of home range size in our population I noticed 

an unusual ranging strategy, not between the sexes but within the adult male badgers. This chapter 

presents an analysis that reveals a previously unrecognised ranging behaviour in male badgers. It is 

important for three reasons. Firstly, it adds a new layer of understanding to the ecology of the 

species. Secondly, it improves our understanding of TB disease dynamics and has implications for the 

implementation of badger vaccination programmes. Finally, the existence of this alternative ranging 

strategy must be taken into consideration when investigating the effects of the roadworks on the 

ranging behaviour of the badgers in this population. This chapter is formatted as a complete paper 

as it has been published (Gaughran et al. 2018).  

 

4.1.2 Abstract 

We monitored the ranging of a wild European badger (Meles meles) population over seven years 

using GPS tracking collars. Badger range sizes varied seasonally and reached their maximum in 

summer. We analysed the summer ranging behaviour, using 83 home range estimates from 48 

individuals over 6974 collar-nights (some badger wore a collar in more than one year). We found 

that while most adult badgers (males and females) remained within their own traditional social group 

boundaries, several male badgers (on average 22%) regularly ranged beyond these traditional 

boundaries. These adult males frequently ranged throughout two (or more) social groups’ traditional 

territories and had extremely large home ranges. We therefore refer to them as super-rangers. While 

https://doi.org/10.1371/journal.pone.0191818
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ranging across traditional boundaries has been recorded over short periods of time for extra-

territorial mating and foraging forays, or for pre-dispersal exploration, the animals in this study 

maintained their super-ranges from two to 36 months. This study represents the first time such long-

term extra-territorial ranging has been described for European badgers. Holding a super-range may 

confer an advantage in access to breeding females, but could also affect local interaction networks. 

In Ireland & the UK, badgers act as a wildlife reservoir for bovine tuberculosis (bTB). Super-ranging 

may facilitate the spread of disease by increasing both direct interactions between conspecifics, 

particularly across social groups, and indirect interactions with cattle in their shared environment. 

Understanding super-ranging behaviour may both improve our understanding of tuberculosis 

epidemiology and inform future control strategies. 

 

4.1.3 Introduction to paper 

Knowledge of ranging behaviour is particularly important where infectious diseases are problematic 

(Conner and Miller 2004). European badgers are highly susceptible to tuberculosis (TB), caused by 

Mycobacterium bovis (Gormley and Costello 2003). In continental Europe, badgers infected with TB 

have been reported in both France and Spain (Gortazar et al. 2012), with badgers becoming the focus 

of epidemiological studies in France (Payne et al. 2012; Barbier et al. 2016). In both the UK and 

Ireland badgers have been implicated in the spread of M. bovis to cattle and in acting as a wildlife 

reservoir for bovine tuberculosis (Murphy et al. 2010; Corner et al. 2011; Godfray et al. 2013). The 

UK and Irish governments spend millions each year attempting to eradicate bovine tuberculosis 

(bTB), in part through culling badgers (Godfray et al. 2013; DAFM 2016b). However, badgers are a 

protected species in both countries and culling is not considered a sustainable bTB control strategy 

(Gormley and Corner 2013). Both the UK and Ireland are investigating parenteral and oral vaccine 

strategies designed to inoculate badgers against M. bovis (Chambers et al. 2017; Gormley et al. 2017; 

Gowtage et al. 2017). However, to understand the dynamics of a disease and to control it 

successfully, a complete picture of the ecology and ranging behaviour of the carrier species is 

required (Conner and Miller 2004). The ranging of badgers is of direct importance to the transmission 

of TB infection both between individual badgers (Weber et al. 2013; O’Mahony 2015b) and between 

badgers and cattle (Martin et al. 1997; Eves 1999; Griffin et al. 2005b; Woodroffe et al. 2009; Mullen 

et al. 2015).  

Badgers display flexibility in their social organisation, from mated pairs with offspring occupying large 

home ranges which may not be contiguous (e.g. Revilla and Palomares 2002; Kowalczyk et al. 2003) 

to large social groups defending small, stable, contiguous territories (e.g. Woodroffe and Macdonald 

1993; Palphramand et al. 2007). This flexibility appears related to local population density and may 
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be driven by factors such as variation in temperature or food resources (Kruuk 1978a; Johnson et al. 

2002; Do Linh San et al. 2007a) or artificial depression below carrying capacity due, for example, to 

persecution or culling (Cheeseman et al. 1993; Tuyttens et al. 2000a, b; Sleeman and Mulcahy 2005). 

Similarly, badgers display variation in ranging behaviour, e.g. in environments where territoriality is 

reduced, badgers do not mark boundaries between social groups (Cheeseman et al. 1988a; Cresswell 

and Harris 1988a; Davison et al. 2009), and in response to reductions in population density they may 

make increased extra-territorial excursions (Tuyttens et al. 2000a, b) or travel greater distances 

(Sleeman and Mulcahy 2005). The evidence for sex-specific differences in ranging behaviour is 

equivocal. Some studies report no differences in movement patterns between male and female 

badgers (Rosalino et al. 2004; Remonti et al. 2006; Do Linh San et al. 2007a; Molina-Vacas et al. 2009; 

Elliott et al. 2015). Other studies report sex-specific differences in ranging, but do not agree whether 

males or females range further (Cheeseman et al. 1988a; Rogers et al. 1998; Revilla and Palomares 

2002; Kowalczyk et al. 2003; Kauhala et al. 2006; Palphramand et al. 2007; Frantz et al. 2010c; 

O’Mahony 2015b).  

 

The current badger study was initiated by the Irish Department of Agriculture, Food and The Marine 

(DAFM) and National Parks and Wildlife Service (NPWS) (MacWhite et al. 2013a). It was designed to 

examine the effects of a major road upgrade and realignment project on the ranging behaviour of 

the local badger population using GPS tracking collars. This study was one of the longest ongoing 

GPS studies of its kind for this species (April 2010- August 2016). GPS tracking provided a much higher 

resolution view of behaviour than is practical using radio-tracking (Urbano et al. 2010). It generated 

a very large dataset (82 individual badgers yielding 103,001 GPS locations over 26,522 collar-nights) 

allowing us to take continuous readings of the same individual over months and in some cases over 

several years (mean 323 badger-nights per badger, range 12-1166). In our study area, the badgers 

showed seasonal variation in ranging behaviour, with home ranges reaching their maximum size in 

summer (Appendix 4.1). Here, we seek to reveal the extent to which there is a sex difference in 

ranging behaviour and the extent to which badgers habitually range beyond the boundaries of their 

social group territory. This data will contribute to the improved modelling of disease dynamics and 

the implementation of successful TB control strategies. 

 

 

4.2 METHODOLOGY 

4.2.1 Study area 

The study was conducted in Co. Wicklow, Ireland (52.924130, -6.117960). The study area was a 

matrix of undulating agricultural land (75%), with patches of mixed and coniferous woodland (14%) 



  Chapter 4 

50 

 

with small residential areas and farmyards scattered throughout (7%). Local farming practices 

include pasture (cattle and sheep), arable (primarily wheat, barley and maize) and some equestrian 

activity. In any given year, on average, 68.5% of agricultural land was under pasture, while at least 

16.7% was arable crops. A well-developed hedgerow system connected fields. The road upgrade 

involved building a new 16km section of motorway (M11) in which wildlife underpasses were 

installed, alongside the original national road (N11) (MacWhite et al. 2013a). The study area has 

expanded incrementally over the years from 18.5km2 in 2010 to 32.7km2 in 2016. The size of the 

study area in each year was estimated in ArcMap™ (ArcGIS® 10.4) by drawing a polygon around the 

GPS locations for that calendar year. 

 

4.2.2 Trapping and handling of badgers 

Ethical approval for the project was granted by Trinity College Dublin’s Animal Research Ethics 

Committee (Project No. 290516) and the Health Products Regulatory Authority (Project No. 

7024754). Badgers were captured under licences (NPWS Nos. 101/2009, 04/2010, 13/2010, 

C123/2010, 03/2011, C040/2011, C03/2013, C005/2013 and C001/2015) as required by the Wildlife 

Act, 1976, in two trapping events per annum: April-May (3-4 weeks) and September-October (3-4 

weeks) using cage traps (following the methods in Cheeseman and Mallinson 1980) and, on 

occasions when necessary, stopped-restraints with a minimum closure of 32.5cm (Wildlife Act, 1976, 

Regulations 2003 (S.I. 620 of 2003); Murphy et al. 2009). Cage traps were of a standard DAFM 

approved design, 1.1m to 1.3m long, about 35cm wide and 35cm high, and were constructed from 

3cm square 8 gauge galvanised mesh, hot dipped and finished in a smooth black plastic coating 

(Rathcormac Steel Supplies, Rathcormac, Co. Sligo, Ireland). The triggering mechanism was by means 

of a string trip-line, the breaking of which closed the trap door behind the badger. Both cage traps 

and stopped-restraints conformed to national legislation for humane trapping defined in the Wildlife 

Act, 1976, Regulations 2003 (S.I. 620 of 2003). Stopped-restraints were used at setts where no 

badgers had been caught in cages and where badger activity was evident indicating the presence of 

“cage-shy” badgers (cages 97%, stopped-restraints 3% of captures). Cages were baited with peanuts 

for two weeks prior to and during the trapping event. All fieldwork was carried out with the land 

owners’ consent. Data collection began in April 2010 in advance of roadworks commencing in 

September 2013. The roadworks were completed in August 2015, and GPS tracking continued until 

October 2016.  

Captured badgers were anaesthetised in-cage by veterinary practitioners from DAFM using ketamine 

hydrochloride (Narketan 10® or Vetalar®) at 10 mg/kg and medetomidine (Domitor® or Medetor®) 

at 0.1 mg/kg (Mullineaux et al. 2003). This dose was delivered by intramuscular (i/m) injection into 
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the lumbar muscles using a pole syringe. All badgers were marked by an implanted Radio Frequency 

Identification (RFID) microchip and a tattoo on first capture. The last four digits of the microchip 

number were tattooed to the right medial thigh (inside hindleg). The tattoo and microchip numbers 

were used to identify individual animals at subsequent recaptures during the study. Badgers were 

vaccinated against TB with Bacille Calmette-Guérin (BCG) vaccine by i/m injection into the lumbar 

muscles. All badgers were weighed, clinically examined for signs of ill-health, external wounds and 

parasite load, and records taken. Blood samples and pharyngeal swabs were taken to determine TB 

infection status (BrockTB Stat-Pak ® and selective mycobacterial culture respectively). 

 

4.2.3 Ageing and sexing of badgers 

Age was determined by dentition (Hancox 1988; da Silva and Macdonald 1989) and general 

appearance of each badger. Cubs were defined as badgers in their first year, yearlings as badgers in 

their second year and adults as badgers in their third year or over. Badgers were assigned to a social 

group based on their most frequent trapping location and the GPS tracking data.  

 

4.2.4 Data collection 

We aimed to capture as many badgers as possible within each social group. Badgers weighing 8kg or 

more and with a suitable neck to head ratio (that is, a cranial circumference of at least 1cm more 

than the neck circumference) were fitted with a Tellus Light (previously Tellus 1C) GPS collar (Followit 

Wildlife, Lindesberg, Sweden). This meant that collars weighed no more than 3% of a badger’s body 

weight. Such criteria usually precluded the collaring of cubs, except perhaps during autumn trapping 

events when they were at least nine months old, and heavy enough to wear a collar. If badgers were 

recaptured in the same trapping session, they were identified, recorded and released without 

anaesthetic. Badgers wearing collars from a previous session had their collars replaced to ensure 

sufficient battery life for the new season. Collars were programmed to take four GPS readings per 

night at 10pm, 11pm, 1am and 2am, when badgers were expected to be above ground, except in 

April, May and September when 8 readings a night where taken hourly between 9pm and 4am 

(MacWhite et al. 2013a). 

 

4.2.5 Data analysis 

Over the course of the study 139 badgers were trapped and 80 of those were collared.  As home 

ranges more accurately reflect physical/geographic borders between social group territories in 
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summer when home ranges are at their maximum size (Kowalczyk et al. 2006; Woodroffe et al. 

2016b), the data was subsetted for June, July and August months. GPS data from each collared 

individual for June, July and August in a given year were combined to estimate individual summer 

home ranges for that year. Home ranges were estimated using 95% Minimum Convex Polygons 

(MCPs) (Mohr 1947) calculated using the package adehabitatHR (Calenge 2006) in R Version 3.3.1. 

(R Core Team 2016). MCPs estimate home range size by constructing the smallest possible convex 

polygon around the GPS point set. MCP areas were calculated and MCP shapefiles were generated 

and plotted in ArcMap. Plotting the data revealed an unusual ranging behaviour among some adult 

males. Their home ranges crossed ‘traditional’ social group boundaries that other members of their 

respective social group rarely crossed. Further, this ranging behaviour was sustained for longer than 

six weeks, i.e. apparent home range size was not merely an artefact of opportunistic mating, foraging 

or pre-dispersal exploratory forays into neighbouring ranges. Neither were these males in the 

process of dispersing as they did not permanently move away from their natal group. Instead, they 

were engaging in habitual extended ranging behaviour, i.e. ranging beyond the traditional boundary 

of their social group, and using this area to the same extent as the area of their traditional home 

range. Hereafter, we refer to these adult males as “super-rangers” (SRs) and to adult males that did 

not maintain super-ranges as “traditional rangers” (TRs). 

In order to investigate the unusual ranging behaviour observed in SRs, the dataset was further 

filtered. Cubs and yearlings were excluded as badger home range size naturally increases with age 

into adulthood (Kowalczyk et al. 2003) and we were interested in the ranging behaviour of adults 

only. Dispersing adults (N = 17, 8 females, 9 males) were also excluded from our analysis. Dispersal 

was identified if the GPS data showed that they had made a permanent move from one social group 

to another social group. Dispersers were identified by plotting GPS locations in ArcMap. As a 

dispersing badger makes exploratory forays outside their natal group’s range (Roper et al. 2003), it 

exhibits a temporary increase in the area over which it ranges, but this does not equate to a home 

range or territory. Sub-setting the dataset to exclude cubs, yearlings and dispersers resulted in a 

remaining dataset of 48 badgers (83 home range estimates from 48 individuals over 6974 collar-

nights) for analysis. A single badger could have more than one home range estimate if it had been 

wearing a collar in June/July/August of multiple years. For a separate analysis of the duration of 

super-ranges, monthly home ranges for all badgers for all months were also estimated and plotted. 

Trapping records were used to estimate population density using both Minimum Number Alive 

(MNA) estimates (Krebs 1966) and Capture-Mark-Recapture (CMR) estimates using the M (h) 

method (Chao 1988). Distance between main setts was calculated using the Near Analysis tool in 

ArcMap. Statistical analysis was carried out in R Version 3.3.1. Home range area (km2) was log-

transformed to normalise the data for analysis.  
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4.3 RESULTS 

4.3.1 General results 

The study area contained badgers from 12 different social groups. Minimum Number Alive (MNA) 

estimates (Krebs 1966) give an average population density of 1.2 badgers/ km2. To account for 

individual heterogeneity in capture probabilities we also used the M(h) method (Chao 1988) in the 

program CAPTURE (White et al. 1978; Rexstad and Burnham 1991), which gives an average 

population density of 1.8 badgers/km2 (Table 4.1). As they are based upon trapping records, these 

are conservative density estimates (Sleeman et al. 2009; Byrne et al. 2012b). On average, there were 

slightly more females than males (0.8 males for every female). The mean distance between adjacent 

main setts in the study area was 1313m (range 469-2399m, SD ± 455m). Four badgers tested positive 

for TB, with one symptomatic badger being euthanized. Two asymptomatic badgers died in road 

traffic accidents and one remained asymptomatic to the end of the study. All had been vaccinated 

with BCG when first captured.  

 

Table 4.1 Population density estimates (badgers/km2) for all badgers (adults in brackets) using the MNA 

method and the M(h) method in CAPTURE to account for individual heterogeneity. 

Year 
Study Area 

(km2) 

MNA 

Population 

Size 

MNA density 

(badgers/km2) 

CAPTURE 

Population 

Size    

Std. 

Error 

95%    

CI 

CAPTURE 

density 

(badgers/km2) 

2010 18.52 23 (17) 1.2 (0.9) 33 3.71 30-45 1.8 

2011 25.67 23 (15) 0.9 (0.6) 45 5.75 38-61 1.8 

2012 22.03 30 (17) 1.4 (0.8) 40 4.23 36-55 1.8 

2013 30.12 28 (22) 0.9 (0.7) 53 6.44 44-69 1.8 

2014 38.25 31 (17) 0.8 (0.4) 65 6.84 56-83 1.7 

2015 38.24 51 (29) 1.3 (0.8) 71 5.77 63-86 1.9 

2016 32.72 50 (26) 1.5 (0.9) 53 3.71 49-65 1.6 

Mean     1.2 (0.7)       1.8 

SD ±     0.3 (0.2)       0.09 
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4.3.2 Home range size 

The mean number of locations used to calculate each summer home range estimate was 541.6 

(range 35-2079, SD ± 352.2). The mean individual summer home range size for adult badgers was 

2.18km2 (range 0.66-7.24km2). The mean adult male home range and the mean adult female home 

range was 2.5km2 (range 0.78 – 7.23, SD ± 1.48) and 1.84km2 (range 0.66 – 3.59, SD ± 0.72) 

respectively. On average, female adult badgers ranged over a significantly smaller area than male 

adult badgers (t = -2.3532, df = 81, p < 0.05, Fig. 4.1).  

 

 

Figure 4.1 Boxplot of home range size (km2). Adult female badgers are represented by white boxes 

and adult male badgers by grey boxes. Numbers in brackets indicate sample size.  

 

 

4.3.3 Anomalies in home range size and position  

On plotting the home ranges of adult badgers in ArcMap, two different ranging behaviours became 

apparent among members of the same social group. Most badgers of the same social group had 

home ranges that overlapped with one another (mean overlap 68%, SD±22.5%, range=22-100%) 

within the same traditional boundaries. However, some badgers showed a different behaviour, 

ranging across traditional social group boundaries for extended periods of time (e.g. Figs. 4.2a and 

4.2b). 
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Figure 4.2a Traditional versus super home ranges. Filled polygons represent traditional social group 

ranges, Hawthorn social group to the north and Bracken social group to the south. The black open 

polygon represents the summer 2016 home range (95% MCP) of Boru, a male badger belonging to 

the Hawthorn social group, but who habitually ranged across the traditional boundary separating the 

two social groups. The dots represent Boru’s GPS locations and the arrow represents the direction 

of extended ranging. Thick grey lines represent the N11 and M11 roads.   

 

 

Figure 4.2b Traditional versus super home ranges. The filled polygon represents the Quarry social 

group’s traditional range. The black open polygon represents the summer 2013 home range (95% 

MCP) of Billy, a male from the Quarry social group who habitually ranged beyond the boundary of 
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that social group. The dots represent Billy’s GPS locations and the arrow represents the direction of 

extended ranging. Thick grey lines represent the N11 and M11 roads. 

4.3.4 Who are these unusual badgers?  

Super-ranging occurred in all years of the study, except the first year. Of our 48 badgers, 12 different 

individuals, all male, habitually ranged throughout two (or more) traditional home ranges (Table 2). 

The ranges of these SRs crossed “traditional” social group boundaries that other members of their 

respective social groups rarely crossed. Further, this ranging behaviour was sustained for longer than 

six weeks. The mean age of SRs was three years old (range 2-5, SD ± 1). The mean age of TRs, i.e. 

adult males that did not maintain super-ranges, was three years old (range 2-6, SD ± 1) and the mean 

age of adult females was four years old (range 2-7, SD ± 1). The mean number of SRs in the study 

area in any given year was 2.2 (SD ± 1.4) which represented, on average, 22% of all collared males, 

and 9% of all collared badgers in the study area. One individual (Roy) held two different super-ranges, 

both containing his natal social group’s range, but extending into different social groups at different 

times. Plots of monthly home ranges were used to determine how long super-ranges were held. The 

mean length of time SRs maintained their range was 11 months (range 2-36, SD±9.2, N = 13). 75% of 

SRs home ranges with known outcomes eventually contracted in size, two back to their original home 

ranges, and one to a subset of its super-range. On average it took 23 months (SD±13) before 

contraction occurred. Contraction happened over the course of a few weeks. In one case it occurred 

overnight. The two animals with the longest held super-ranges (Billy and Ray) demonstrated three 

phases of ranging expansion (from traditional range to super-range), maintenance (for 2 and 3 years 

respectively) and subsequent contraction (from super-range to traditional range). For all other SRs, 

the data were incomplete (Table 2). Some groups appeared to be more likely than others to produce 

SRs than other groups. Of the twelve individuals that engaged in super-ranging, three belonged to 

The Pines social group and two to the Hawthorn social group. However, we can see no reason for 

this.   
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Table 4.2 Details of super-rangers’ (SRs) home ranges and comparison with the size of their social group-mates’ (SGMs) home ranges.  

SR ID Natal Social 

Group 

Social Group Ranged 

Into 

SGMs mean 

home ranges 

(km2) 

SRs home 

range 

(km2) 

SR Ranges 

relative to 

SGMs (%) 

Duration of 

SR 

(Months) 

Age* Year(s) of Super-

Ranging 

Outcome 

Billy The Quarry Outside study area 2 5.1 255 24 3 2012, 2013 Contracted 

Boru Hawthorn Bracken 1.8 3.4 189 2 3 2016 RTA ** 

Brian The Pines Outside study area 1.6 4 250 4 2 2011 Contact lost 

Dave Bracken Hawthorn 2 2.4 120 7 2 2013 RTA 

Douglas Hawthorn Bracken 1.8 3.8 211 10 2 2012 RTA 

Juan The Pines Outside & Hawthorn 1.6 7.2 450 7 2 2013 Contact lost 

Leo The Dump Hawthorn NA† 4.2 NA 5 Adult‡ 2015 Contact lost 

Louis The Pines Outside & Hawthorn 1.6 4.4 275 10 3 2014 Contracted 

Michael Ballad Big Tree 1.4 3 214 11 2 2016 End of Study 

Niall Conifer Big Tree 2.1 5.8 277 10 Adult‡ 2015 Contact lost 

Ray The Briars The Cemetery NA† 3.4 NA 36 4 2013, 2014, 2015 Contracted 

Roy Sycamore Driving Range 1.5 3.6 240 9 3 2011 Contact lost  

Roy Sycamore The Cemetery NA† 1.9 NA 7 5 2013 RTA 

 

* Where more than one year of data, age in first year of super-range. 

**Road traffic accident  

† No collared adult, non-dispersal social group-mates for comparison. 

‡ Estimated to 3 years of age or older, but no finer estimate made.
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4.3.5 Home range size in the context of SRs 

Home range sizes were re-analysed in the context of two male ranging strategies, super-ranging and 

traditional ranging. The home range sizes of SRs were significantly larger than other badgers (ANOVA: 

(F (2, 80) = 25.21, p < 0.001, Fig 3). SRs maintained a mean home range of 3.95 km2 (range 1.94 - 

7.23, SD ± 1.62) while TRs maintained a mean home range of 1.74km2 (range 0.78 - 3.09, SD ± 0.58). 

Adult females maintained a mean home range of 1.84km2 (range 0.66 - 3.59, SD ± 0.72). Both adult 

female badgers and TRs ranged over significantly smaller areas than SRs (Tukey post hoc, p = 0.00 Fig 

4.3), but there was no significant difference in home range size between females and TRs (Tukey 

post hoc, p = 0.959, Fig. 4.3). 

 

 

Figure 4.3 Boxplot of home range size (km2). Here, female badgers are represented by white, TRs by 

light grey and SRs by dark grey boxes. Numbers in brackets indicate sample size. 

 

4.4 DISCUSSION 

The ranging behaviour of badgers is of direct importance to both intra- and interspecific transmission 

of TB. Here we present evidence for a previously unrecognised ranging strategy in badgers. While 

initial results suggested there was a sex difference in ranging behaviour with females ranging over 

smaller areas than males, it became clear that, in our study population, male badgers were not all 

ranging in the same way. Most males (TRs) would range within traditional social group boundaries, 

maintaining an individual home range like that of current and historical members of their social 

group. However, on average, 22% of males (SRs) consistently ranged far beyond these boundaries, 

using more than one social group’s territory at the same time. Multiple types of movement have 

been defined for badgers (Cheeseman et al. 1988a; Sleeman 1992; Christian 1994; Woodroffe et al. 
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1995; Rogers et al. 1998; Riordan et al. 2011) including movement between social groups. In badgers, 

movement between groups can occur for several reasons. Foraging, extra-territorial mating and 

exploration in preparation for dispersal all take individuals outside their traditional group boundary 

for short periods of time (Christian 1994; Roper et al. 2003; Roper 2010; Macdonald et al. 2015). 

Foraging forays are very short-lived; badgers tend to return to a rich-food patch each night for a few 

nights until it has been depleted. While mating can occur at any time between blastocyst 

implantation and parturition (Corner et al. 2015), mating forays tend to peak in spring when females 

upon giving birth, come back into season, and again in late summer/early autumn, coinciding with 

another peak in mating (Davies et al. 1987; Cresswell et al. 1992). Although our data contains 

examples of male badgers visiting neighbouring setts in February, these extra-territorial excursions 

for reasons of mating are again only of 24 hours duration, at most. Finally, dispersal can cause 

badgers to travel outside of their territory. In our study population, 19% of badgers dispersed over 

the course of the study period, permanently moving from one social group to another (Roper et al. 

2003; Macdonald et al. 2008). Of the badgers that were wearing GPS collars for the dispersal event 

itself, the time taken to move ranged between one night to six weeks. If dispersal was not 

instantaneous, the process was characterised by the badger making exploratory forays into one or 

several different social groups, usually lasting between 1 – 3 days each time, before finally settling in 

their new group.  

None of these patterns of ranging behaviour are consistent with that of SRs, which we describe here. 

While it is possible that these badgers were engaged in a greatly extended dispersal process and 

acting as “floaters”, a strategy seen in wolves (Messier 1985; Blanco and Cortés 2007), we do not 

believe this to be the case. In our study area, 91% of male dispersers moved to an adjacent social 

group, and ultimately no longer ranged within the bounds of their original social group. Super-ranges 

were maintained for considerably longer than even the increases in home range caused by the 

exploratory phase of dispersal, sometimes for several years, and they did not culminate in badgers 

changing social group, but in maintaining a presence in each social group within their super-range. 

SRs were continuously trapped at both the main setts of each traditional range that they used. The 

SRs’ ranging was also not consistent with extra-territorial feeding at ephemeral food patches or with 

mating forays as the badgers patrolled the full extent of their expanded range consistently over 

several months. Differences in ranging behaviour in badgers have been related to TB status, with 

ranging behaviour becoming increasingly abnormal as the disease progresses (Cheeseman and 

Mallinson 1981b; Garnett et al. 2005). Garnett et al. (2005) found that infected badgers (N=8) 

maintained home ranges 50% larger than uninfected badgers (N=8), and these ranges extended 

significantly into neighbouring territories. However, only one of our 12 super-rangers tested positive 

for TB while remaining asymptomatic, so their ranging behaviour cannot be explained by a positive 

disease status or by progressing disease. Neither was the behaviour an artefact of trapping, as no 
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collared badgers altered their ranging behaviour in response to being trapped (Woodroffe et al. 

2016b). It is apparent that badgers using a super-ranging strategy were using more than their own 

social group’s range, maintaining a consistent presence in an area covering space used by multiple 

discrete social groups.  

There are several possible motivations for super-ranging. SRs may be subordinate males that are 

being partially excluded from their natal range by a dominant male and are effectively “floaters” 

(Messier 1985). However, rather than dispersing completely, they maintain contact with their 

original social group due to philopatry i.e. the tendency of an animal to stay in the place where it was 

born (Woodroffe et al. 1995). Another possibility is that SRs are dominant males that are actively 

defending extremely large territories over large periods of time. It is possible that SRs filled a vacuum 

left by the loss of the dominant male in the neighbouring territory, perhaps allowing them access to 

a greater number of females (Rogers et al. 1998; Revilla and Palomares 1999; Kowalczyk et al. 2003; 

Molina-Vacas et al. 2009). In five cases, we know that the resident male died or disappeared before 

the SR expanded into his range. In three cases however, the SR moved into neighbouring ranges 

where resident males were present, although in all cases they were cubs or yearlings. In one case, 

an SR contracted his range upon the appearance of another SR. Erlinge & Sandell (1986), describe in 

another mustelid, the stoat, differences in male social organisation that is evident during the 

females’ discrete receptive period. Males are either dominant “roamers” who gain access to many 

females or “stayers” who maintain contact with just a few females. As badgers can mate at any time 

of the year, it is possible that super-ranging is one of two evolutionarily stable mating tactics that 

coexists within the same population (Sandell and Liberg 1992). In our study, we cannot distinguish 

between these motivations. The nature of GPS data can only give us positional information, and does 

not show whether a badger has been marking at latrines, fighting or peacefully co-existing with 

conspecifics. However, it is notable that the two males with the longest held super-ranges 

accumulated many scars from bite-wounding. Despite these wounds, they were both very healthy 

and maintained their super-ranges for long periods of time (24 and 36 months respectively). We 

tentatively suggest, therefore, that these males were in fact defending their large territories. 

However, further research that reveals behaviour, e.g. camera trapping of marked individuals at setts 

and latrines and the use of proximity collars is required to demonstrate which explanation is correct.  

 

4.4.1 Evidence for super-rangers in other studies? 

A review of the ranging literature revealed a number of unusual ranging behaviours which might be 

explained by super-ranging. The majority of these studies were based on radio-tracking or trapping 

data which, by their nature, give only short-term or snapshot views of ranging behaviour (Riordan et 
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al. 2011) Cheeseman et al. (1988a), identified a category of movement in UK badgers “between non-

associated, adjacent social groups at the same time”, estimating that approximately 9.3% of 

recaptured males engaged in this type of behaviour. They also found one female in the rural 

population engaging in this type of ranging behaviour (0.06% of that population). Rogers et al.’s 

(1998b) investigation of movement in a high-density UK population using capture data, defined 

badgers that moved between social groups other than their own as “frequent movers”, constituting 

4.8% of all badgers that moved. Other studies have also noted individuals of ambiguous social group 

membership based on trapping records and/or ranging behaviour. Kruuk (1978a) noted two males 

that appeared to belong to two different social groups at the same time, spending their day in either 

of the main setts, with ranges that completely incorporated those of the females from both social 

groups.  Davison et al. (2009) described a male badger in urban Brighton that could not be assigned 

to a single social group as it was using the main setts and above ground home ranges of two groups. 

In Luxembourg, Frantz et al. (2010c) noted that an earlier study of their population (Schley 2000) 

reported one male that had a range that encompassed two of the social groups in their later study. 

They suggested group fission and a flexible social system as an explanation. In Spain, Revilla and 

Palomares (1999, 2002) noted that males would expand their range into adjacent ranges, given the 

opportunity, e.g. if a neighbouring male died. In Ireland, Elliott et al. (2015) describe overlapping 

home ranges of two badgers from different social groups, a male and a female, the male having a 

home range that was nearly an order of magnitude larger than the female’s home range (334ha v 

39ha). They proposed that their data were indicative of social fluidity in badgers. It is possible that 

these all may in fact have been examples of SR-type ranging behaviour, which, without the benefit 

of long-term monitoring, remained obscure. However, we also cannot discount the possibility that 

at least some of these may have been badgers recorded in the process of dispersal. 

Recent studies have been employing more advanced technology. A GPS tracking study (Woodroffe 

et al. 2016b), noted one individual that could not be assigned to a social group based on trapping 

records and collar data. Unfortunately, the ranging behaviour of this individual is not described and 

it is unknown whether this was a dispersing or super-ranging individual. A study (Ellwood et al. 2017) 

using RFID contact collars found that at high density, connectivity between social groups may be 

much greater and territoriality much less than conventionally suggested (Kruuk 1978b). Their 

network analysis showed evidence of trans-border ‘super-groups’, i.e. badgers from these groups 

frequently transgressed territorial boundaries (Evans et al. 1989; Ellwood et al. 2017). However, 20-

48% of collared badges were recorded at main setts other than their own, rather than a few highly 

connected individuals (Ellwood et al. 2017). The fact that there appeared to be a connection 

between The Pines and Hawthorn and between Hawthorn and Bracken social groups may appear 

consistent with the idea of clustering of super-groups. However, in this instance it would be due to 

the ranging of a few individuals, the super-rangers, rather than a large proportion of those social 
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groups. As we have no reason to suggest that our badgers behave differently from others living at a 

similar density, we would expect to find SRs in other study populations. Unfortunately, until long-

term GPS tracking of individual badgers is carried out, evidence for the more widespread occurrence 

of this trait in other populations will remain lacking.  

 

4.4.2 Implications for transmission and control of TB 

Although it remains unclear why some male badgers maintain super-ranges while others do not, the 

implications of such ranging behaviour may be significant for the transmission and control of TB in 

badgers. Asymmetries in the contact networks within a population affect the way in which diseases 

are transmitted through a social network (Böhm et al. 2009). The organisation of badgers into 

territorial social groups, at least at higher densities, appears to limit the spread of TB because it 

lowers disease transmission rates between groups (Cheeseman et al. 1988b; Delahay et al. 2000b; 

Davis et al. 2015). However, badger movements into and out of neighbouring social groups is 

associated with increased prevalence of TB in these groups (Rogers et al. 1998; Riordan et al. 2011). 

The implication is that movement between social groups increases direct contact between 

individuals from different social groups, therefore increasing the rate of disease transmission.  

 

In non-dispersing badgers, home ranges normally map directly onto territory boundaries 

(Cheeseman et al. 1987; Palphramand et al. 2007). Social group members mark and patrol these 

boundaries and may actively exclude conspecifics through fighting (Kruuk 1978a, b) though the 

degree to which territoriality is expressed may be a function of population density (Macdonald et al. 

2004; Sleeman and Mulcahy 2005). Given that bite-wounding is the second most frequent mode of 

TB transmission among badgers (Corner et al. 2011) and that movement between social groups has 

been associated with increased TB prevalence (Rogers et al. 1998; Riordan et al. 2011), SRs ranging 

throughout more than one social group’s range can expect to have a larger border to defend and 

higher encounter rates with individuals from different social groups than TRs. If these interactions 

are agonistic, the risk of disease transmission is increased. Further, these males have to expend a lot 

of energy maintaining ranges that are significantly larger than TR males and adult females. The stress 

associated with maintaining these ranges may impact the degree to which the disease manifests 

itself, as a stressed infected badger is more likely to be shedding M. bovis bacilli than unstressed 

individuals (Macdonald et al. 2006; Riordan et al. 2011). Super-rangers may therefore act as super-

spreaders of TB infection. Our data suggest that maintaining a super-range is unsustainable in the 

long-term, with SRs’ home ranges eventually contracting towards their original size. Indeed, the two 

badgers with the longest records for super-ranges both consistently bore fight-wounds when 
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trapped and their ranges eventually contracted. This contrasts with the lack of bite-wounding in 

super-groups as described by Ellwood et al. (2017).  

 

4.5 CONCLUSION 

 

In addition to the implications for the spread of TB, our findings increase the knowledge of badger 

ranging behaviour by highlighting a hitherto unrecognised male ranging strategy. It is possible that 

apparent sex differences in territory size found in some studies are due to the presence of SR males 

in the population. While it may be difficult to identify SRs retrospectively without the use of GPS 

collars, we recommend that other researchers using such collars should look for the presence of SRs 

in their study populations. The implications of the presence of two distinct ranging strategies by 

different males, and the consequently improved understanding of badger sociality and ecology, are 

likely to be profound. In addition, the influence of SRs in carrying infection between social groups 

would need to be incorporated into epidemiological modelling, and the formulation of disease 

control policy.  

 



  Chapter 5 

64 

 

 

CHAPTER 5 

THE RANGING BEHAVOUR IN THE N11 BADGERS: 

THE IMPORTANCE OF RECOGNISING DIFFERENT RANGING STRATEGIES. 

 

 

5.1 INTRODUCTION  

Knowledge of ranging behaviour is particularly important for understanding the spread and 

maintenance of infectious diseases in wildlife. In order to control disease successfully, a complete 

picture of the ecology and ranging behaviour of the carrier species is required (Conner and Miller 

2004). The movement of badgers is of direct importance to the transmission of TB infection both 

between individual badgers (Weber et al. 2013; O’Mahony 2015b) and between badgers and cattle 

(Martin et al. 1997; Eves 1999; Griffin et al. 2005a; Woodroffe et al. 2009; Mullen et al. 2015). 

Although it has recently been announced that a national badger vaccination programme will be 

rolled out across Ireland (DAFM 2018), vaccination will not replace culling, but will form part of a 

mixed control strategy (Gormley et al. 2017). There are some concerns that culling and other types 

of disturbance may increase the rate of TB transmission among badgers, and to cattle, due to the 

perturbation effect (Sadlier and Montgomery 2004; Woodroffe et al. 2006; Carter et al. 2007; 

Donnelly et al. 2007; McDonald et al. 2008; Blumstein 2010; Godfray et al. 2013; Wright et al. 2015). 

Across their range, badgers exist at different densities and display flexibility in their social 

organisation (Chapter 2) which is reflected in their ranging behaviour. Ranging behaviour can be 

described by a variety of metrics including home range or territory size, nightly distance moved, and 

the distance and frequency of extra-territorial excursions. This study was designed to determine the 

normal ranging behaviour of badgers in this medium-density population and then to examine the 

effects of a large environmental disturbance, in the form of a major road upgrade, on that ranging 

behaviour. Such a detailed study of badger ranging behaviour using GPS tracking technology has 

never been carried out before.  

 

5.1.1 Nightly distance moved  

 

The distances badgers have been recorded to move each night vary from an average of 7km per 

night at low densities (Kowalczyk et al. 2006) to an average of less than 1km (849m) per night 

(Woodroffe et al. 2016b) at higher densities. Nightly movements of badgers are generally tortuous 
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being typified by fast, more direct trajectories upon emergence, followed by convoluted trajectories 

once foraging grounds have been reached, with direct trajectories used once more to return to the 

sett (Mellgren and Roper 1986; Blouin 2003; Kowalczyk et al. 2006). Evidence for seasonal 

differences in nightly distance moved is equivocal with some researchers reporting significant 

seasonal variation (e.g. Revilla and Palomares 2002; Woodroffe et al. 2017) while others reported 

non-significant differences (e.g. Do Linh San et al. 2007b) or no significant difference across the 

seasons (e.g. Elliott et al. 2015). Differences between the sexes (Revilla and Palomares 2002; 

Kowalczyk et al. 2006; Loureiro et al. 2007; Elliott et al. 2015) and age cohorts (Cresswell and Harris 

1988b) have been reported. Irish badgers, which exist at medium densities, have been reported to 

travel approximately 2km/night (O’Corry-Crowe et al. 1993; MacWhite et al. 2013a) with males 

travelling further than females (Elliott et al. 2015). Other Irish studies (Sadlier and Montgomery 2004; 

Sleeman and Mulcahy 2005) have found that population density reduction due to persecution 

resulted in an increase in the distance badgers moved at night.  

 

5.1.2 Home range size  

 

Within territories, the sizes of home ranges vary seasonally, with badgers having their smallest home 

ranges in winter months (Kowalczyk et al. 2003; Do Linh San et al. 2007b; Palphramand et al. 2007) 

and largest home ranges in the summer (Revilla and Palomares 2002; Kowalczyk et al. 2003; Kauhala 

et al. 2006; Woodroffe et al. 2016b). Home range (HR) size varies with population density (Chapter 

2) from a mean 10.7km2  (Table 2.3) in low density populations (e.g. 32km2 in Belorussia’s Białowieża 

Primeval Forest, Kowalczyk et al. 2000) to a mean of 0.45km2 (Table 2.3) in very high-density 

populations (e.g. 0.26km2 in Wytham Woods, Chris Newman, pers. comm.). Medium density 

populations have mean HR sizes of 5.1km2 (Table 2.3). The majority of Irish populations (76%) are of 

medium density (Appendix 2.1), with reported HR sizes ranging from 0.2km2 (Sleeman et al. 2002) 

to 3.5km2 (Feore and Montgomery 1999), but averaging 1.4km2 (based on Appendix 2.1). Evidence 

for differences between the sexes is equivocal (Chapter 4). Previous analysis of this study population 

has shown that there are differences in summer HR size between different ranging cohorts in the 

population, i.e. between super-rangers (SRs) and traditional rangers (TRs) (Chapter 4). When TRs 

were analysed separately from SRs or dispersers, there were no sex differences in HR size during the 

summer months (Chapter 4). There is also conflicting evidence regarding the effect of age on HR size. 

Some studies, including an earlier analysis of this dataset, show an increase in HR size with age 

(Cresswell and Harris 1988a; MacWhite et al. 2013a) yet others (e.g. Palphramand et al. 2007) show 

no effect of age on home range size.  
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5.1.3 Extra-territorial excursions 

 

The classical view (Kruuk 1978a, b) is that badgers rarely venture beyond the boundaries of their 

territories and, when they do, interactions are hostile. However, continuing research has revealed 

that badgers do indeed make frequent extra-territorial-excursions (ETEs) for various purposes. 

Foraging ETEs have been observed and found to follow a seasonal pattern, peaking in summer (Roper 

2010). ETEs most likely for purposes of mating have been described (Christian 1994; Woodroffe et 

al. 1995; Macdonald et al. 2008), and indeed genetic analyses confirmed high levels of extra-group 

mating in badgers in the UK (Carpenter et al. 2005; Dugdale et al. 2007). Recent research using 

proximity collars has illustrated that contact between social groups may be much more common 

than originally thought (Ellwood et al. 2017; Silk et al. 2018), particularly in very high density 

populations where the degree of territoriality is thought to be most greatly expressed (Roper, 2010, 

Chapter 2). A large-scale trapping study in Ireland (Byrne et al. 2014) found that movements of >1km, 

i.e. those considered to be “extra-patch” movements in that study, accounted for 57% of all 

movements detected. Although it was impossible to distinguish between ETEs and dispersal-type 

movements in their study, the mean movement distance was 2.6km and the maximum was 22.1km 

(Byrne et al. 2014). This suggests of most of these movements were ETEs. Irish badgers have been 

recorded making long-distance ETEs of ~ 8km one-way, with ETEs occurring in all seasons (Sleeman 

1992; Sleeman and Mulcahy 1993). 

 

5.1.4 Scope of this chapter  

 

In this chapter I outline the methodology used in this and subsequent data chapters both to manage 

the data and to perform statistical analyses of ranging behaviour. I present a general overview of 

ranging behaviour in this study population, which encompasses seasonality in home range size and 

nightly distance travelled, the relationship between nightly distance travelled and body weight and 

a summary of our findings regarding nightly distance travelled (ND), home range (HR) size and the 

distance and frequency of extra-territorial excursions (ETEs). Because not all badgers in our study 

area range in the same way (Chapter 4), I show that ranging status (traditional ranging, super-ranging 

and also dispersing) affects ND and HR. Both super-rangers (SRs) and dispersers (DPs) travel further 

at night and have larger home ranges across the year, on average, than traditional rangers (TRs), 

meaning that it is appropriate to analyse the ranging behaviour of TRs, SRs and DPs separately. 

Therefore, in-depth analyses of the ranging behaviours of TR, SR and DP badgers will be the focus of 

Chapters 6, 7 and 8 respectively.  
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These data will contribute to our understanding of the movement ecology of badgers living at 

medium densities, with particular reference to how they respond to disturbances in their 

environment. Due to our vaccination protocol the incidence of TB in our study population declined 

to a single known TB positive (albeit asymptomatic) badger over the course of the study, alongside 

a complete absence of cattle herd breakdowns since 2014. I cannot therefore examine the effect of 

any roadworks-induced perturbation of ranging behaviour on TB transmission. However, my results 

will assist with improved modelling of disease dynamics, particularly in relation to the potential for 

perturbation caused by environmental disturbance and will contribute to improved implementation 

of TB control strategies. Further, my results will provide a detailed basis for our understanding of 

ranging behaviour of medium density populations of badgers.  

 

5.2 METHODOLOGY  

5.2.1 GPS data management 

5.2.1.1 Nightly distance travelled 

In most months four GPS fixes a night were taken at 10pm, 11pm, 1pm and 2pm, except in April, 

May and September when eight fixes a night were taken on the hour between 9pm – 4am. To 

generate the dataset for analysis of nightly distance moved, where there were more than the 

scheduled number of GPS locations per night (due to faulty, over-active collars or duplicates), the 

additional locations were filtered out. In April, May and September badgers were tracked for a longer 

period each night than all other months. This could potentially yield greater estimates of distances 

travelled. Therefore, data for these months were subsetted to four locations a night at the same 

times as were recorded for the rest of the months, i.e. 10pm, 11pm, 1pm and 2pm. This resulted in 

a dataset of 81,925 GPS records from April 2010 to August 2016 (71 months) from 80 different 

individuals from which NDs were calculated.  

Calculations of how far a badger travelled in a night will inevitably be under-estimations for two 

reasons. Although badgers like to follow linear features in their landscape (O’Brien et al. 2015), their 

routes can be quite tortuous, particularly when foraging (Loureiro et al. 2007). My analysis was 

limited to considering straight line distances between GPS locations. Secondly, the dataset contains 

only four GPS locations a night and is lacking information regarding how far a badger travelled both 

before and after the first and last GPS locations were scheduled. I considered calculating the distance 

from both the first and the last GPS locations to the main sett and including this information in the 

dataset. However, we know from trapping records that badgers do not necessarily spend every night 

in their main sett, and alternate between different setts within their territory, so one could not be 

sure which sett(s) a badger was using on a given night. Further, emergence time is not predictable, 
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and it is likely that a badger that emerged two hours before the first GPS location was scheduled, 

may have travelled further than a badger that emerged a few minutes beforehand. Therefore, I 

considered it appropriate to analyse only the four GPS locations received, because distances are 

comparable to one another, even if they are underestimates. Indeed, across seasons, they are more 

comparable than a full night would be as the time between the first and last reading stays constant, 

whereas emergence and return times are likely to vary.  

For every night a badger was wearing a collar, trajectories were created using the package 

adehabitatLT (Calenge 2011a) in R, in which a ‘burst’ was defined as a single night’s GPS locations, 

and the total distance travelled each night was extracted. However, two or more GPS locations a 

night were required to calculate a nightly distance travelled (ND) in m. Badgers did not always send 

the scheduled number of GPS locations in a night. This is because a badger needs to be above ground 

at the scheduled time, and they may emerge from their sett particularly late on a given evening, they 

may return to one of their setts for a period during the course of a night or they may return 

particularly early on a given morning. Where only one GPS location was recorded in a single night 

adehabitatLT calculated the distance travelled as 0. This can be considered a “false” zero, because 

in order for the GPS collar to be able to send a signal, the badger must be out of its sett. I considered 

estimating the distance between these single GPS locations and the main sett on these occasions, 

but decided against this for the same reasons as outlined above. There were also cases where there 

was no GPS data on a given night. These instances may be considered “true” zeros, i.e. the badger 

probably did not emerge from its sett. Given the limited number of GPS locations scheduled in a 

night, it is uncertain whether the badger did not emerge at all, or whether it only emerged for a 

limited period in between the scheduled GPS location times. All of this means that true zeros cannot 

be confidently distinguished from false zeros. Therefore, this analysis only considers data from those 

nights on which badgers successfully recorded two or more GPS locations, yielding a positive 

estimate of ND in adeHabitatLT (Calenge 2011a).   

In addition to badger ID, date and ND, the following data were included in the dataset: sex, age 

cohort, ranging status, seasonal information, social group ID, roadworks phase and whether the 

badger was living in a social group that was adjacent to the roadworks or not. Age cohorts were 

defined as follows: cub (in its first year); young adult (yearling or 2 years old); older adult (3 or 4 years 

old) and aged adult (5 years and older). Badgers were categorised into one of three ranging status 

categories – traditional ranger (TR), disperser (DP) or super-ranger (SR) – on the basis of their 

behaviour during the period that the GPS location was recorded. The timing of the roadworks was 

split into three phases: before (April 2010-December 2013); during (January 2014 – June 2015); after 

(July 2015 – August 2016). This process resulted in a dataset of 23,233 records of nightly distance 

travelled.  
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5.2.1.2 Home range size  

One of the most common methods employed to date for estimating home range (HR) size in badgers 

has been 95% (or 100%) minimum convex polygon (MCP) estimates (Elliott et al. 2015). Although 

more recently developed methods of estimating home range size, e.g. LoCoH (Getz et al. 2007), are 

thought to more accurately represent geographical boundaries of territories (Woodroffe et al. 

2016b), for my analyses I chose 95% MCP as a proxy for home range size as it is more comparable 

with the majority of existing badger studies (Chapter 2, Elliot et al. 2015). Further, I devised an 

alternative methodology based on field knowledge of my own study area to accurately delineate the 

geographic boundaries of the different social groups in the study area (see section 5.2.1.3).   

To generate the HR dataset, the GPS dataset was cleaned to remove any duplicate or incorrect 

records, leaving 102,993 GPS records including all collared badgers between April 2010 and August 

2016. Monthly home range size was estimated by calculating 95% MCPs for each badger in each 

calendar month of each year of the study using package adehabitatHR (Calenge 2006) in R Version 

3.4.0 (R Core Team 2016). MCPs could only be calculated when there were >5 records for a badger 

in a given month. The area (km2) was extracted and a new dataset created assigning these data to 

the appropriate individual. The dataset was populated with additional data regarding the badger’s 

sex, age cohort, ranging status, seasonal information, social group ID, roadworks phase and whether 

the badger was living in a social group that was adjacent to the roadworks or not. This resulted in a 

dataset of 1061 records of home range estimates (km2). 

 

5.2.1.3 Extra-territorial excursions 

Extra-territorial excursions (ETEs) are journeys made by badgers beyond the boundaries of their 

territory into neighbouring territories or beyond. In order to calculate the length and frequency of 

ETEs, the boundaries of social groups needed to be determined. As GPS data became available, it 

had become clear to the team that an earlier bait-marking study of the area did not accurately 

correspond to territory boundaries in this population (Appendix 5.1). Because badgers reach 

maximum ranging in summer (Kauhala et al., 2006; Kowalczyk et al., 2006; Revilla & Palomares, 2002, 

Woodroffe et al., 2016), in areas where social groups are contiguous the shape of their summer 

ranges should reflect the physical borders between social groups. To determine the location of these 

boundaries, for each social group in each year, I calculated 95% MCPs using adehabitatHR by taking 

the summer GPS locations, i.e. June, July and August, of all of the collared members of the social 

group. Where we did not have data for badgers in June, July and August (because batteries may have 

failed or badgers were not trapped until the autumn trapping session) we included all available GPS 

data for that individual in that year. However, a problem with MCPs is that, being convex, they can 
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include areas in a home range that are in fact never used and/or belong to other social groups, 

particularly when territories are irregularly shaped. Therefore, they may also include GPS locations 

that were in fact ETEs. While this is not a problem when using MCP estimates as a proxy when making 

home range size comparisons, it poses a difficultly in determining when a GPS location is within a 

territory boundary or outside of it. When moving, badgers tend to follow linear features in the 

landscape, such as hedgerows (O’Brien et al. 2015), and MCPs do not often coincide with these linear 

landscape features.  

In order to map realistic territory boundaries and to decide objectively which GPS locations 

constituted ETEs, I exported the 95% MCPs as shapefiles and plotted them onto the World Imagery 

basemap in ArcMap (ArcGIS version 10.4.1) using the coordinate system TM_75 Irish Grid along with 

all of the GPS locations. In ArcMap, I digitised a “geographical territory boundary” based on the 

location of the MCP polygon, the real linear landscape features in the study area (roads, hedgerows, 

rivers and observed badger-paths) and the GPS locations. Polygon shapefiles were created by 

following the MCP boundary line as closely as possible to the nearest linear feature that was closest 

to and encompassed the GPS locations. Where the MCP line was equidistant between two linear 

features, e.g. through the middle of a field, I chose the linear feature that was closest to the location 

of the GPS fixes. Where linear features coincided with the outermost GPS fixes unambiguously these 

linear features were followed. Where the MCP line was not located close to GPS fixes, i.e. it was 

convex and the pattern of the GPS fixes concave, I followed the linear features that were closest to 

the cluster of GPS fixes for the social group in question. This time-consuming procedure was carried 

out for each social group in each calendar year. The boundaries for each year were compared and 

only changed if it was very clear that members of the social group were ranging differently from the 

years before/after. Most social groups were relatively stable. However, there were some examples 

of fission or fusion of social groups, and the building of the M11 altered the position of some territory 

boundaries adjacent to the road. The resulting maps can be found in Appendix 5.1.   

To determine whether badgers made ETEs, I used the geoprocessing tool “Generate Near Table” in 

ArcMap to calculate the distance (m) between of all of the badger’s GPS points and the polygon 

representing the boundary of their social group in that year. Those points that fell within the 

boundaries returned a distance of 0m, and were excluded as they were not ETEs. All points that fell 

outside of the polygon returned distance of >0m and could be considered ETEs. However, the 

Followit GPS collar locations can be inaccurate to up to 15m (Mullen et al, 2015), so only locations 

that were >15m from the polygon where included in the dataset. When making an ETE on a given 

night, a badger may have recorded more than one GPS location outside of its territory boundary. In 

this case, only the GPS fix that was furthest from the badger’s territory boundary was retained in the 

dataset.  
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In addition to badger ID, date and distance of ETE, the following data were included in the dataset: 

sex, age cohort, ranging status, seasonal information, social group ID, roadworks phase and whether 

the badger was living in a social group that was adjacent to the roadworks or not. ETEs were 

determined only for TRs and DPs. Between 30-60% of a SR’s GPS locations were outside the boundary 

of its originating group’s territory. When ranging outside its traditional boundary, the edges of a SR’s 

range did not correspond to known territory borders. Accordingly, I excluded SRs from ETE analysis. 

The data management process resulted in a dataset containing 4287 records of extra-territorial 

excursion distances (m).  

To analyse the frequency of ETEs per month, a second dataset was created, based upon the 

information in the ETE distance dataset. Here, the number of ETEs made in a month and the number 

of active nights in a month were calculated. The number of active nights was defined as the number 

of nights in the month that the badger was above ground for long enough to record GPS locations 

and wore a working collar. This process resulted a dataset containing 725 records of the frequency 

of ETEs per month. 

 

5.2.2 Statistical analyses  

5.2.2.1 Nightly distance, home range size and extra-territorial excursions 

Statistical analyses were carried out in R Version 3.4.0. Generalized linear mixed models (GLMMs) 

were used to analyse ND. GLMMs were conducted using the lmer function from the package lme4 

(Bates et al. 2015). Sex (2 factor levels: male/female), age cohort (four factor levels: cub; young adult; 

older adult; aged adult), roadwork phase (three levels: before; during; after), adjacency to roadworks 

(two levels: yes/no) and calendar month (twelve levels, see below) were included as fixed factors.  

It was hypothesised that the roadworks may impact the behaviour of badgers living in social groups 

adjacent to the roadworks to a greater extent than those who were not living next to them. 

Therefore, an interaction between roadworks phase and adjacency was included in the full models. 

In order to investigate whether there was an interaction between age cohort and sex, an age cohort: 

sex interaction term was included in the full models.  

GPS tracking results in multiple samples from the same individual. To account for this pseudo-

replication, badger ID was included as a random factor. To account for spatial autocorrelation, 

badger ID was nested within a second random factor, social group, which was assigned as the social 

group that the badger was resident in at the time that the GPS location was made. Finally, to account 

for temporal autocorrelation, year was included as a random factor.  
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In order to control for seasonal variation in ranging behaviour, we first tested whether calendar 

month, calendar season, mean monthly minimum temperature (°C), or daily minimum temperature 

(°C) was the better predictor of ND, by comparing the AICc values of alternate full models (ND ~ X + 

sex*age cohort + roadworks*adjacency + (1|socgrp/name) + (1|year)). Including calendar month as 

an index for seasonality produced the full model with the lowest AICc value (Appendix 5.2) and 

month was included in the final full models, as a fixed factor, for analyses of all measures of ranging 

behaviours (ND, HR and ETEs). This is consistent with the approach used in Woodroffe et al. (2016). 

Where data were non-normal, BoxCox transformations were used to normalise the response variable 

and the Gaussian family specified in the models. Where transformation failed to normalise the data 

or where it was inappropriate to normalise the data, the appropriate distribution families were 

specified in the models. For analysis of ETE distance, the Gamma distribution GLMM was specified 

with a log link. As the frequency of ETEs per month response variable was proportional, a binomial 

GLMM was specified with a logit link. In this case, the response variable was arranged into a two-

column matrix. The first column specified the number of ‘successes’, i.e. the number of active nights 

in the month that a badger made an ETE. The second column specified the number of ‘failures’, i.e. 

the number of active nights in the month on which the badger did not make an ETE. 

For all analyses, a null model and a full model were generated. Model selection was performed on 

the full model using the dredge function in the R package MuMin (Barton 2017) having standardized 

the full model using the stdz.global.model function in the R package arm (Gelman and Yu-Sun 2016) 

and the top model selected using ΔAICc2. The outputs of the dredge and model averaging functions 

(MuMin) were examined before choosing the best model, based on the highest AICc value, the 

lowest df value and the relative importance of components in the models. Because I was interested 

in finding out the relative importance of individual predictor variables to the response, and given 

some of these predictors were involved in an interaction, I chose the top model rather than average 

the top models (Cade 2015). Model validation was performed by extracting the normalized Pearson’s 

residuals and plotting Q-Q and homoscedasticity plots. Equal variance was confirmed by plotting the 

residuals against each explanatory variable. Marginal and conditional R2 values were extracted for 

each top model using the r.squaredGLMM function in MuMin, except for Gamma (log) models, 

where the function described by Nakagawa et al. (2017) was used. A check to ensure the data were 

not overdispersed was also carried out (Appendix 5.3). A ratio score of >2 indicates that data are 

overdispersed. The Anova function from the package car (Fox and Weisberg 2011) was used to 

perform Type III Wald chi-square tests, which provided p-values for all of the explanatory factors in 

the GLMM including overall p-values for factors with more than two levels. The glht function from 

the package multcomp (Hothorn et al. 2008) was used to perform Tukey post hoc tests for multiple 



  Chapter 5 

73 

 

comparisons within levels of factors and within interactions. Significance of p-values are depicted as 

follows: <0.001 as ‘***’, <0.01 as ‘**’, <0.05 as ‘*’ and < 0.1 as ‘.’ 

 

5.2.2.2 Nightly distance travelled in the context of home range size and body weight 

 

Ranging behaviour is seasonal in nature with badgers’ home ranges being smallest in winter and 

largest in summer (Section 5.1.2). We were interested to see if ND mirrored the monthly home range 

size pattern across the year. I plotted the data for all badgers for both HR size and ND to make a 

visual comparison using both boxplots and a combined bar-and-line graph.  

 

Badgers’ body weight varies across the year, with three seasons identifiable: weight loss (December 

to March); weight maintenance (April to August) and weight gain (September to November) (David 

Kelly, TCD, pers. comm., Fig. 5.1). Consequently, we were interested to see how the pattern of ND 

across the year compared to the pattern of weight change across the year. I performed a GLMM 

following the procedures outlined above, except that I replaced the predictive factor ‘month’ with 

‘weight status’ (increasing, maintaining, decreasing). All other predictive variables were retained to 

account for any variation in the data attributable to them.  

 

 

 

Figure 5.1 Badger body weight across the year in Irish badgers. Light grey represents females, 

dark grey represents males. Data from David Kelly, TCD. 
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5.3 RESULTS 

5.3.1 Does seasonality in nightly distance mirror seasonality in home range size in all badgers?  

A seasonal pattern in ND was evident (Table 5.2, Fig 5.1) with lowest median ND values in December 

increasing into a peak in June before decreasing again.  

 

Table 5.1 Median monthly nightly distances (m) and home range sizes (km2) 

travelled for all badgers. Maxima and minima are highlighted in bold.  

Month ND (m) HR (km2) 

January 508 0.6 

February 722 1.0 

March 786 1.0 

April 989 1.1 

May 1023 1.3 

June 1139 1.3 

July 991 1.5 

August 973 1.4 

September 909 1.5 

October 625 1.0 

November 447 0.8 

December 420 0.5 

 

 

The pattern of ND travelled was similar to the pattern seen in home range size across the year (Table 

5.1, Fig 5.3). A Pearson’s product-moment correlation test (t = 5.3607, df = 10, p-value < 0.001) 

between the median monthly values of ND and HR size illustrated a strong positive relationship 

between the two variables with an r2 value of 0.74. However, the maximum median value in HR size 

was reached later (September) than the maximum mean value in ND (June). The similarity between 

annual variation in HR size and annual variation in ND travelled is illustrated in Fig. 5.4, which also 

clearly shows the difference in timings of their respective maxima.  
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Figure 5.2 Seasonality in nightly distance travelled for all badgers. Distances (km) have been BoxCox 

transformed (lambda = 0.343) to normalise the data. Grey dots represent mean values and open 

circles outliers.  

 

 

Figure 5.3 Seasonality in home range size for all badgers. The y-axis has been restricted to run 

between 0 and 5km2 for clarity. Grey dots represent mean values and open circles outliers.  
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Figure 5.4 Comparison of median monthly nightly distance to median monthly home range 

size.  ND (m) is on the left-hand y-axis, and HR (km2) is on the right-hand y-axis. Dark grey 

bars represent HR size and the light grey line represents HR size. 
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5.3.2 Does weight status correlate with nightly distance travelled? 

We investigated the relationship between weight status and nightly distances travelled (Fig. 5.5) 

using a GLMM that included ranging status, sex and age cohort in interaction, and roadworks phase 

and adjacency in interaction as fixed factors. I included these to control for any variation in the data 

that they may be responsible for. Badger ID, nested within social group ID, and year were included 

as random factors. 

The AICc of the null model was 4654.6 and the AICc of the full model was 2305.4. The results of the 

full model are summarised in Table 5.2. 

 

 

Figure 5.5 Nightly distance travelled by weight status for all badgers. Distances (km) have been BoxCox 

transformed (lambda = 0.343) to normalise the data. Grey dots represent mean values and open 

circles outliers. 

 

The weight status of a badger was a significant predictor of ND (Wald chi-square, χ2 = 1805.87, df = 

2, p<0.001). Badgers in the maintenance phase of body weight travelled significantly further at night 

(mean 1107m, SD ± 791.1, N=13,305) than those that were increasing body weight (mean 665m, SD 

± 605.8, N=5858) or decreasing body weight (mean 716m, SD ± 721.4, N=4060). The results of the 

Tukey post hoc tests are summarised in Table 5.3.  The proportion of nights/month that badgers 

were active was 0.93 in the increase phase (September to November), 0.97 in the maintenance 

phase (April to August) and 0.79 in decrease phase (December to March). 
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Table 5.2 Nightly distance by weight model summary. Mixed model results for nightly distance 

travelled in all badgers with regard to weight status.  

GLMM with Gaussian distribution, response variable boxcox transformed (km ^ 0.343) 

Number of Observations: 23,223, Groups:  name: socgrp, 97; socgrp, 20; year, 7 

Random effects Variance Std. Dev. 
     

name: socgrp 0.004566 0.06757 
     

Socgrp 0.000249 0.01579 
     

Year 0.000199 0.01409 
     

Residual 0.063827 0.25264 
     

Fixed effects Estimate Std. Error df t-value Pr(>|t|)     

(Intercept) 5.81E-01 2.76E-02 1.13E+02 21.079 <2e-16 *** 
 

Maintaining& 1.73E-01 4.97E-03 2.16E+04 34.869 <2e-16 *** 
 

Increasing& 2.59E-02 5.68E-03 8.50E+03 4.567 5.01E-06 *** 
 

DP 3.66E-02 1.33E-02 6.97E+03 2.756 0.005868 ** 
 

SR 1.39E-01 8.73E-03 6.00E+03 15.961 <2e-16 *** 
 

During roadworks 9.20E-02 1.69E-02 1.80E+01 5.431 3.70E-05 *** 
 

After roadworks 7.68E-02 1.70E-02 2.00E+01 4.504 0.000224 *** 
 

Adjacent -3.36E-02 1.90E-02 1.30E+01 -1.769 0.099881 . 
 

Male 2.88E-02 2.85E-02 3.76E+02 1.009 0.313543 
  

Young adult 1.39E-01 2.31E-02 6.86E+02 6.029 2.70E-09 *** 
 

Older adult 1.45E-01 2.43E-02 5.69E+02 5.988 3.76E-09 *** 
 

Aged adult 1.42E-01 2.99E-02 7.05E+02 4.758 2.38E-06 *** 
 

During: adjacent -2.05E-02 1.45E-02 2.82E+03 -1.41 0.158736   

After: adjacent -2.92E-02 1.58E-02 1.77E+03 -1.845 0.065249 .  

Male: Y. adult -3.53E-03 2.71E-02 1.19E+03 -0.13 0.8963   

Male: O. adult 2.82E-02 2.88E-02 1.07E+03 0.979 0.327955   

Male: Aged 4.79E-02 3.51E-02 1.59E+03 1.366 0.171979   

        
& The rows shaded in grey highlight the results pertaining to weight status, i.e. maintaining and increasing respectively 

compared to the base level, decreasing. Badgers in the maintaining and increasing phases travelled significantly further 

than badgers in the decreasing phase.  
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Table 5.3 Results of Tukey post hoc tests for multiple comparisons of means for decreasing, 

maintaining and increasing body weight. 

Comparison Estimate Std. Error z value Pr(>|z|)   

maintaining-decreasing 0.174294 0.00498 34.998 <2e-16 *** 

increasing-decreasing 0.031205 0.005722 5.454 4.93E-08 *** 

increasing-maintaining -0.143089 0.004502 -31.781 <2e-16 *** 

 

 

5.3.3 Nightly distance travelled in all badgers 

The nightly distance dataset, generated from 80 individual badgers present in the study area during 

the course of the study (April 2010-August 2016), resulted in 23,223 unique observations of ND. The 

mean distance travelled at night across all badgers was 927m (SD ± 765m). The distribution of ND is 

highly skewed with many shorter values of ND and a few very large values (Fig. 5.6). The maximum 

distance travelled by any badger in a single night was 11.25km, but the majority of NDs, as measured 

by the 95th percentile (Byrne et al. 2014), were below 2.4km in length. The summary statistics for all 

badgers are outlined in Table 5.4.   

 

 

Figure 5.6 Frequency distribution of nightly distance (km) travelled by all badgers.  
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Table 5.4 Summary statistics for nightly distance (m) in all badgers. Means, SDs, maxima, 95th 

percentiles, number and percent of observations for the different sexes, age cohorts and ranging 

statuses, and for all badgers before, during and after the roadworks. 

Group Mean (m) SD ± (m) Max (m) 95th 

percentile 

No. obvs. % obvs. 

All badgers 926.9 765.3 11251.5 2391.3 23223 100 

All males 1009.8 813.2 11251.5 2588.0 13423 58 

All females 813.4 678.1 9387.5 2036.1 9800 42 

All cubs 343.6 302.9 2098.5 911.6 757 3.3 

All young adults 890.1 752.1 11251.5 2273.7 9494 40.9 

All older adults 974.1 766.0 10051.6 2446.4 11697 50.4 

All aged adults 1114.1 866.8 6302.5 2765.2 1275 5.5 

All TRs 834.7 656.5 11251.5 2056.2 18945 81 

All DPs 1013.8 1113.9 9387.5 3161.14 665 16 

All SRs 1396.1 1006.0 7747.8 3271.4 3604 3 

All before roadworks 852.3 746.4 9236.2 2290.1 10601 46 

All during roadworks 993.1 793.0 11251.5 2494.8 5678 24 

All after roadworks 986.7 760.5 9387.5 2413.7 6944 30 

 

 

5.3.4 Home range size in all badgers 

The home range dataset, generated from 75 individual badgers, resulted in 1,060 unique 

observations of HR. The mean home range size of any badger was 1.4km2 (SD ± 1.4 km2). The 

distribution of HR size is highly skewed with many lower values of HR and a few very large values 

(Fig. 5.7). The maximum home range size of any badger was 15.5km2, and the minimum 10m2. 

Summary statistics are outlined in Table 5.5.   
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Figure 5.7 Frequency distribution of home range size (km2) in all badgers.  

 

Table 5.5 Home range size (km2) summary statistics for all badgers. Means, SDs, maxima, minima (m2), 

number and percent of observations for the different sexes, age cohorts and ranging statuses, and 

for all badgers before, during and after the roadworks.  

Group Mean HR (km2) SD ± Max (km2) Min (m2) No. obvs. % obvs. 

All badgers 1.4 1.4 15.5 10  1058 100 

All males 1.6 1.3 8.2 10 582 55 

All females 1.2 1.5 15.5 4170 476 45 

All cubs 0.5 0.3 1.3 4170 47 4 

All young adults 1.4 1.7 15.5 40 454 43 

All older adults 1.4 1.2 7.2 10 390 37 

All aged adults 1.5 1.1 7.7 41,760 167 16 

All TRs 1.0 0.6 3.4 40 888 84 

All DPs 3.9 4.3 15.5 6740 35 3 

All SRs 3.1 1.7 7.7 10 135 13 

All before roadworks 1.4 1.4 10.5 10 540 51 

All during roadworks 1.6 1.8 15.5 32,400 269 25 

All after roadworks 1.3 0.9 10.2 32,760 249 24 
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5.3.5 Distance of extra-territorial excursions in all TR and DP badgers 

The ETE distance dataset, generated from 73 individual badgers, resulted in 4287 unique 

observations of extra-territorial excursions (ETE). The mean distance of an ETE by badger was 404m 

(SD ± 790m). The distribution of ETE distance is highly skewed with many short ETEs and a few very 

long ETEs (Fig. 5.8). The majority (63%) of ETEs were within 250m of a badger’s territory boundary 

and 93% with within 1.3km of its boundary. The mean distance between main setts in the study area 

was 1313m. The maximum distance recorded for an ETE was 9.6km while the majority of ETEs (93%) 

were less than 1.3km. Summary statistics are outlined in Table 5.6.    

 

 

 

Figure 5.8 Frequency distribution of extra-territorial excursions distance (km) in 

all TR and DP badgers. 
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Table 5.6 Summary statistics for extra-territorial excursion distance (m) in all TR and DP badgers. 

Means, SDs, maxima, minima, number and percent of observations for the different sexes, age 

cohorts and ranging statuses, and for all badgers before, during and after the roadworks. 

Group Mean (m) SD ± Max (m) Min (m)* No. obvs. % obvs. 

All badgers 404 790.1 9623.9 15 4287 100 

All males 349.3 472.6 4544.2 15 2254 53 

All females 464.5 1030.5 9623.9 15 2033 47 

All cubs 173.6 159.1 733.9 15 63 2 

All Young adults 605.9 1069.6 9623.9 15 1961 48 

All Older adults 240.1 346 3400 15 2005 47 

All Aged adults 198.5 412.4 4044 15 258 6 

All TRs 248.7 351.7 4232.1 15 3726 87 

All DPs 1331.7 1788.3 9623.9 15 485 11 

All before roadworks 310.5 563.4 5905.2 15 1799 42 

All during roadworks 580. 1034.8 9623.9 15 1125 26 

All after roadworks 381.2 789.8 9509.3 15 1363 32 
 

* All GPS locations that were <15m away from the boundary of a territory were excluded, due to the maximum 

error of a GPS reading.  

 

5.3.6 Frequency of extra-territorial excursions in all TR and DP badgers  

The dataset, generated from 73 individual badgers, resulted in 725 unique observations of frequency 

of ETEs (fETE), measured as the proportion of active nights in a month that a badger made an ETE. 

82% of records were from badgers that were wearing functioning collars for the full month, with 18% 

of records from partial months. Only 6% of observations (N = 43) were from periods where the 

number of active nights was less than 2 weeks. I am therefore confident that fETE reflects typical 

behaviour in this population. ETEs occurred in every month of the year. The mean fETE by all badgers 

was 0.22 (SD ± 0.21). The distribution of fETE size is highly skewed with many lower values of fETE 

and a few very large values (Fig. 5.9). The maximum fETE was 1.00 while the minimum was 0.03, 

meaning that some individuals (1.1% of observations) went on ETEs every night in a given month, 

whereas others (15.5% of observations) only went once. Approximately 10% of observations were 

for badgers that went on ETEs for more than half of their active nights. Summary statistics are 

outlined in Table 5.7.    
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Figure 5.9 Frequency distribution of the frequency of ETEs for all TR and DP badgers.  

 

Table 5.7 Summary statistics of frequency of extra-territorial excursions in all TR and DP badgers. 

Means, SDs, maxima, minima, number and percent of observations, for the different sexes, age 

cohorts and ranging statuses, and for all badgers before, during and after the roadworks. 

Group Mean SD ± Max Min No. obvs. % obvs. 

all badgers 0.22 0.21 1.00 0.03 725 100 

all males 0.24 0.22 1.00 0.03 365 50.3 

all females 0.21 0.19 1.00 0.03 360 49.7 

all cubs 0.16 0.14 0.47 0.03 17 2 

all young adults 0.23 0.23 1.00 0.03 319 44 

all older adults 0.21 0.19 0.94 0.03 352 49 

all aged adults 0.25 0.18 0.68 0.03 37 5 

all TRs 0.20 0.18 1.00 0.03 690 95 

all DPs 0.53 0.31 1.00 0.06 34 5 

all before roadworks 0.21 0.19 1.00 0.03 332 46 

all during roadworks 0.24 0.24 1.00 0.03 186 26 

all after roadworks 0.24 0.20 1.00 0.03 207 29 
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5.3.7 Does ranging status effect ranging behaviour? 

5.3.7.1 Nightly distance travelled 

A priori examination of the ND dataset suggested that ranging status (TR, SR, or DP) influenced the 

nightly distance travelled (Table 5.4 above, Fig. 5.10). I believed that if this was the case, it would be 

appropriate to investigate TRs, SRs and DPs separately. I tested this hypothesis with a GLMM that, 

as well as ranging status, included month, a sex: age cohort interaction, and roadworks phase & 

adjacency in interaction, as fixed factors (control for any variation in the data that they may be 

responsible for). Badger ID, nested within social group ID, and year were included as random factors. 

The AICc of the null model was 4654.6 and the AICc of the full model was 1503.9. The results of the 

full model are summarised in in Table 5.8.  

 

 

Figure 5.10 Boxplot comparing nightly distance travelled in TRs, DPs and SRs. Distances (km) have been 

BoxCox transformed (lambda = 0.343) to normalise the data. Grey dots indicate mean values.  
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Table 5.8 Summary of mixed model results for nightly distance travelled in all badgers. 

GLMM with Gaussian distribution, response variable boxcox transformed (km ^ 0.343) 

Number of Observations: 23,223, Groups:  name: socgrp, 97; socgrp, 20; year, 7 

Random effects Variance Std. Dev. 
    

name: socgrp 0.0039632 0.06295 
    

Socgrp 0.0002056 0.01434 
    

Year 0.0000000 0.00000 
    

Residual 0.0616681 0.24833 
    

Fixed effects Estimate Std. Error df t-value Pr(>|t|) 
 

(Intercept) 6.07E-01 2.75E-02 1.73E+02 22.091 <2e-16 *** 

DP& 2.96E-02 1.30E-02 6.63E+03 2.284 0.022415 * 

SR& 1.47E-01 8.37E-03 5.96E+03 17.571 <2e-16 *** 

During RW 5.91E-02 1.15E-02 2.15E+03 5.145 2.92E-07 *** 

After RW 7.55E-02 1.22E-02 1.50E+03 6.187 7.92E-10 *** 

Adjacent -3.16E-02 1.78E-02 1.40E+01 -1.776 0.097873 . 

Male 3.88E-02 2.74E-02 4.03E+02 1.414 0.158204 
 

Young adult 7.86E-02 2.26E-02 6.76E+02 3.481 0.000532 *** 

Older adult 7.49E-02 2.36E-02 5.82E+02 3.176 0.001573 ** 

Aged adult 8.31E-02 2.85E-02 7.91E+02 2.918 0.003619 ** 

Feb 7.57E-02 1.25E-02 2.32E+04 6.068 1.31E-09 *** 

Mar 1.35E-01 1.16E-02 2.32E+04 11.611 <2e-16 *** 

Apr 1.96E-01 1.11E-02 2.31E+04 17.628 <2e-16 *** 

May 2.35E-01 1.04E-02 2.30E+04 22.508 <2e-16 *** 

Jun 2.61E-01 1.06E-02 2.29E+04 24.661 <2e-16 *** 

Jul 2.19E-01 1.07E-02 2.29E+04 20.547 <2e-16 *** 

Aug 1.98E-01 1.08E-02 2.29E+04 18.409 <2e-16 *** 

Sep 1.55E-01 1.13E-02 2.29E+04 13.789 <2e-16 *** 

Oct 4.88E-02 1.11E-02 2.28E+04 4.41 1.04E-05 *** 

Nov -1.27E-02 1.11E-02 2.30E+04 -1.145 0.252242  

Dec -5.38E-02 1.21E-02 2.31E+04 -4.448 8.69E-06 *** 

During RW: adjacent -1.79E-02 1.41E-02 2.68E+03 -1.271 0.203891  

After RW: adjacent -2.71E-02 1.53E-02 1.64E+03 -1.77 0.076939 . 

Male: Young Adult -1.76E-02 2.62E-02 1.16E+03 -0.673 0.50125  

Male: Older Adult 1.89E-02 2.79E-02 1.04E+03 0.678 0.498156  

Male: Aged 2.25E-02 3.41E-02 1.57E+03 0.66 0.509034  

 

& The rows shaded in grey highlight the results pertaining to ranging status, i.e. dispersers and surper-rangers respectively 

compared to the base level, traditional rangers. Dispersers and super-rangers travelled significantly further in a night than 

traditional rangers.  
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Ranging status was a significant predictor of ND (Wald chi-square, χ2=312.04, df=1, p<0.001). TRs 

travelled significantly shorter distances each night than either DPs or SRs. SRs travelled significantly 

longer distances at night than either DPs or TSRs. Results of the Tukey post hoc test are outlined in 

Table 5.9. On average, TRs travelled 835m (SD ± 656.5m) per night, DPs travelled 1014m (SD ± 

1113.9m) and SRs travelled 1396m (SD ± 1006m) per night.  

 

Table 5.9 Results of Tukey post hoc tests for multiple comparisons of 

means ND in TRs, DPs and SRs. 

 
Estimate Std. Error z value Pr(>|z|) 

 
DPs-TRs 0.029630 0.012974 2.284 0.0224 * 

SRs-TRs 0.147021 0.008367 17.571 <2e-16 *** 

SRs-DPs 0.11268 0.015249 7.698 2.75E-14 *** 

 

 

5.3.7.2 Home range size 

Similarly, a priori examination of the HR dataset suggested that ranging status had an effect on home 

range size (Table 5.5 above, Fig. 5.11). I tested this hypothesis in the same way as 5.3.7.1 above, 

except that the response variable in this case was HR size rather than ND. The AICc of the null model 

was 316.6 and the AICc of the full model was -86.4. The results of the full model are summarised in 

Table 5.10. 

 

 

Figure 5.11 Boxplot comparing home range size (km2) in TRs, DPs and SRs. 

Grey dots indicate mean values.  
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Table 5.10 Summary table of mixed model results for home range size in all badgers. Ranging 

status results (DP and SR, compared to TR) highlighted in grey.  

GLMM with Gaussian distribution, response variable boxcox transformed (km ^ 0.343) 

Number of Observations: 1060, Groups:  name: socgrp, 92; socgrp, 18; year, 7 

Random effects Variance Std. Dev. 
    

name: socgrp 0.016218 0.12735 
    

Socgrp 0.002501 0.05001 
    

Year 0.001774 0.04212 
    

Residual 0.044156 0.21013 
    

Fixed effects Estimate Std. Error df t-value Pr(>|t|) 
 

(Intercept) 5.09E-01 7.77E-02 1.57E+02 6.544 8.08E-10 *** 

DP 4.40E-01 4.51E-02 9.77E+02 9.763 <2e-16 *** 

SR 4.40E-01 3.25E-02 7.87E+02 13.547 <2e-16 *** 

Male 1.87E-01 7.86E-02 4.29E+02 2.385 0.017501 * 

Young adult 2.55E-01 6.31E-02 4.25E+02 4.048 6.13E-05 *** 

Older adult 2.00E-01 6.61E-02 3.63E+02 3.029 0.002627 ** 

Aged adult 1.87E-01 7.35E-02 3.71E+02 2.54 0.011496 * 

Feb 1.06E-01 3.50E-02 9.71E+02 3.025 0.002548 ** 

Mar 1.62E-01 3.64E-02 9.72E+02 4.454 9.43E-06 *** 

Apr 1.62E-01 3.19E-02 9.92E+02 5.087 4.34E-07 *** 

May 2.29E-01 3.16E-02 1.00E+03 7.256 7.98E-13 *** 

Jun 2.30E-01 3.24E-02 1.00E+03 7.105 2.29E-12 *** 

Jul 2.42E-01 3.36E-02 1.00E+03 7.199 1.19E-12 *** 

Aug 2.39E-01 3.48E-02 1.00E+03 6.871 1.12E-11 *** 

Sep 2.53E-01 3.70E-02 9.84E+02 6.838 1.41E-11 *** 

Oct 1.20E-01 3.39E-02 9.73E+02 3.549 0.000405 *** 

Nov 7.38E-02 3.38E-02 9.78E+02 2.183 0.02927 * 

Dec -3.55E-02 3.49E-02 9.81E+02 -1.016 0.310106 
 

During 8.01E-02 5.20E-02 1.98E+01 1.541 0.139228  

After 6.75E-02 5.40E-02 2.59E+01 1.251 0.222096  

Adjacent 3.40E-03 4.76E-02 1.49E+01 0.071 0.944073  

during: adjacent 1.68E-02 4.74E-02 6.76E+02 0.355 0.722399  

after: adjacent -1.50E-02 5.23E-02 4.70E+02 -0.287 0.774324  

Male: Young adult -1.95E-01 7.95E-02 6.56E+02 -2.446 0.014715 * 

Male: Older adult -7.10E-02 8.50E-02 5.73E+02 -0.835 0.403961  

Male: Aged -5.45E-02 9.21E-02 5.95E+02 -0.592 0.554274  
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Ranging status was a significant predictor of HR size (Wald chi-square, χ2=270.8, df=2, p<0.001). TRs 

had significantly smaller home ranges than either DPs or SRs, but the home range size of SRs and DPs 

did not differ significantly. Results of the Tukey post hoc tests are summarised in Table 5.11. On 

average, TRs had HR sizes of 1.03km2 (SD ± 0.64km2), DPs has HR of 3.92km2 (SD ± 4.3km2) and SRs 

had HRs of 3.13km2 (SD ± 1.74km2). 

 

Table 5.11 Results of Tukey post hoc tests for multiple comparisons of 

mean HR size for TRs, DPs and SRs. 

 
Estimate Std. Error z value Pr(>|z|) 

 
DPs-TRs 0.44791 0.04490 9.976 <2e-16 *** 

SRs-TRs 0.44216 0.03243 13.633 <2e-16 *** 

SRs-DPs -0.0056 0.05454 -0.105    0.916 
 

 

 

5.4 DISCUSSION  

5.4.1 Nightly distance travelled 

To date, the majority of estimates of nightly distance have been made using radio tracking 

technology (e.g. Kowalczyk et al. 2003; Do Linh San et al. 2007b; Elliott et al. 2015). By its nature, 

radio tracking offers a more accurate estimate of nightly distance in a single night, but such studies 

run over relatively few nights. One recent study used GPS data to estimate ranging behaviour 

(Woodroffe et al. 2016b), over a much shorter time period than this study, but at a higher nightly 

resolution (one GPS location every 20 minutes). Because we were restricted to between two and 

four GPS fixes a night, our estimates will be an under estimate. However, because our data spans 

nearly seven years, our estimates are indicative of general patterns. The mean distance travelled 

per night by all badgers was just under 1km. The mean distance between main setts in our study 

area is 1313m so it would appear that, on average, badgers tended to remain within their own 

territories. Consistent with findings of Byrne et al. (2014), the pattern is one of many low values, 

with a few very high values (Fig. 5.6). The vast majority of journeys were below 2.4km, while the 

longest distance travelled by any badger in a single night was 11.25km. There would appear to be 

differences among different cohorts (Table 5.4), with males, on average, travelling further than 

females, and ND increasing with age. However, unsurprisingly SRs and DPs had larger mean NDs 

than TRs. This may account for the skewed distribution of the data. While both SRs and DPs had 

very large maximum NDs, the longest distance recorded was by a TR. However, the majority of 
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NDs, for both SRs and DPs, were greater than for TRs. This is suggestive of differences in ranging 

behaviour between TRs, SRs and DPs. This hypothesis was supported by the results of a GLMM that 

demonstrated that TRs travelled significantly shorter distances at night than SRs or DPs. Given 

these differences and the suggestion in the summary statistics that ND increased during the 

roadworks and had failed to return to pre-roadworks levels by the end of the study, I felt it was 

appropriate to investigate the effect of the roadworks on ND in TRs, SRs and DPs separately.  

 

5.4.2 Home range size 

Although home range varied seasonally, the mean home range size across the year was 1.4km2. The 

maximum home range size estimate was of 15.5km2 but this was for a dispersing individual so is not 

reflective of a home range, which is classically defined as the area traversed by an animal engaging 

in its normal activities of feeding, resting, mating and rearing young (Burt 1943). Initial data 

exploration suggested various trends. Home range size increased rapidly from cubhood into early 

adulthood and plateaued thereafter. Males appeared to have a larger home range than females. As 

SRs and DPs had larger HRs, on average, than TRs, it is likely (see Chapter 4) that any difference in 

HR between the sexes may be due to these individuals. Potentially, there may be no difference 

between the HRs of male and female TRs. The skewed distribution of the HR data (Fig 5.7) is probably 

attributable to the presence of SRs and DPs in the population (Table 5.5). The hypothesis that there 

were differences in home range size between the different ranging cohorts was supported by the 

results of a GLMM, demonstrating that TRs had significantly smaller home ranges than either SRs or 

DPs. There is a suggestion that the roadworks may have increased HR size (by 0.2km2) but this effect 

abated after the new road opened. Once again, I felt it was appropriate to investigate the effect of 

the roadworks on HR size in TRs, SRs and DPs separately. 

 

5.4.3 Seasonality in home range size and nightly distance travelled  

Both HR size and ND show a similar seasonal pattern. This is not surprising given ND plays a 

considerable role in determining HR size. There is a general pattern of winter lows and summer 

peaks. The patterns do not track one another exactly, as ND reached a peak earlier in the year (May 

and June), whereas HR in this population reached a plateau later (late spring and over the summer), 

and peaked in September before falling again. The September peak in HR size was unexpected, as it 

is usually described as occurring in summer months (Revilla and Palomares 2002; Kowalczyk et al. 

2003; Kauhala et al. 2006; Woodroffe et al. 2016b). When I calculated home range size on a seasonal 

basis (see Appendix 4.1) it was indeed largest in summer compared to other seasons. However, when 

calculated on a monthly basis, the largest value was seen in September. The lowest mean values in 
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both HR size and ND were in December. This is consistent with badgers entering winter lethargy 

(Fowler and Racey 1988). The difference in time of the peaks in ND and HR size may be explained by 

a seasonal pattern in ETEs, which will be explored further in Chapters 6 and 8.  

 

5.4.4 Distance of extra-territorial excursions 

Of the 80 collared badgers, 73 (91%) made ETEs and a total of 4287 ETEs were recorded. ETEs 

occurred in every month of the year. The ETE distance data were highly skewed (Fig 5.8). The 

majority (63%) of ETEs were within 250m of a badger’s territory boundary and 93% were within 

1.3km of its boundary, suggesting that most ETEs were to adjacent social groups. Only the ETEs of 

DPs exceeded 1.3km on average, whereas TRs’ ETEs were closer to 250m on average. The longest 

ETE a DP made (9.6k) was over twice that of the longest ETE recorded for a TR (4.2k), but this still 

implies that TRs will make excursions through several different social groups. Differences in the 

suggested trends between the sexes and age cohorts, i.e. that females and young adults make 

longer ETEs, may be explained by dispersal patterns (Chapter 8). Therefore, the suggestion that the 

roadworks increased the distance of ETEs by, on average, 270m for the duration of the roadworks, 

but then return towards previous levels, will be analysed for TRs and DPs separately.   

 

 

5.4.5 Frequency of extra-territorial excursions 

The frequency of ETEs was estimated by calculating the proportion of active nights in a month that 

a badger made an ETE. The mean fETE (0.22) implies that, on average, badgers made ETEs on seven 

nights in every month. However, the distribution is highly skewed, meaning that only a few 

individuals had extremely high frequencies of ETEs in a given month. The data suggest that cubs 

made the fewest ETEs and, as expected, given the exploratory nature of dispersal (Roper 2010, 

Chapter 6), DPs made many more ETEs than TRs. There is a suggestion that mean fETEs were 

higher during and after the roadworks, compared to the period before the roadworks. However, 

given the greater frequency of ETEs in DPs compared to TRs, this will be explored in badgers with 

each ranging strategy separately. Nevertheless, our data on both distance and frequency of ETEs 

appear to support the findings of very recent studies, that used different methodologies, which 

suggested that contact between social groups is more common and occurs over larger scales than 

was previously believed (Byrne et al. 2014; Ellwood et al. 2017; Silk et al. 2018). 
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5.4.6 The relationship between nightly distance travelled and weight status 

Badger weights vary seasonally and can be grouped into three categories: decreasing (December – 

March), maintaining (April – August) and increasing (September – November) (Dave Kelly, TCD, 

pers. comm.). While weight status was a good predictor of ND in all badgers, the fact that ND in the 

weight increase phase (mean 665m) was significantly lower than both the weight maintenance 

(mean 1107m) and weight decrease phases (mean 716m) was surprising. One may have expected 

ND to be lowest in the weight decrease phase, coinciding as it does with winter lethargy (Fowler 

and Racey 1988). Indeed, the proportion of nights that badgers were active was lowest during the 

weight decrease phase (0.79). Conversely ND might be expected to be higher in the weight 

increase phase as badgers search for as much food as possible in preparation for winter lethargy. 

However, it appears that during the weight increase phase badgers actually reduced the distance 

they travelled at night. While median HR size reached a maximum in September, ND had already 

started to fall, with very obvious decreases in both measures of ranging behaviour in October and 

November.  

 

Presumably badgers were choosing higher quality food when they were gaining weight. Indeed 

spring wheat becomes available (ripe) to badgers in early September and maize from September 

through to October (Mark Foley, DAFM, pers. comm.). Collared badgers did appear to show a 

preference particularly for local maize fields at this time, although foraging preference data is yet to 

be analysed. However, badgers also foraged on these crops in the summertime. Roper et al. (1995) 

found that, in the UK, badgers fed on wheat from mid-May to September. Moore et al. (1999) found 

that damage to crops was highly seasonal with damage to wheat peaking in July and August and 

damage to maize peaking from August to September. Perhaps the glut of blackberries in September, 

plus ripening maize through to October, facilitates badgers not having to move very far to access 

high-quality food (Doogue and Kelly 2006; O’Brien et al. 2015; Woodroffe et al. 2016b). Indeed, our 

study site has an extremely well-developed hedgerow system containing brambles (Rubus sp.). On 

average 17% of farmland was arable in any given year with the majority of crops being cereal crops, 

and every social group having at least one cereal field within its territory boundary. In autumn 

latrines contain evidence of badgers foraging on blackberries and maize.  

 

Our data regarding the relationship between body weight phase and nightly distance travelled are 

suggestive of a behavioural, as well as physiological, response to the need to gain weight for the 

winter period. Badgers curtail their ranging and switch to local, high-quality foods, to facilitate the 

weight gain process. Unfortunately, we cannot test this hypothesis with this dataset, but recommend 

it as a future area of research. The current TB control strategy includes vaccination by injection, 
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however this method will be labour intensive and expensive (Robinson et al. 2012; Chambers et al. 

2014). Deployment of baited vaccine may be a more efficient route to achieving effective coverage, 

once it has been licensed for use. The results presented here may have implications for an oral 

vaccination strategy, as baited vaccine may not be as appealing to badgers at this time, when they 

are concentrating on abundant local sources of high-energy food. It may be more advisable to deploy 

vaccine in spring when badgers emerge from winter lethargy, but continue to lose body weight and 

into summer, when they maintain low body weights. At these times baited vaccine may be more 

appealing to badgers. Certainly, our trapping efficiency with peanut-baited live traps was greater in 

spring than in autumn (Teresa MacWhite, DAFM, pers. comm.). 

 

5.5 CONCLUSION 

The summary statistics presented in this chapter are useful for comparison with other studies that 

have not reported results for badgers of different ranging statuses separately. However, given the 

differences in ranging behaviour between TRs, SRs and DPs suggested by the initial exploration of 

the data, and confirmed by the GLMMs on nightly distance travelled and home range size, further 

in-depth analyses of ranging behaviour, and the effect of the roadworks on same, will be explored 

for each ranging cohort separately in Chapter 6 (TRs), Chapter 7 (SRs) and Chapter 8 (DPs). The 

findings will be synthesised and discussed in a general discussion chapter (Chapter 9).   
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CHAPTER 6 

THE RANGING BEHAVIOUR IN TRADITIONAL RANGING BADGERS: 

DO ROADWORKS DISTRUPT TERRITORIALITY? 

 

 

6.1 INTRODUCTION 

The vast majority of the badgers in our study area were traditional rangers (TRs), accounting for 80% 

of observations in the nightly distance dataset, 84% of the home range size dataset, 88% of the extra-

territorial excursion distance dataset and 94% of the frequency of extra-territorial excursions 

dataset. Therefore, the ranging behaviours of TRs described here represent what may be considered 

‘typical’ in this population. There is no evidence to suggest that this population is different to other 

undisturbed, medium-density populations in Ireland and the results may also be considered ‘typical’ 

of similar populations nationally.  

 

6.1.1 Scope of this chapter  

 

In this chapter, I investigate the effect of several different predictor variables on the different 

measures of ranging behaviour in TR badgers - nightly distance travelled (ND); home range (HR) size 

and the distance and frequency of extra-territorial excursions (ETEs). In the previous chapter, I 

confirmed that ND and HR size are seasonal in the whole population, and here I investigate whether 

this pattern holds for TRs considered alone and look for seasonal patterns in ETE distance and 

frequency. I also investigate the effects of age and sex on the ranging behaviour of TR badgers. 

Ultimately the objective is to reveal whether and to what extent the road upgrade impacted upon 

TR badgers by comparing data from three periods – before, during and after the roadworks. I 

hypothesised that the disturbance resulting from the roadworks would result in an increase in the 

nightly distances travelled, but that this would return to previous levels upon completion of the 

roadworks. If ND did increase, it may have had two possible impacts on HR size. The first possibility 

is that HR size also increased, implying that territoriality had been disrupted by the roadworks. 

Alternatively, HR size would not increase, implying that any disturbance was not great enough to 

affect territoriality in this population. The distance and frequency of ETEs may also be affected by 

the roadworks. I tested the hypothesis that the length and frequency of ETEs would increase during 

the roadworks, but would return to normal levels once the new road was opened.  
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6.2 METHODOLOGY  

6.2.1 GPS data management 

Details on how the nightly distance and home range analysis datasets were generated are given in 

Chapter 5. To reiterate, age cohorts were defined as follows: cub (in its first year); young adult 

(yearling or 2 years old); older adult (3 or 4 years old) and aged adult (>4 years old). The timing of 

the roadworks was split into three phases: before (April 2010-December 2013); during (January 2014 

– June 2015); after (July 2015 – August 2016). This process resulted in 18,615 records of ND, 980 

records of home range estimates, 3758 records of ETE distance and 678 records for fETE for TR 

badgers.  

 

6.2.2 Statistical analyses  

Details on how statistical analyses were performed are given in Chapter 5. To briefly reiterate, 

generalized linear mixed models (GLMMs) were conducted in R (Version 3.4.0) using the lmer 

function from the package lme4 (Bates et al. 2015). Sex, age cohort, month, roadwork phase and 

adjacency to roadworks were included as fixed factors in the full models. Interactions between sex 

and age cohort, and between roadworks and adjacency, were also included. Badger ID (nested within 

social group) and year were included as random factors. Table 6.1 outlines the data transformations 

and distribution families specified in each analysis.  

 

Table 6.1. Data transformation and distribution families specified in traditional ranger GLMMs.  

Response Variable Transformation Distribution family 

ND (m) BoxCox (lambda = 0.384) Gaussian 

HR (km2) BoxCox (lambda = 0.505) Gaussian 

ETE (m) None  Gamma (log) 

fETE (success, failures) None Binomial (logit) 

 

For each analysis a null model and a full model were generated. Model selection and model 

validation were performed as detailed in Chapter 5. The Anova function from the package car (Fox 

and Weisberg 2011) was used to perform Type III Wald chi-square tests, which provided p-values for 

all of the explanatory factors in the GLMM including overall p-values for factors with more than two 

levels, e.g. age cohort. The glht function from the package multcomp (Hothorn et al. 2008) was used 

to perform Tukey post hoc tests for multiple comparisons within levels of factors.  
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6.3 RESULTS 

6.3.1 Nightly distance travelled by traditional rangers 

The TR dataset contained 18,954 observations of ND. The summary statistics for NDs of the various 

groups within TR badgers are outlined in Table 6.2. On average, TRs travelled 827m a night, with the 

maximum distance travelled in a single night of 11.25km. The majority of journeys, as determined 

using the 95th percentile, were below 2km.  

 

Table 6.2 Nightly distance summary statistics for traditional ranger badgers. ND (m) means, SDs, 

maxima and 95th percentiles for the different sexes and age cohorts, and for all TR badgers before, 

during and after the roadworks.   

Group 

Mean  

ND (m) SD ± 

Max  

ND (m) 

95th 

percentile 

No. 

observations 

All TR badgers 834.7 656.5 11251.5 2056.2 18954 

TR males 861.0 666.4 11251.5 2094.2 9503 

TR females 808.2 645.4 9236.2 2010.0 9451 

TR cubs 343.6 302.9 2098.5 911.6 757 

TR younger adults 809.1 637.3 11251.5 1972.1 7924 

TR older adults 873.9 660.7 10051.6 2093.0 9246 

TR aged adults 1040.4 765.7 4959.9 2523.4 1027 

TR before roadworks 737.6 610.3 9236.2 1907.8 8510 

TR during roadworks 901.4 690.5 11251.5 2098.1 4631 

TR after roadworks 923.5 674.7 8611.7 2203.3 5813 

 

 

Appendix 6.1 outlines the components of the null, full and final models along with their AICc values. 

The final model included sex in interaction with age cohort, month and adjacency to the road as fixed 

factors, and badger ID nested within social group ID, and year as random factors. Appendix 6.2 

outlines the results of the model selection process leading to the choice of the components 

remaining in the top model for final analysis based on its lower AICc value, high relative weight and 

the low relative importance of the roadworks: adjacent interaction in the second-best model.   

Marginal R2 and conditional R2 values for the final model were 0. 17 and 0.24 respectively. The over-

dispersion ratio for the final model was 0.06. The results of the final model are presented in Appendix 
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6.3. The results are summarised in Table 6.3. Wald post hoc chi-square tests provided a single overall 

p-value for multi-level factors. Sex and age cohort were involved in an interaction.  

 

Table 6.3 Traditional ranger nightly distance GLMM results 

(Type III Wald chi-square tests). 

 
Chi-square df Pr(>Chisq) 

(Intercept) 427.4764 1 <2.2e-16 *** 

adjacent 9.0015 1 0.002698 ** 

sex 1.3491 1 0.245437 
 

age cohort 15.0548 3 0.00177 ** 

month 2120.03 11 <2.2e-16 *** 

roadworks 38.2487 2 4.95E-09 *** 

sex: age cohort     16.9451 3 0.000725 *** 

 

 

6.3.1.1 Sex & age cohort 

Males travelled, on average, 860m (SD ± 666.4m, N = 9503) per night and females travelled, on 

average, 808m (SD ± 645m, N = 9451) per night. The nightly distance increased with age, with cubs 

travelling, on average, 344m (SD ± 303, N = 757), younger adults 809m (SD ± 637.3, N = 7924), older 

adults 874m (SD ± 660.7, N = 9246) and aged adults travelling 1040m (SD ± 765.7m, N = 1027) per 

night (Fig. 6.1). The final model retained an interaction between sex and age cohort (Wald chi-square, 

χ2 = 16.95, df = 3, p<0.001, Fig. 6.1, Table 6.4). While there was no significant difference in NDs 

between male and female cubs, female cubs travelled significantly shorter distances each night than 

all other age cohorts of either sex. For male cubs the difference was only significant compared to 

other males. Older adult males also travelled significantly further than younger and older adult 

females. The results of the Tukey post hoc comparisons are provided in Appendix 6.4. 
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Figure 6.1 Interaction plot of mean nightly distance travelled (m) for male and female TRs of each age 

cohort. Black circles represent females, grey triangles represent males. Whiskers are 95% 

confidence intervals.  

 

 

Table 6.4 Summary statistics for traditional ranger ND by sex: age cohort 

grouping. Mean distances (m), standard deviation (SD) and number of 

observations (N. obvs.) for each grouping.  

Cohort Mean ND (m) SD ± No. obvs. 

Female cub 283.7 239.2 349 

Male cub 394.8 340.4 408 

Female young adult 780.0 620.0 3346 

Male young adult 830.4 648.8 4578 

Female older adult 839.5 644.4 5175 

Male older adult 917.7 678.4 4071 

Female aged adult 1007.5 783.0 581 

Male aged adult 1083.2 741.3 446 

 

 

 

 

Cub         Younger Adult            Older Adult                  Aged 

M
ea

n
 N

D
 (

m
) 



  Chapter 6 

98 

 

6.3.1.2 Roadworks: phase and adjacency 

An interaction between roadwork phase and adjacency to the roadworks was not included in the 

final model. Figs. 6.2 a & b illustrate the NDs travelled by TRs in social groups adjacent and non-

adjacent to the road, and by TRs before, during and after the roadworks respectively.  

 

a)          b)  

Figure 6.2 Boxplots of TR nightly distances in relation to a) roadworks adjacency: non-adjacent & 

adjacent, and b) roadworks phase. Distances (km) have been BoxCox transformed (lambda = 0. 383) 

to normalise the data. Grey dots represent mean values and open circles outliers.  

 

The mean distance travelled by TRs living in social groups located next to the roadworks was 

marginally but significantly smaller (810m, SD ± 657.9m, N = 10,904) than those whose social groups 

were not adjacent to the roadworks (868m, SD ± 652.1m, N = 8050) (Wald chi-square, χ2 = 9.002, df 

=1, p<0.01). 

The average ND before the roadworks was 738m. The yearly average, i.e. the average value for a 

whole year, in this phase ranged between 695m and 795m. The mean distance travelled by badgers 

increased slightly but significantly, from 738m (SD ± 610m, N = 8510) before the roadworks to 901m 

(SD ± 690.4m, N = 4631) during the roadworks, an increase of 163m. Similarly, a further small but 

significant increase to 923m (SD ± 674.7m, N = 5813) was evident after the new road opened, a total 

increase of 186m on the figure before the roadworks began (Table 6.5).  

 

 

 

 

 

Non-adjacent    Adjacent   Before       During       After 
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Table 6.5 Results of Tukey post hoc tests for multiple comparisons of means for 

roadworks phases in traditional rangers. 

 

Comparison Estimate Std. Error z value Pr(>|z|) 
 

before-during 0.050220 0.010439 4.811 3.01E-06 *** 

before-after 0.067485 0.010914 6.183 1.88E-09 *** 

during-after 0.017265 0.007324 2.357 0.0184 * 

 

 

Regardless of proximity to the road, the road upgrade had the effect of increasing the average nightly 

distance travelled, compared to both the ‘during’ and ‘after’ phases. 

 

6.3.1.3 Seasonal pattern 

The seasonal pattern in ND travelled by TRs was similar to the pattern seen for all badgers (Chapter 

5, Fig. 5.1), and generally reflected the seasonal pattern seen in HR size, with low values in December 

(mean 420m) increasing into a peak in June (mean 1118m) and decreasing thereafter (Fig. 6.3). Table 

6.6 outlines the mean and median nightly distance (km) travelled for each month. ND in both June 

and December were significantly different from all other months. Post hoc comparisons for calendar 

months can be found in Appendix 6.5.  

 

 

Figure 6.3 Boxplot of traditional ranger nightly distances for each month of the year. 

Distances (km) have been BoxCox transformed (lambda = 0.384) to normalise the data. 

Grey dots represent mean values and open circles outliers.  
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Table 6.6 Summary statistics of nightly distances travelled by traditional rangers for 

each month. ND (m) mean and median, standard deviation (SD) and number of 

observations (No. obvs.) for each month. Maxima and minima are highlighted in bold.  

Month Mean ND (m) Median ND (m) SD ± No. obvs. 

Jan 533.3 409.7 466.7 562 

Feb 713.8 548.3 631.6 632 

Mar 787.2 690.5 609.1 977 

Apr 951.1 827.1 706.4 1335 

May 1024.8 898.9 692.4 2689 

Jun 1118.2 1005.2 753.4 2448 

Jul 961.4 864.9 615.3 2311 

Aug 924.5 799.2 632.1 2085 

Sep 816.2 732.6 565.7 1443 

Oct 569.6 438.4 474.0 1709 

Nov 462.7 346.9 464.4 1782 

Dec 420.0 264.8 439.1 981 

 

 

6.3.2 Home range size in traditional rangers  

The TR dataset for HR size contained 890 observations of HR size from 75 individuals. The summary 

statistics for HR size of the various groups within TR badgers are outlined in Table 6.7. On average, 

TRs had a home range size of 1km2, with a maximum home range size of 3.4km2 and a minimum of 

40m2, the latter reflecting winter lethargy.   

Appendix 6.6 outlines the components of the null, full and final models. Appendix 6.7 outlines the 

results of the model selection process leading to the choice of the components remaining in the top 

model for final analysis based on its lower AICc values, df and the low relative importance of 

adjacency in the second-best model.  The final model included sex in interaction with age cohort and 

month as fixed factors, and badger ID nested within social group ID, and year as random factors. 

Marginal R2 and conditional R2 values for the final model were 0.22 and 0.61 respectively. The over-

dispersion ratio for the final model was 0.048. The results of the final model are presented in 

Appendix 6.8.  The results are summarised here in Table 6.8. Wald post hoc chi-square tests provided 

a single overall p-value for multi-level factors. Both sex and age cohort were involved in an 

interaction.  
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Table 6.7 Summary statistics for home range size in traditional rangers. HR (km2) means, SDs, 

maxima, minima (m2) and number of observations (No. obvs.) for the different sexes and age 

cohorts, for all TR badgers before, during and after the roadworks.   

Group Mean HR (km2) SD ± Max (km2) Min (m2) No. Obvs. 

TRs 1.03 0.64 3.39 40 888 

Male TRs 1.10 0.60 3.39 40 434 

Female TRs 0.98 0.68 3.23 4170 454 

TR cubs 0.47 0.32 1.27 4170 47 

Young adult TRs 0.98 0.61 3.23 40 381 

Older adult TRs 1.11 0.65 3.39 32,400 325 

Aged adult TRs 1.19 0.68 2.89 41760 135 

TRs before roadworks 0.96 0.63 3.23 40 443 

TRs during roadworks 1.14 0.70 3.39 32,400 226 

TRs after roadworks 1.09 0.58 2.69 32,760 219 

 

 

Table 6.8 Traditional ranger home range size GLMM results 

(Type III Wald chi-square tests) 

 
Chi-square df Pr(>Chisq) 

(Intercept) 34.24 1 4.872E-09 *** 

sex 0.9718 1 0.3242 
 

age cohort 5.5465 3 0.1359 
 

month 243.517 11 <2.20E-16 ** 

sex: age cohort 21.205 11 9.544E-05 ***            

 

 

6.3.2.1 Sex & age cohorts 

Males had an average home range of 1.09km2 (SD ± 0.61km2, N = 436) and females had an average 

home range of 0.98 km2 (SD ± 0.68km2, N =454). Cubs had the smallest home ranges (mean 0.47km2 

SD ± 0.32km2, N = 47). Young adults ranged further than cubs (mean 0.98km2, SD ± 0.61km2, N =383), 

while older adults (mean 1.11km2 SD ± 0.65km2, N =325) and aged adults (mean 1.19km2 SD ± 

0.68km2, N =135) ranged slightly further still. The final model retained an interaction between sex 

and age cohort (Wald chi-square, χ2 = 21.205, df = 3, p<0.001, Table 6.9). Males of each age cohort 
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had marginally larger home ranges than females of the same age cohort. While home range size 

increased rapidly from cubhood into adulthood in both sexes, the rate of increase thereafter was 

steeper for male than female badgers (Fig. 6.4). However, only the home ranges of older adult and 

aged adult male badgers were significantly larger than other sex/age cohorts (but not one another). 

The results of the Tukey post hoc comparisons are provided in Appendix 6.9. 

 

Table 6.9 Mean home range size (km2) for each age cohort for female and male traditional 

rangers. Number of observations (N) are in brackets. 

 Cubs (N) Younger adults (N) Older adults (N) Aged adults (N) 

HR km2 (females) 0.30 (24) 0.93 (170) 1.05 (193) 1.14 (67) 

HR km2 (males)  0.65 (23) 1.03 (213) 1.21 (132) 1.23 (68) 

 

 

  

Figure 6.4 Interaction plot of mean home range size (km2) for male and female 

traditional rangers of each age cohort. Black circles represent females, grey 

triangles represent males. Whiskers are 95% confidence intervals  

 

6.3.2.2 Roadworks: phase and adjacency 

Neither roadworks phase nor adjacency to the roadworks, nor an interaction between the two, were 

retained in the final model as predictors of HR size. Fig. 6.5 illustrates the home range sizes of social 

groups adjacent and non-adjacent to the road. The mean HR size of badgers living in social groups 

beside the roadworks (1.02km2, SD ± 0.67km2, N = 511) was marginally smaller than badgers whose 
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social groups were not adjacent to the roadworks (1.05km2, SD ± 0.61km2, N = 379), but there was 

no evidence of an effect of the adjacency on home range size.  

 

 

Figure 6.5 Boxplot of home range size (km2) of traditional rangers in social groups non-adjacent 

and adjacent to the roadworks. Grey dots represent mean values and open circles outliers. 

 

Fig. 6.6 illustrates the home range sizes of TRs before, during and after the roadworks respectively. 

The mean HR size of TRs was 0.96km2 (SD ± 0.63km2, N = 443) before the roadworks, 1.14km2 (SD ± 

0.7km2, N = 226) during the roadworks, and 1.09km2 (SD ± 0.58km2, N = 221) after the roadworks. 

However, there was no evidence of a significant effect of roadworks phase on home range size. In 

fact, yearly average HR size in the before phase ranged between 0.8 and 1.1km2. 

 

 

Figure 6.6 Boxplot of home range size (km2) of traditional rangers before, 

during and after the roadworks. Grey dots represent mean values and open 

circles outliers. 
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6.3.2.3 Seasonal pattern in traditional rangers’ home range size 

The seasonal pattern in HR size of TRs was similar to the seasonal pattern seen for all badgers, 

decreasing in winter, with lowest median values in December and January (0.44 and 0.59km2 

respectively), increasing in summer, with highest mean values from May to September (range 1.16-

1.42km2), before decreasing again (Fig. 6.7). Table 6.10 outlines the mean and median HR size (km2) 

for each month. HR size in December was significantly different from all other months, except 

January. Home range size in September was significantly different from all other months, except May 

to August, suggesting that HR in TRs reached a high plateau in May that lasted until September. Post 

hoc comparisons for calendar months can be found in Appendix 6.10.  

 

 

 

Figure 6.7 Boxplot of home range size (km2) of traditional rangers for each month of the 

year. Grey dots represent mean values and open circles outliers.  
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Table 6.10 Home range size (km2) of traditional rangers for each month. HR 

mean and median, standard deviation (SD) and number of observations (No. 

obvs.) for each month. Maxima and minima are highlighted in bold.  

Month Mean HR (km2) Median HR (km2) SD ± No. obvs. 

Jan 0.68 0.59 0.48 65 

Feb 0.96 0.83 0.70 54 

Mar 0.98 0.85 0.62 49 

Apr 1.00 0.87 0.66 88 

May 1.24 1.16 0.61 99 

Jun 1.30 1.26 0.67 88 

Jul 1.32 1.31 0.58 81 

Aug 1.30 1.18 0.57 67 

Sep 1.37 1.42 0.63 54 

Oct 0.89 0.91 0.56 84 

Nov 0.75 0.64 0.49 86 

Dec 0.58 0.44 0.49 75 

 

 

6.3.3 Extra-territorial excursion distance in traditional rangers 

The TR dataset contained 3726 observations of ETE distance from 73 individuals. The summary 

statistics for ETE (m) of the various groups within TR badgers are outlined in Table 6.11. On average 

the length of TRs’ ETEs was 274m, with a maximum distance of 4.2km. The majority of ETEs, as 

measured by the 95th percentile, were less than 1.2km in length.  

Appendix 6.11 outlines the components of the null, full and final models. Appendix 6.12 outlines the 

results of the model selection process leading to the choice of the components remaining in the top 

model for final analysis based on its lower AICc value and higher relative weight. The final model 

contained roadworks phase, month and a sex:age cohort interaction as fixed factors. Badger ID 

(nested within social group) and year were specified as random factors.  

Marginal R2 and conditional R2 values for the final model were 0.46 and 0.69 respectively (Nakagawa 

et al. 2017). The over-dispersion ratio for the final model was 1.6. The results of the final model are 

presented in Appendix 6.13. The results are summarised in Table 6.12. Wald post hoc chi-square 

tests provided a single overall p-value for multi-level factors.  
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6.11 Summary statistics for extra-territorial excursion distance in traditional rangers. ETE distance (m) 

means, SDs, maxima, 95% percentiles and the number of observations (No. obvs.) for the different 

sexes and age cohorts, and for all TR badgers before, during and after the roadworks.   

Group Mean   

ETE (m) 

SD ± Max  

ETE (m) 

95th 

Percentile 

No. Obvs. 

TRs 248.7 351.7 4232.1 951.7 3726 

Male TRs 308.5 384.9 4232.1 1164.7 2018 

Female TRs 178.0 292.5 4167.6 568.8 1708 

TR cubs 173.6 159.1 733.9 449.0 63 

Young adult TRs 286.2 376.1 4232.1 1014.7 1536 

Older adult TRs 227.3 322.4 3400.0 871.4 1869 

Aged adult TRs 198.5 412.4 4044.0 673.0 258 

TRs before roadworks 216.1 297.7 4232.1 755.2 1637 

TRs during roadworks 324.4 419.9 3551.4 1223.4 874 

TRs after roadworks 238.1 357.1 4044.0 860.3 1215 

 

 

Table 6.12 Traditional ranger extra-territorial excursion distance GLMM results 

(Type III Wald chi-square tests). 

 
Chi-square df Pr(>Chisq) 

(Intercept) 71.8635 1 <2.2e-16 *** 

sex 4.3041 1 0.03802 * 

age cohort 15.9163 3 0.00118 ** 

month 78.502 11 2.87E-12 *** 

roadworks 6.9539 2 0.0309 * 

sex: age cohort 3.5237 3 0.3177 
 

 

 

6.3.3.1 Sex & age cohorts 

On average, male TRs made longer ETEs of 308m (SD ± 384.9m, N = 2018) compared to female TRs, 

who travelled, on average, 178m (SD ± 292.5, N =1762) beyond their territory boundaries. Cubs 

made the shortest ETEs (mean 174m, SD ± 159.1m, N = 63). Young adults made the largest ETEs, on 



  Chapter 6 

107 

 

average, at 286m (SD ± 376m, N =1536). Both older adults (mean 227m, SD ± 322.4m, N =1869) and 

aged adults (mean 199m, SD ± 412.4m, N =258) made shorter ETEs compared to young adults.  

 

Despite the fact that an interaction between sex and cohort was retained in the final model, the 

interaction was not statistically significant (Wald chi-square, χ2 = 3.52, df =3, p=0.32, Fig. 6.8a). Due 

to the fact that the interaction was retained in the model, suggesting it is of some importance, I 

performed Tukey post hoc tests. Male badgers made longer ETEs than female badgers at all ages, 

except when they were aged adults (Table 6.13), but only two comparisons were significantly 

different (aged females – young adult females; older adult males – male cubs, Appendix 6.14). This 

confirms that there was no effect of a sex: age cohort interaction on the distance of ETEs.  

 

  

Figure 6.8 a) Interaction plot of mean extra-territorial distance (m) for male and 

female traditional rangers of each age cohort. Black dots represent females and 

grey triangles represent males. Whiskers are 95% confidence intervals.  

 

Table 6.13 Mean extra territorial excursion distance (m) for each age cohort for female and 

male traditional rangers. Number of observations (N) are in brackets. 

 Cubs (N) Younger adults (N) Older adults (N) Aged adults (N) 

ETE m (females) 117 (22) 167 (572) 181(998) 219 (116) 

ETE m (males)  204 (41) 356 (964) 280 (871) 182 (142) 
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Because the interaction was not significant, I ran the model again without interactions so that the 

effects of the age and sex could be examined on their own (Figs. 6.8b & c). A Wald chi-square test 

reported no significant difference between the sexes (χ2 = 2.59, df =1, P=0.11). While a Wald chi-

square test reported a difference between age cohorts (χ2 = 19.47, df =3, P<0.001), Tukey post hoc 

tests reported a significant difference between two comparison pairs only (younger adult and aged 

adult, p<0.05; older adult and aged adult, p<0.001).   

 

b)            c)  

Figure 6.8 Boxplots of ETE distance b) for each sex and c) for each age cohort. 

Grey dots represent mean values and open circles outliers.  

 

6.3.3.2 Roadworks: phase and adjacency  

Roadworks phase was retained in the model as a significant predictor of ETE distance in TR badgers 

(Wald chi-square, χ2 = 6.95, df =2, p<0.05). The mean distance of ETEs before the roadworks was 

216m (SD ± 297.7m, N = 1637). During the roadworks it was 324m (SD ± 419.9m, N = 874) and after 

the new road opened it was 283.1m (SD ± 357.1, N = 1215) (Fig. 6.9a). Tukey post hoc tests reported 

a significant difference (p<0.05) between the before and after phases, but not between the before 

and during phases nor between the during and after phases (Appendix 6.15). 

 

Adjacency to the road either on its own or in interaction with roadworks phase was not retained in 

the final model as a predictor of ETE distance in TR badgers. TRs that that lived in social groups 

adjacent to the road made ETEs of, on average, 267m (SD ± 385.6m, N = 1947) and badgers that lived 

in social groups that were not adjacent to the road made ETEs of, on average, 229m (SD ± 309.2, N 

= 1779) (Fig. 6.9b).   

 

Cubs YAs      OAs    Aged 
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a)          b)  

Figure 6.9 Boxplots of traditional rangers’ extra-territorial excursion distance for a) 

roadworks phase and b) for adjacent and non-adjacency to the roadworks. Grey dots 

represent mean values and open circles outliers. 

 

 

6.3.3.3 Seasonal Pattern  

Month was a highly significant predictor of ETE distance in TR badgers (Wald chi-square, χ2 = 78.5, df 

=11, p<0.001). A seasonal pattern in ETE (m) is evident and is illustrated in Fig. 6.10a, with badgers 

making, on average, the longest ETEs from November to February, and the shortest from May to 

September. A peak is evident in November (mean 429m) with the lowest value in July (mean 185m). 

However, quite a few very long ETEs are made in the spring and summer months, as evidenced by 

the extreme outliers. Table 6.14 outlines the mean ETE distance for each month. ETE distance in 

many months were not significantly different to one another. However, ETE distances in November 

and July were significantly different one another (p<0.001), confirming a tendency for longer 

distance excursions in winter months and shorter in summer months. Post hoc comparisons for 

months can be found in Appendix 6.16.  While the overall seasonal pattern was the same for males 

and females (Figs. 6.10b & c), females accounted for a smaller proportion of ETEs from December to 

April, and their ETEs were generally shorter, but not significantly so (Section 6.4.1).  
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Figure 6.10a Boxplot of extra-territorial distance (m) for each month of the year for all 

traditional rangers. Grey dots represent mean values and open circles outliers.  

 

 

Figure 6.10b Boxplot of extra-territorial distance (m) for each month of the year for male 

traditional rangers. Grey dots represent mean values and open circles outliers.  

 

 

Figure 6.10c Boxplot of extra-territorial distance (m) for each month of the year for 

female traditional rangers. Grey dots represent mean values and open circles outliers.  
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Table 6.14 Summary statistics of extra-territorial excursion distance for each month in all, 

male and female traditional rangers. ETE (m) mean, median, standard deviation (SD) and 

number (No. obvs.) and percent of observations (% monthly obvs.) for each month. 

Maxima and minima values are highlighted in bold.  

 
Month  

Mean 
ETE(m)  

Median  ETE 
(m)   SD ±  No. obvs.  

 
% monthly obvs.  

All Traditional Rangers 

Jan 382.1 289.4 346.9 150 100 

Feb 348.7 196.1 402.2 168 100 

Mar 205.6 129.8 234.7 155 100 

Apr 265.4 137.1 388.7 295 100 

May 195.6 96.3 280.7 639 100 

Jun 205.8 84.7 382.1 401 100 

Jul 185.2 90.5 256.4 433 100 

Aug 204.9 83.9 371.5 434 100 

Sep 192.2 76.0 292.0 342 100 

Oct 292.7 148.6 371.0 256 100 

Nov 429.2 312.7 430.5 291 100 

Dec 360.5 199.7 394.6 162 100 

Male Traditional Rangers 

Jan 383.0 284.0 350.6 135 90 

Feb 383.9 226.9 418.5 139 83 

Mar 241.5 168.7 244.1 104 67 

Apr 357.7 192.0 477.6 170 58 

May 245.0 118.3 288.8 292 46 

Jun 248.8 96.6 390.8 203 51 

Jul 206.8 91.3 276.7 218 50 

Aug 216.4 93.1 290.9 171 39 

Sep 259.5 78.1 369.3 167 49 

Oct 372.6 164.9 426.9 145 57 

Nov 520.4 360.9 501.3 163 56 

Dec 407.2 228.3 429.9 111 69 

Female Traditional Rangers 

Jan 373.8 369.9 322.0 15 10 

Feb 179.7 86.0 256.9 29 17 

Mar 132.5 72.3 197.0 51 33 

Apr 139.8 87.2 140.5 125 42 

May 154.1 85.0 267.2 347 54 

Jun 161.7 76.0 368.8 198 49 

Jul 163.3 89.3 232.6 215 50 

Aug 197.4 76.8 416.0 263 61 

Sep 127.9 75.6 168.8 175 51 

Oct 188.2 99.6 247.2 111 43 

Nov 313.0 263.5 280.0 128 44 

Dec 258.8 135.4 281.5 51 31 
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6.3.4 Frequency of extra-territorial excursions in traditional rangers. 

The TR dataset contained 690 observations of ETE distance from 73 individuals (91% of the collared 

population). The summary statistics for the frequency of ETEs (fETEs) of the various groups within TR 

badgers are outlined in Table 6.15. On average the mean fETE for TRs was 0.20, with a maximum 

fETE of 1.00 and a minimum of 0.03, meaning some badgers made ETEs every night of a given month, 

while others only made one. 82% of records were from badgers that were wearing functioning collars 

for the full month, with 18% of records from partial months. Only 6% (N = 43) of records were from 

partial months where the number of active nights was less than 2 weeks.  

 

Appendix 6.17 outlines the components of the null, full and final models. Appendix 6.18 outlines the 

results of the model selection process leading to the choice of the components remaining in the top 

model for final analysis based on its lower AICc value, its higher relative weight and the low relative 

importance of adjacency in the second-best model.  The final model included month, roadworks 

phase and a sex:age cohort interaction as fixed factors, and badger ID (nested within social group) 

and year as random factors. The marginal R2 value for the top model was 0.04 and conditional R2 

value was 0.14. The over-dispersion ratio for the final model was 3.0. The results of the top model 

are presented in Appendix 6.19. The results are summarised in Table 6.16. Wald post hoc chi-square 

tests provided a single overall p-value for multi-level factors.  

 

Table 6.15 Summary statistics for frequency of extra-territorial excursions in traditional rangers. 

Means, SDs, maxima, minima and number of observations (No. obvs) for the different sexes and age 

cohorts, and for all TR badgers before, during and after the roadworks.   

Group Mean fETE SD ± Max fETE Min fETE No. obvs. 

All TRs 0.20 0.18 1 0.03 690 

TR males 0.22 0.20 1 0.03 351 

TR females 0.19 0.16 0.90 0.03 339 

TR cubs 0.16 0.14 0.47 0.03 17 

TR young adults 0.19 0.18 1 0.03 291 

TR older adults 0.21 0.18 0.94 0.03 345 

TR aged adults 0.25 0.18 0.68 0.03 37 

TR before roadworks 0.19 0.17 0.94 0.03 319 

TR during roadworks 0.20 0.19 1 0.03 171 

TR after roadworks 0.22 0.19 1 0.03 200 



  Chapter 6 

113 

 

Table 6.16 Traditional ranger frequency of extra-territorial excursions GLMM 

results. (Type III Wald chi-square tests). 

 
Chi-square df Pr(>Chisq) 

(Intercept) 61.5844 1 4.24E-15 *** 

sex 18.2831 1 1.90E-05 *** 

age cohort 4.2224 3 0.238431 
 

Month 282.4117 11 <2.20E-16 *** 

roadworks 8.9299 2 0.011505 * 

sex: age cohort 18.1751 3 0.000405 *** 

 

 

6.3.4.1 Sex & age cohorts 

On average, male TRs made ETEs slightly more often than female TRs. The mean frequency of ETEs 

increased with age, with the greatest increases between cubs and young adults, and between older 

adults and aged adults. Summary statistics are outlined in Table 6.17.  

 

Table 6.17. Summary statistics for frequency of extra-territorial excursions for 

the different sex and the different age cohorts in traditional rangers.  

Cohort Mean SD ± No. obvs 

TR males 0.22 0.19 351 

TR females 0.19 0.16 339 

TR cubs 0.16 0.14 17 

TR young adults 0.19 0.18 291 

TR older adults 0.21 0.18 345 

TR aged adults 0.25 0.18 37 

 

 

There was a significant interaction between sex and age cohort (Wald chi-square, χ2 = 18.16, df =3, 

p<0.001, Fig. 6.11). While males of all age cohorts made ETEs more frequently than females of the 

same age cohort, the difference between the sexes was greatest in cubs and aged adults (Table 6.18). 

Few of the differences were significant: mostly those involving male cubs and aged adult males. 

Results of the post hoc tests for sex: age cohort interactions are summarised in Appendix 6.20. 
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Caution is advised in the interpretation of these results, as the sample sizes for cubs and aged adults 

of both sexes were very small in comparison to younger and older adults of either sex. This is 

reflected in the relatively large confidence intervals around these groups (Fig. 6.11). 

 

  

Figure 6.11 Interaction plot of mean frequency of extra-territorial excursions 

for male and female TRs of each age cohort. Black circles represent females, 

grey triangles represent males. Whiskers are 95% confidence intervals.  

 

 

Table 6.18 Summary statistics of frequency of extra-territorial excursions for 

traditional ranger sex: age cohorts. 

Cohort Mean SD ± No. obvs. 

Female cubs 0.10 0.12 10 

Male cubs 0.24 0.12 7 

Female young adults 0.17 0.14 122 

Male young adults 0.21 0.20 169 

Female older adults 0.20 0.17 187 

Male older adults  0.22 0.20 158 

Female aged adults 0.22 0.14 20 

Male aged adults 0.29 0.22 17 
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6.3.4.2 Roadworks: phase and adjacency  

Roadworks phase was retained as a significant predictor of fETE (Wald chi-square, χ2 = 8.93, df = 2, 

p<0.05, Fig. 6.12). Badgers did not make significantly more ETEs during the roadworks (mean fETE 

0.20, SD ± 0.19, N = 171) compared to the period before the roadworks (mean fETE 0.19, SD ± 0.17, 

N = 319). Badgers made ETEs significantly more frequently after the roadworks (mean fETE 0.22, SD 

± 0.19, N = 200) compared to the during phase (p<0.05), but not compared to before the roadworks. 

However, the difference in behaviour between the before and after roadworks phases approached 

significance (p=0.056). The results of the post hoc tests are summarised in Appendix 6.21. The yearly 

average in fETE before the roadworks ranged between 0.15 – 0.22, meaning the effect size after the 

roadworks was small, between 1-2 additional ETEs a month.   

 

  

Figure 6.12 Boxplot of frequency of extra-territorial excursions for traditional 

rangers before, during and after the roadworks. Grey dots represent mean values 

and open circles outliers.  

 

Badgers living in social groups adjacent to the road (mean 0.20, SD ± 0.18, N = 384) made ETEs at a 

similar frequency to badgers living further from the road (mean 0.22, SD ± 0.19, N = 307, Fig. 6.13). 

This was demonstrated by adjacency being excluded from the final model for fETE. 

 

 Before             During          After 
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Figure 6.13 Boxplot of frequency of extra-territorial excursions for traditional 

rangers living in social groups not adjacent and adjacent to the roadworks. Grey 

dots represent mean values and open circles outliers.  

 

6.3.4.3 Seasonal pattern  

Month was a highly significant predictor of fETE in TR badgers (Wald chi-square, χ2 = 282.41, df =11, 

p<0.001). A seasonal pattern in fETE (m) is evident and is illustrated in Fig. 6.14a, with badgers, on 

average, making fewest ETEs in December and January (0.14 and 0.11 respectively). Two peaks are 

evidenced: the first in April and May (mean 0.28 and 0.24 respectively) and the second in August and 

September (mean 0.22 and 0.24 respectively). There are quite a few outliers where individuals were 

making ETEs on 60-100% of nights in all months of the year, except January and March.  Table 6.19 

outlines the summary statistics for fETE for each month. fETE in January was significantly different 

from all other months, except December. There was no difference in fETEs between April, May, 

August and September, but they were significantly different from most other months.  Post hoc 

comparisons for different pairs of months can be found in Appendix 6.22.  While the overall seasonal 

pattern was similar for males and females (Figs. 6.14b & c), females accounted for a smaller 

proportion of fETEs observations from December to March, and they made ETEs less frequently than 

males (Table 6.19). 

 

Non-adjacent                         Adjacent 
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Figure 6.14a Boxplot of frequency of extra-territorial excursions for TR badgers for each 

month of the year. Grey dots represent mean values and open circles outliers.  

 

 

Figure 6.14b Boxplot of frequency of extra-territorial excursions for TR males for each month 

of the year. Grey dots represent mean values and open circles outliers.  

 

 

Figure 6.14c Boxplot of frequency of extra-territorial excursions for TR females for each 

month of the year. Grey dots represent mean values and open circles outliers.  
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Table 6.19 Summary statistics of frequency of extra-territorial excursions in all, male and female 

traditional rangers. Mean and median fETE, SD and number (No. obvs.) and percent of 

observations (% monthly obvs.) for each month.  

 
Month  

Mean 
fETE  

Median 
fETE  SD ±  No obvs.  

 
% monthly obvs  

All Traditional Rangers 

Jan 0.11 0.06 0.11 37 100 

Feb 0.17 0.11 0.17 40 100 

Mar 0.18 0.13 0.14 37 100 

Apr 0.28 0.24 0.21 64 100 

May 0.24 0.20 0.19 96 100 

Jun 0.18 0.17 0.15 83 100 

Jul 0.20 0.16 0.15 75 100 

Aug 0.22 0.19 0.16 65 100 

Sep 0.24 0.20 0.19 51 100 

Oct 0.20 0.11 0.21 55 100 

Nov 0.21 0.13 0.24 49 100 

Dec 0.14 0.10 0.15 38 100 

Male Traditional Rangers 

Jan 0.14 0.10 0.12 26 70 

Feb 0.21 0.14 0.19 27 68 

Mar 0.21 0.16 0.15 21 57 

Apr 0.29 0.23 0.22 33 52 

May 0.23 0.16 0.21 44 46 

Jun 0.20 0.17 0.19 38 46 

Jul 0.22 0.16 0.18 34 45 

Aug 0.21 0.18 0.14 26 40 

Sep 0.26 0.20 0.22 25 49 

Oct 0.24 0.10 0.25 30 55 

Nov 0.27 0.18 0.27 22 45 

Dec 0.15 0.10 0.17 25 66 

Female Traditional Rangers 

Jan 0.05 0.03 0.03 11 30 

Feb 0.08 0.07 0.06 13 33 

Mar 0.14 0.11 0.10 16 43 

Apr 0.27 0.25 0.19 31 48 

May 0.24 0.21 0.16 52 54 

Jun 0.16 0.13 0.11 45 54 

Jul 0.17 0.16 0.12 41 55 

Aug 0.22 0.19 0.18 39 60 

Sep 0.23 0.20 0.16 26 51 

Oct 0.16 0.13 0.14 25 45 

Nov 0.17 0.08 0.20 27 55 

Dec 0.13 0.13 0.11 13 34 
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6.4 DISCUSSION  

6.4.1 Brief summary of results 

 

• On average, TRs travelled 827m/night, had HRs of 1km2, made ETEs of 248m with a 

frequency of 0.20 across the year.  

• Seasonality was evident in ranging behaviour.  

• ND and HR size increased in summer and decreased in winter months.  

• The opposite pattern was evident for ETE distance, which peaked in winter.  

• Seasonality in fETE was less clear, but, on average, badgers went on six ETEs per month 

throughout the year. 

• ND travelled increased with  

• age with a stronger correlation in males. 

• HR size also increased with age, particularly for older males. 

• Despite the above differences, males and females and the age cohorts did not differ in ETE 

distances, and differences in fETE were unclear.  

• ND increased during and after the roadworks. 

• HR did not increase during and after the roadworks.  

• ETE distance and frequency only increased after the construction of the road was finished.  

 

6.4.2 Seasonality in ranging behaviour   

Seasonal patterns were evident in ranging behaviour. Patterns were similar in ND and HR size with 

low winter values and high summer values, although the timing of maxima differed. The difference 

in timing of these peaks is not fully explained by the pattern seen in ETEs. If the peak in ND in June 

was due to long ETEs, and the peak in HR in September due to badgers ranging less outside their 

territories and maximising space use within their territories, ETEs in June might be expected to be 

significantly longer than in September, and the frequency of ETEs in September significantly less 

than in June. However, there was no significant difference in ETE distance in June and September, 

and badgers actually went on ETEs significantly more frequently in September than in June 

(p<0.001). It is possible that the frequency of ETE in September produced an increase HR size, as 

only the most extreme 5% of GPS locations are excluded from 95% MCP estimations. The decrease 

in ND and HR size evidenced from September and October, respectively, coincided with the 

increase phase of body weight in advance of winter lethargy (Chapter 5).  

TR badgers made ETEs in all months of the year. The data suggest that, on average, in winter 

badgers did not make ETEs very often, but when they did they went further compared to summer, 
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when ETEs were, on average, more frequent but shorter. This may reflect the need to travel 

further in winter, to find food. However, there is a lot of variability in the ETE data with excursions 

of up to 1.5km being made in almost every month of the year, and some very long journeys in 

summer months. There was also a lot of variability in the frequency with which badgers made ETEs, 

with records of some TRs making ETEs on over 50% of active nights in every month except January. 

Peaks in fETE would appear to coincide with peaks in mating activity and road traffic accidents 

reported elsewhere (Davies et al. 1987; Cresswell et al. 1992). However, research from Ireland 

(Corner et al. 2015) shows that while reproductive activity peaks later in the year compared to the 

UK, it can and does take place at any time of the year, which may account for some of the 

variability seen here. Badgers will, of course, make ETEs for reasons other than mating, and have 

been recorded foraging in neighbouring territories (Roper 2010). The patterns seen in ETEs may 

also be driven by spatio-temporal changes in food resources, particularly given Irish badgers are 

opportunistic generalists (Cleary et al. 2009, 2011).  

 

6.4.3 The effects of age & sex on ranging behaviour  

 

Age and sex interacted with one another significantly in most ranging behaviours. In general, males 

of each age cohort travelled further at night, had larger home ranges, and went on ETEs more 

frequently than their female counterparts, but the extent to which these differences were significant 

varied. For example, ND increased with age, so that female cubs’ NDs were significantly smaller than 

all other age: sex combinations except male cubs. By contrast, male cubs’ NDs were significantly 

shorter compared to other males, but not to females. Older adult males also travelled significantly 

further than younger and older adult females. These differences in ND may reflect different 

behaviours in the sexes; males are believed to be more involved than females in marking boundary 

latrines (Roper et al. 1993). This marking behaviour may require them to travel further each night 

than if they were concerned only with foraging. The fact that the differences between sexes and age 

cohorts are not clearer may be an indication that the effects are not large, and perhaps lacking in 

biological relevance.  

 

The fact that male TRs’ HRs were significantly larger than female TRs’ HRs, when these animals were 

older adults and aged adults, was surprising; given that we found no difference in HR size between 

the sexes when they were tested during the summer months (Chapter 4). It is possible that there is 

an interaction between season and sex in predicting HR size in colder months. Although that was not 

explicitly tested here, it warrants further investigation. A glance at the data (Fig. 6.15) indicates that 

this should be followed up in future analysis.  
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Figure 6.15 Plot of mean monthly HR size male and female traditional rangers. Black 

triangles represent females and grey circles represent males. Whiskers are 95% 

confidence intervals.  

 

Even though male ETEs were longer than those of females, the difference was not significant when 

considered outside of an interaction between age and sex. Further, differences between male and 

female age cohorts in their fETE was not clear, and low sample sizes for cubs and aged adults mean 

results should be interpreted with caution. However, the data suggest that there were differences 

between males and females in the seasonality of ETE distance and frequency, with a higher 

proportion of males making longer ETEs more frequently compared to females during winter months 

(e.g. Fig. 6.16). This interaction was not tested explicitly in my analysis and warrants further 

investigation. It is possible that the lower levels of female activity in winter months related to a 

combination of winter lethargy and breeding status (gestation, parturition and suckling young). Once 

females have given birth in January and February, they become receptive to mating again and 

yearling females become receptive for the first time. This is probably a driver of male ETE behaviour, 

as they seek mating opportunities at this time. Indeed, there is evidence (Carpenter et al. 2005; 

Dugdale et al. 2007) that approximately 40% of cubs are sired by males from other social groups. In 

this study, of the badgers that had paternity assigned, 70% were by badgers from other groups (see 

Appendix 8.1).  
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Figure 6.16 Plot of mean fETE in male and female traditional rangers. Black triangles 

represent females and grey circles represent males. Whiskers are 95% confidence intervals.  

 

 

6.4.4 The effects of the roadworks on ranging behaviour  

The roadworks appeared to have had very little effect on TR badgers. The before period was 

considerably longer than either the during or after phases of the roadworks. In considering the 

differences between the three phases of the roadworks, it is helpful to examine the range of yearly 

averages, i.e. the average value for a whole year, of ND, HR, ETE (m) and fETE respectively during 

the before phase, as they place any changes evidenced in the during and after phases in context.  

 

A small but significant increase in ND was evident during the roadworks, with no evidence of recovery 

once construction was completed as a further slight increase was seen, leading to a total mean 

increase of 185m per night. This is quite a small effect size, particularly given the mean distance 

between neighbouring setts was 1.3km. While the mean ND in the before phase was 737m, there 

was a lot of variation in ND (1.5-9236m). Although the maximum recorded ND was over 9km, the 

majority were less than 2km. An extra 185m a night would represent a small proportion of the total. 

There was no evidence that the effect of the roadworks was greater for badgers living in social groups 

that were adjacent to the road. The fact that TRs living in social groups located next to the roadworks 

travelled significantly shorter distances at night (mean 58m), on average, than those that lived 

further away may reflect the fact that home ranges adjacent to the road were, on average, marginally 

smaller than non-adjacent home ranges.  
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The increase in ND did not manifest in a corresponding increase in HR size. There was no evidence 

for an effect of the roadworks on HR size, as neither roadworks, nor adjacency, nor an interaction 

between the two, were included in the model that best explained the patterns in the dataset. The 

average HR size both during and after the roadworks, fell within the range of monthly HR sizes 

recorded in the before phase. This suggests that the roadworks did not disrupt territoriality in TR 

badgers.  

 

A significant difference in ETE distance was found only between the before and after phases, and for 

fETE between the during and after phases, although the difference in fETE before and after didn't 

quite reach significance. Before the new road opened, TRs made, on average, 6 ETEs in a given 

month. The effect size was therefore very small, equating to approximately 1-2 extra ETEs in a month 

after construction was finished.   

 

Taken together, the results would suggest that any effect of the roadworks on ranging behaviour in 

TR badgers was very small, and that territoriality was not disrupted in our population. While there 

was a small but significant increase in ND, this was not reflected in a corresponding increase in HR 

size, nor in the distance or frequency of ETEs. The increase in ETE distance and frequency only 

appeared after the end of the construction process, and may be related to the change in functional 

landscape provided by the badger-proof fencing and underpasses. 
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CHAPTER 7 

THE RANGING BEHAVIOUR OF SUPER-RANGERS. 

ARE ROADWORKS THEIR KRYPTONITE? 

 

 

7.1 INTRODUCTION  

A small proportion (9%) of the badgers in our study area behaved as super-rangers (SRs) during the 

course of the study, accounting for 16% of observations in the nightly distance dataset and 13% of 

the home range size dataset. Between 30-60% of a SR’s GPS locations were outside the boundary of 

its originating social group’s territory and SR ranging boundaries often did not correspond to known 

territory borders. Therefore, it was not appropriate to use a SR’s individual 95% MCP as a basis for 

determining what constituted an ETE or not. As a result, I excluded SRs from ETE analysis. 

 

7.1.1 Scope of this chapter 

 

This chapter focusses on the ranging behaviour of the SRs within the study population. I investigate 

whether the seasonal patterns evident in ND and HR size seen in TRs holds for SRs. I also investigate 

the effects of age on the ranging behaviour of SRs. The effect of sex is not included in the analyses 

as all SRs identified in this study were males. Because super-ranging is a newly described behaviour, 

the drivers of which are not yet understood, it is more difficult to make predictions about how 

roadworks will affect ranging behaviour in SRs. However, I have already established that SRs did not 

follow the rules regarding social group boundaries (Chapter 4), and they travelled greater distances 

at night and had larger home ranges than TRs (Chapter 5). Therefore, I hypothesised that the 

roadworks would not have an effect on ND or HR size in SRs and that there would be no significant 

difference between the various phases of the roadworks, nor would there be a difference between 

SRs that originated from social groups adjacent to the roadworks and those that originated from 

social groups further away. These data further contribute to our understanding of the movement 

ecology of SR badgers, and determine whether they are more or less sensitive to disruptions in their 

environment that other badgers.  
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7.2 METHODOLOGY  

7.2.1 GPS data management 

Details regarding management of the nightly distance and home range size datasets are given in 

Chapter 5. To reiterate, age cohorts were defined as follows: cub (in its first year); young adult 

(yearling or 2 years old); older adult (3 or 4 years old) and aged adult (>4 years old). The timing of 

the roadworks was split into three phases: before (April 2010-December 2013); during (January 2014 

– June 2015); after (July 2015 – August 2016). Subdivision of the datasets by ranging status resulted 

in 3604 records of ND and 1061 records of home range estimates for SRs.  

 

7.2.2 Statistical analyses  

Details of the statistical analyses are given in Chapter 5. GLMMs were performed in R (Version 3.4.0) 

using the lmer function from the package lme4. Age cohort, month, roadwork phase and adjacency 

to roadworks were included as fixed factors in the full models. Neither females of any age cohort, 

nor male cubs, engaged in super-ranging. Therefore, sex was not included as a predictor in SR 

modelling, and age cohort became a three-level factor (young adult; older adult; aged adult). An 

interaction between roadworks and adjacency to the road was included in the full model. Badger ID 

(nested within social group) and year were included as random factors. Table 7.1 outlines the data 

transformations and distribution families specified in each analysis.  

 

Table 7.1 Data transformation and distribution families specified in TR GLMMs.  

Response Variable Transformation Distribution family 

ND (m) BoxCox (lambda = 0.465) Gaussian 

HR (km2) BoxCox (lambda = 0.505) Gaussian 

 

 

For each analysis, a null model and a full model were generated. Model selection and model 

validation was performed as detailed in Chapter 5. The Anova function from the package car (Fox 

and Weisberg 2011) was used to perform Type III Wald chi-square tests, which provided p-values for 

all of the explanatory factors in the GLMM including overall p-values for factors with more than two 

levels, e.g. age cohort. The glht function from the package multcomp (Hothorn et al. 2008) was used 

to perform Tukey post hoc tests for multiple comparisons within levels of factors. 
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7.3 RESULTS 

7.3.1 Nightly distance travelled in super-rangers 

The SR dataset for nightly distance travelled contained 3604 observations. The summary statistics 

for NDs of the various groups within SR badgers are outlined in Table 7.2. On average, SRs travelled 

1.4km a night, with the maximum distance travelled in a single night of 7.7km. The majority of NDs, 

as determined by the 95th percentile, were below 3km.  

 

Table 7.2 Summary statistics of nightly distance for super-rangers. ND (m) means, SDs, maxima, 95th 

percentiles and the number of observations (No. Obvs.) for the different age cohorts, and for all 

super-rangers before, during and after the roadworks.   

Group Mean ND (m) SD ±  Max ND (m) 

95th 

percentile No. obvs. 

All SRs 1396.1 1006.0 7747.8 3271.4 3604 

SR young adults 1397.7 1006.6 5598.6 3281.5 1103 

SR older adults  1392.7 989.0 7747.8 3233.7 2253 

SR aged adults 1419.5 1150.5 6302.5 3419.7 248 

SR before roadworks 1355.5 1014.9 5923.5 3266.7 1914 

SR during roadworks 1532.9 1055.2 6302.5 3391.4 766 

SR after roadworks 1366.7 934.2 7747.8 3067.1 924 

 

 

Appendix 7.1 outlines the components of the null, full and final models for SRs. The final model 

included age cohort and month as fixed factors, and badger ID (nested within social group) and year 

as random factors. Appendix 7.2 outlines the results of the model selection process leading to the 

choice of the components remaining in the final model selected for final analysis based on its lower 

AICc values and df, and on the low relative importance of roadworks phase and adjacency among 

the group of top models. Marginal R2 and conditional R2 values for the final model were 0.17 and 

0.29 respectively. The over-dispersion ratio for the final model was 0.14. The results of the best 

model are detailed in Appendix 7.3. The results are summarised in Table 7.3. Wald post hoc chi-

square tests provided a single overall p-value for multi-level factors. No interactions were retained 

in the final model. 
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Table 7.3 Super-rangers nightly distance GLMM results 

(Type III Wald chi-square tests). 

 Chi-square df Pr(>Chisq) 

(Intercept) 127.8652 1 <2.00E-16 *** 

age cohort 6.1799 2 0.04551 * 

month 636.1280 11 <2.00E-16 *** 

   

 

7.3.1.1 Age cohorts 

 

While age cohort was retained in the final model as a significant predictor of ND in SRs (Wald chi-

square, χ2 = 6.1799, df = 1, p < 0.05, Fig. 7.1), Tukey post hoc tests did not reveal any significant 

difference between the different age cohorts (Table7.4). On average, younger adult SRs travelled 

1397m (SD ± 1007m, N = 1103), older adult SRs travelled 1393m (SD ± 989m, N = 2253) and aged 

adult SRs travelled 1419m (SD ± 1150m, N = 248) each night.  

 

 

 

Figure 7.1 Boxplot of nightly distance for SRs of different age cohorts. Distances 

(km) have been BoxCox transformed (lambda = 0.465) to normalise the data. 

Grey dots represent mean values and open circles outliers.  
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Table 7.4 Results of Tukey post hoc tests for multiple comparisons of means for the different 

age cohorts in super-rangers.  

 

Comparison Estimate Std. Error z value Pr(>|z|) 

Older adult - Younger adult -0.10028 0.05335 -1.88 0.18 

Aged adult - Younger adult -0.01027 0.07288 -0.141 0.89 

Aged adult - Older adult 0.09001 0.05238 1.718 0.18 

 

 

7.3.1.2 Seasonal pattern  

Month was retained as a highly significant predictor of ND in SRs (Wald chi-square, χ2 = 636.128, df 

=11, p<0.001). A seasonal pattern in ND was evident and is illustrated in Fig. 7.2, with ND reaching a 

high plateau from March to August and reaching a low from November to January. Table 7.5 outlines 

the mean and median nightly distance (km) travelled by SRs for each month. There was no significant 

difference in ND between March and August, nor between November and January. These two 

periods (high plateau and low) were significantly different to one another (see post hoc comparisons 

for month - Appendix 7.4).  

 

 

 

Figure 7.2 Boxplot of ND for each month of the year for SRs. Distances (km) 

have been BoxCox transformed (lambda = 0.465) to normalise the data.  
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Table 7.5 Summary statistics for nightly distance (km) travelled by SRs for each 

month. Mean and median distance, standard deviation (SD) and number of 

observations (No. obvs.) for each month. Maxima and minima are highlight in bold.   

Month Mean ND (km) Median ND (km) SD ± No. obvs. 

Jan 1.0 0.7 0.9 100 

Feb 1.2 1.0 1.0 139 

Mar 1.5 1.4 1.0 220 

Apr 1.6 1.4 1.1 301 

May 1.6 1.5 1.1 462 

Jun 1.7 1.6 1.0 455 

Jul 1.7 1.5 0.9 411 

Aug 1.5 1.4 0.9 473 

Sep 1.3 1.1 0.9 358 

Oct 1.0 0.7 0.9 266 

Nov 0.8 0.5 0.8 255 

Dec 0.7 0.6 0.7 164 

 

 

7.3.1.3 Roadworks: phase and adjacency 

Neither phase of the roadworks, nor adjacency to the roadworks (Figs. 7.3 a & b) were retained in 

the final model as predictors of ND in SRs, either independently or in interaction with one another.  

 

The mean distance travelled by SRs before the roadworks was 1355m (SD ± 1015m, N=1914). The 

yearly average, i.e. the average value for a whole year, in this phase ranged between 1100m – 

1470m. During the roadworks the mean ND was 1533m (SD ± 1050m, N = 750); after the new road 

opened it was 1369m (SD ± 940m, N = 940). Although the mean ND travelled by SRs was apparently 

nearly 200m larger during the roadworks phase, it was similar to pre-roadworks levels once the new 

road was opened. However, there was an enormous amount of overlap in the variation around these 

mean values (Fig. 7.3a). There was no evidence to suggest that roadworks phase had a significant 

effect on ND in SRs, as roadworks phase was not retained in the final model.  
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a)              b)  

Figure 7.3 Boxplots of nightly distance in super-rangers a) before, during and after the roadworks and 

b) in super-rangers originating from social groups non-adjacent and adjacent to the roadworks. 

Distances (km) have been BoxCox transformed (lambda = 0.465) to normalise the data. Grey dots 

represent mean values and open circles outliers.  

 

On average, SRs that originated from social groups located next to the roadworks did not travel as 

far (mean 1351m, SD ± 9921m, N = 2540) as those from groups not adjacent to the road (mean 

1505m, SD ± 1031, N = 1064). However, there was an enormous amount of overlap in the variation 

around these mean values (Fig. 7.3b). There was no evidence to suggest that adjacency to the 

roadworks had a significant effect on ND in SRs, as adjacency was not retained in the final model.  

 

7.3.2 Home range size in super-rangers  

The SR dataset contained 135 observations of HR size. The summary statistics for HR size of the 

various groups within SR badgers are outlined in Table 7.6. On average, SRs had a monthly home 

range size of 3.1 km2, with the maximum of 7.7km2 and a minimum of 10m2.  

Appendix 7.5 outlines the components of the null, full and final models. The final model included age 

cohort and month as fixed factors, and badger ID nested within social group ID, and year as fixed 

factors. Appendix 7.6 outlines the results of the model selection process leading to the choice of the 

components remaining in the top model for final analysis based on its lower AICc values, df and the 

low relative importance of roadworks phase in the second-best model.  Marginal R2 and conditional 

R2 values for the final model were 0. 18 and 0.95 respectively. The over-dispersion ratio for the final 

model was 0.05. The results of the best model are detailed in Appendix 7.7. The results are 

summarised in Table 7.7. Wald post hoc chi-square tests provided a single overall p-value for multi-

level factors. No interactions were retained in the final model.  
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Table 7.6 Summary statistics for home range size in super-rangers. HR (km2) means, SDs, maxima, 

minima and number of observations (No. obvs) for the different sexes and age cohorts, and for 

all TR badgers before, during and after the roadworks. Note 0.00001km2 = 10m2. 

Group Mean HR (km2) SD ± Max (km2) Min (km2) No. Obvs. 

All SRs 3.1 1.7 7.7 0.00001  135 

Young adult SRs 3.2 1.8 6.7 0.6 46 

Older adult SRs 3.3 1.8 7.2 0.00001 57 

Aged adult SRs 2.7 1.7 7.7 0.3 32 

SRs before 3.3 1.9 7.2 0.00001 84 

SRs during 3.3 1.5 7.7 1.3 27 

SRs after 2.2 0.9 3.8 0.7 24 

 

 

Table 7.7 Super-rangers home range size GLMM results (Type 

III Wald chi-square tests). 

 
Chi-square df Pr(>Ch0isq) 

(Intercept) 27.050 1 1.983E-07 *** 

age cohort 21.027 2 2.717E-05 *** 

month 81.475 11 7.648E-13 *** 

  

 

7.3.2.1 Age cohorts 

Age cohort was a significant predictor of HR size in SRs (Wald chi-square, χ2 = 21.027, df =2, p<0.001, 

Fig. 7.4). Young adult SRs had an average home range of 3.6km2 (SD ± 1.77km2, N = 46), older adult 

SRs had an average home range of 3.3km2 (SD ± 1.75km2, N = 57). Aged adult SRs had the smallest 

average home range (mean 2.7km2 SD ± 1.67km2, N = 32).  
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Figure 7.4 Boxplot of home range size in super-rangers of each age cohort. Grey 

dots represent mean values and open circles outliers.  

 

Post hoc tests showed younger adults, on average, had significantly larger HRs than either older adult 

or aged adult SRs. There was no statistical difference in home range size between older adult and 

aged adult SRs (Table 7.8).   

 

Table 7.8 Results of Tukey post hoc tests for multiple comparisons of mean home range size for the 

different age cohorts in super-rangers. 

Comparison Estimate Std. Error z value Pr(>|z|)   

Older adult - Young adult -0.69922 0.15849 -4.412 3.07E-05 *** 

Aged adult - Young adult -0.64462 0.24611 -2.619 0.0176 * 

Aged adult - Older adult 0.05461 0.15926 0.343 0.7317  

 

 

7.3.2.2 Seasonal pattern 

Month was a highly significant predictor of HR size for super-rangers (Wald chi-square, χ2 = 81.475, 

df =11, p<0.001, Fig. 7.5, Table 7.9). A clear seasonal pattern was not discernible as there were no 

significant differences in HR size between March and October. Winter lethargy was still apparent as 

HR sizes in November, December and January were significantly smaller than all other months (see 

post hoc comparisons for month - Appendix 7.8).  
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Figure 7.5 Boxplot of home range size (km2) of super-rangers for each month of the year. Grey 

dots represent mean values and open circles outliers.  

 

Table 7.9 Summary statistics of home range size (km2) travelled by super-rangers for each 

month. Mean and median distance, standard deviation (SD) and number of observations 

(No. obvs.) for each month. Maxima and minima are highlight in bold.  

Month Mean HR (km2) Median HR (km2) SD ± No. obvs. 

Jan 2.4 1.9 2.1 8 

Feb 3.3 2.8 2.1 7 

Mar 3.3 2.7 1.5 7 

Apr 3.3 2.8 2.1 15 

May 3.6 3.3 1.7 15 

Jun 3.1 2.7 1.7 15 

Jul 3.3 2.9 1.6 12 

Aug 3.0 2.6 1.7 15 

Sep 3.4 2.9 1.9 11 

Oct 3.2 2.7 1.5 11 

Nov 2.8 2.7 1.6 10 

Dec 2.6 2.5 1.9 9 
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7.3.2.3 Roadworks: phase and adjacency 

Neither roadworks phase nor adjacency to the roadworks, nor an interaction between the two, was 

retained in the final model for HR size in SRs. Fig. 7.6 illustrates the SR home range sizes before, 

during and after the roadworks.  

 

 

Figure 7.6 Boxplot of home range size (km2) in super-rangers before, during and after 

the roadworks. Grey dots represent mean values and open circles outliers. 

 

SRs had an average home range size of 3.3km2 (SD ± 1.92km2, N=84) before the roadworks. The yearly 

average in this phase ranged between 2.5km2 and 3.8km2.  During the roadworks SRs had an average 

home range size of 3.3km2 (SD ± 1.52km2, N=27) and 2.2km2 (SD ± 0.87km2, N=24) after the 

roadworks. There was no evidence for a statistically significant effect of the roadworks on HR size in 

super-rangers, as roadworks phase was not retained in the final model.  

The mean HR size of SRs living in social groups located next to the roadworks (mean 3km2, SD ± 

1.72km2, N=32) was marginally smaller than the mean HR size of SRs whose social groups were not 

adjacent to the roadworks (mean 3.5km2, SD ± 1.72km2, N=103) (Fig.7.7). Again, there was no 

evidence for a statistically significant effect of adjacency on HR size in super-rangers, as adjacency 

was not retained in the final model.  
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Figure 7.7 Boxplot of home range size (km2) in super-rangers from social group non-

adjacent and adjacent to the roadworks. Grey dots represent mean values and open 

circles outliers. 

 

 

7.4 DISCUSSION  

7.4.1 Brief summary of results  

• On average, SRs had a home range of 3.1km2 and travelled 1.4km a night. 

• SRs of all ages had similar NDs, but younger adults had larger HRs than other age cohorts.  

• Seasonal variation was evident in ND with a long peak from March to August and a low in 

winter. 

• Seasonal variation was less evident in HR size, but SRs had smaller HRs in winter.  

• The ranging behaviour of SRs appeared unaffected by the process of road building or their 

adjacency to the roadworks.  

 

7.4.2 Seasonality  

Seasonal variation in ranging was less pronounced in SRs’ than in TRs (Chapter 6). While some degree 

of seasonality was evident in ND travelled in SRs, a pattern was much less obvious in HR size, except 

for a decline in winter that is consistent with winter lethargy (Fowler and Racey 1988). ND travelled 

was consistently greater than 1.5km for SRs between March and August. ND for SRs only fell below 

1km in November and December. Similarly, HR size in SRs was over 3km2 in all months except for 

winter months. It is likely that, in order to maintain such large territories, SRs cannot afford to 

decrease their ranging activity very much, even in winter. In our study area, we saw that when a 
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dominant male died, it took less than a week for neighbouring males to notice this and attempt to 

occupy this “vacant” territory. Presumably, the lack of scent marking at latrines by that male became 

noticeable within that timeframe. Unlike seasonal patterns in scent marking discussed elsewhere 

(Roper et al. 1993), SRs probably need to maintain scent marking of latrines within their enlarged 

ranges throughout the year. This behaviour is reflected in the seasonal pattern of both ND and HR 

size. The slight decrease in ranging activity during winter months probably indicates that TRs have 

entered winter lethargy. This means that SRs can get away with reduced patrolling at this time. 

Observational studies and latrine surveys would help to confirm this hypothesis.  

 

7.4.3 Sex and age 

No females were identified as super-rangers in our population during the course of the study. We 

believe that super-ranging is most likely to be an alternative male ranging strategy for maximising 

mating opportunities, although further study is required to confirm this hypothesis (Chapter 4). 

While, there was no difference in the mean ND of different age cohorts, there was a difference in 

their mean HR size. On average, younger adult SRs maintained larger territories than older adult or 

aged adult males. While the mean age of SRs in this study was 3 years old, no yearlings were recorded 

as super-rangers, meaning that the young adult category contained only 2-year old SRs. This age 

effect may be a reflection of the physiological stresses involved in maintaining a super-range, in that 

younger fitter SRs may be physically able to maintain larger ranges than older SRs. The oldest SR, Roy 

(estimated to be 5 years of age) had a mean HR size of 2km2, while the mean for all SRs was 3.1km2. 

Further, the SRs with the longest-held super-ranges (Billy and Ray, Table 4.2) accumulated many 

scars from bite-wounds over time, and their super-ranges eventually contracted in size (Chapter 4). 

Taken together, this suggests that maintaining a super-range is costly, and the cost may accumulate 

or become more demanding with advancing age. 

 

7.4.4 Roadworks 

The roadworks did not appear to have an effect on the ranging behaviour of SRs as neither roadworks 

phase nor adjacency to the road, either independently or in interaction with one another, were 

included in the models that best predicted ND and HR size in SRs. The values for ND and HR size both 

during and after the roadworks were no different from values before the roadworks. While the 

N11/M11 road acted as a territory boundary for all of the social groups adjacent to it, it did not act 

as a barrier for SRs. Indeed, four (33%) of the SRs’ territories spanned this structure. While there 

were no SRs in the immediate vicinity of the road during the roadworks, three SRs - Dave, Douglas 

and Roy - had super-ranges that spanned the N11 in advance of the roadworks, and one, Boru, had 
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a super-range that spanned the M11/N11 after completion of the roadworks. Boru crossed the M11 

using underpasses that emerged onto the N11. While the N11/M11 may not have acted as a barrier 

to super-ranging, crossing it was clearly a risky strategy, as all four of these SRs died in RTAs on the 

N11.  

 

 

7.4.5 Super-rangers are different 

 

These data provide further evidence that super-ranging is a distinct ranging strategy among male 

badgers. While Chapter 4 focussed on the summer home ranges of badgers, the analyses in this 

chapter encompassed every month in each year of the study. The results demonstrate that SRs 

maintain their large HRs throughout the year, and that increased ranging is reflected in the nightly 

distances they travel. The mean ND for SRs was 1.4km and nearly half of their NDs were greater than 

1.3km. This suggests that SRs regularly cover distances that would take them into more than one 

social group’s territory in a night. By comparison, TRs had a mean ND of 835m and only 20% of 

journeys were greater than 1.3km (Chapter 6). These data give further weight to the implications for 

disease dynamics outlined in Chapter 4 and will be discussed further in Chapter 9. 
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CHAPTER 8 

DISPERSAL PATTERNS IN N11 BADGERS: 

DO DISPERSING BADGERS FOLLOW DIVERSIONS? 

 

 

8.1 INTRODUCTION  

Dispersal can be defined in different ways – from birth site to breeding site, between successive 

breeding sites or a permanent movement regardless of subsequent reproductive success 

(Greenwood 1980). Here I define dispersal as the permanent, one-way movement of a badger from 

one social group’s territory to another social group’s territory. It is not dependent on subsequent 

reproductive success, and the original social group may not necessarily be the natal group. In 

mammals, dispersal tends to be male-biased coupled with female philopatry (Greenwood 1980). 

Badgers are a philopatric species where the majority of individuals never permanently leave their 

natal social group and groups are formed by the retention of both sexes (Woodroffe et al. 1995; 

Frantz et al. 2010a). Although some dispersal does occur, because of the rarity of it being recorded, 

little is known about the triggers for and mechanisms underlying dispersal in badgers (Roper 2010; 

Byrne et al. 2012a). Different patterns of dispersal have been reported in different studies. In some 

studies, dispersal was reported to be male-biased (Kruuk and Parish 1987; Cheeseman et al. 1988a), 

in others female-biased (Woodroffe et al. 1995), while some found no sex-bias (Macdonald et al. 

2008).  

There is also conflicting evidence of a sex-difference in the distance moved by dispersing badgers. 

Some studies found that females dispersed further away (Christian 1994; Woodroffe et al. 1995; 

Huck et al. 2008). On the other hand, genetic analysis by Pope et al. (2006) found evidence of males 

dispersing further. Cheeseman et al. (1988) reported no sex-difference in the distance moved. A 

comparative study found that the sex-biases in dispersal and distances moved varied across two 

populations with differing densities and ecologies, where badgers moved further away and dispersal 

tended to be female biased at lower densities (Frantz et al. 2010a). In Ireland, a large-scale study on 

long-distance movements using mark-recapture methods found that males moved more frequently, 

but females moved further away (Byrne et al. 2014). However, it was not possible to distinguish 

between extra-territorial excursions and dispersal events using their methodology. Nonetheless, the 

authors concluded that long-distance movements of badgers have been greatly underestimated 

(Byrne et al. 2014). In terms of age of dispersal, studies have reported dispersers to be adults of at 
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least 2 to 3 years of age (Cheeseman et al. 1988a; Woodroffe et al. 1995; Macdonald et al. 2008) 

although cubs have been known to disperse with their mothers (Christian 1994). The process of 

dispersal has been described as lengthy and complex, being defined by exploratory forays and 

gradual movement from one group to another (Roper et al. 2003). 

In this study, approximately 19% of the badgers are known to have dispersed. Some of those badgers 

were wearing collars at the time of dispersal or before and after dispersal, which gave us the 

opportunity to discover more about the dispersal patterns in our population. However, because 

dispersal was generally a relatively quick process in this population (cf. Roper et al. 2003), dispersers 

(DPs) account for the smallest proportion of observations in the datasets - 3% of observations in the 

nightly distance dataset, 3% of the home range size dataset, 11% of the extra-territorial excursion 

distance dataset and 5% of the frequency of extra-territorial excursions dataset. It should be noted 

that home range size estimates (based on 95% MCPs) for DPs do not reflect the classical definition 

of the term ‘home range’ as the area traversed by an animal in its ‘normal activities’ of foraging, 

mating and rearing young (Burt 1943). Dispersing badgers make many exploratory forays (Roper et 

al. 2003) in the form of additional ETEs which are so frequent that they are not excluded by 95% 

MCPs. Therefore, in this chapter, HR data serve to highlight the unusual ranging behaviour associated 

with dispersal.  

 

8.1.1 Scope of this chapter 

 

In this chapter I briefly describe the patterns of dispersal observed in this study. I seek to identify any 

patterns of sex-bias or age-bias in dispersal and how far dispersers (DPs) move both in terms of 

straight-line distance and the number of social groups crossed. I then examine the degree to which 

the N11/M11 road upgrade affected dispersal, through analysis of nightly distance (ND) moved, 

home range (HR) size, and the distance and frequency of extra-territorial excursions (ETEs). Given 

that badgers are largely philopatric, I hypothesise that when the motivation to disperse is triggered, 

it will override any potentially disruptive effects of roadworks, so that there will be no significant 

effect of roadworks on the ranging behaviour of DPs. These data will enhance both our 

understanding of the movement ecology of dispersing badgers and of any perturbation effects 

associated with environmental disturbance. 
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8.2 METHODOLOGY  

8.2.1 GPS Data management 

8.2.1.1 Patterns of dispersal 

Dispersers were defined as those badgers which had moved permanently from one social group to 

another. In all but three cases they were identified using GPS and/or trapping records. Where we 

had GPS records, dispersal maps were made in ArcView (ArcGIS 10.4.1) of badgers GPS locations 

before, during and after dispersal (Appendix 8.2). Where a badger was not wearing a collar during 

dispersal, maps were made of before and after periods only. Exploratory forays were captured for 

two badgers, but their dispersal events were missed. Maps of these forays are also included in 

Appendix 8.2. Trajectory maps, which show the sequence of GPS locations, were made for a sample 

of dispersal events using the Point to Line geoprocessing tool in ArcMap (Appendix 8.18). The 

difference in size between the new and old social group ranges were calculated, based on the area 

of geographic social group boundaries (Appendix 5.1). Area and XY coordinates of centroids were 

extracted using Calculate Geometry tools in ArcMap. The centroids were used to estimate the 

distance moved by dispersers. The number of social groups crossed was calculated by counting the 

number of social groups that lay in a straight line between the new and old ranges. If a badger moved 

to an adjacent social group, this was recorded as zero (no social groups crossed). Some badgers 

dispersed outside the study area, so the number of social groups crossed was unknown. In these 

circumstances, the straight-line distance between the centroid of their natal group’s territory and 

the centroid of the polygon encompassing their GPS locations in their new area was calculated, and 

divided by 1313m, i.e. the mean distance between main setts in the study area.  This process resulted 

in 25 records of dispersal, including two suspected immigrants into the study area, and three 

dispersal events that were inferred through genetic analysis (Appendix 8.1).  

 

8.2.1.2. Ranging behaviour and the impact of the road 

Details for how the nightly distance, home range and extra-territorial excursion datasets were 

generated are given in Chapter 5. In keeping with Chapters 5-7, age cohorts were defined as follows: 

young adult (yearling or 2 years old); older adult (3 or 4 years old) and aged adult (>4 years old). No 

cubs were found to have dispersed. The timing of the roadworks was split into three phases: before 

(April 2010-December 2013); during (January 2014 – June 2015); after (July 2015 – August 2016). 

This process resulted in 665 records of ND, 35 estimates of HR, 485 records of ETE distance and 34 

records of ETE frequency for DPs.   
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8.2.2 Statistical analyses  

8.2.2.1 Dispersal patterns 

Because the sample size of individual DPs was so small (N = 25) and the assumptions of normality 

and homogeneity of variance were not met, the most appropriate approach to investigate patterns 

of dispersal in the study population was to use Pearson’s chi-square tests or Fisher’s exact tests for 

count data. To test for a difference between the sexes in tendency to disperse, all badgers trapped 

within the study area were categorised as either dispersers or non-dispersers, and as male or female. 

A contingency table was created and a Pearson’s chi-square test performed. To investigate patterns 

within DPs, the data for the number of social groups crossed were binned into a two-level categorical 

variables (next door; further away), hereafter called “destination”. Neither cubs, nor badgers older 

than 5 years of age, were observed dispersing during the course of the study. Accordingly, for 

analysis of dispersal patterns, age cohorts were re-defined as follows: yearlings; young adult (2 or 3 

years old) and older adult (4 or 5 years old). Contingency tables were created for sex and destination, 

for age cohort and destination, and for sex and age cohort. I used Fisher’s exact tests rather than 

Pearson’s chi-square tests because one or more of the expected frequencies in the contingency 

tables were <5. I attempted to run a binomial GLM with an interaction between sex and age cohort. 

However, this was inappropriate as there were two cases of singularity, i.e. where there was only 

one observation in an interaction group. Singularities prevent the calculation of coefficients and the 

performance of post hoc tests. Statistical analysis was carried out in R (Version 3.4.0). 

 

8.2.2.2 Ranging behaviour and the impact of the road  

For the analyses of ranging behaviour, sample sizes were larger due to the existence of multiple 

observations from each DP. This allowed the use of GLMMs. Details for how the statistical analyses 

were performed are given in Chapter 5. GLMMs were conducted in R (Version 3.4.0) using the lmer 

function from the package lme4 (Bates et al. 2015). Sex, age cohort, month, roadwork phase and 

adjacency to roadworks were included as fixed factors in the full models. Age cohort reverted to the 

previously used system (Chapters 5 -7) to ensure consistency with TR and SR analyses. As no cubs 

were recorded dispersing, age cohort became a three-level factor: young adult; older adult and aged 

adult). Interactions between sex and age cohort, and between roadworks and adjacency, were 

included. An interaction between sex and month in investigation of ND was also included to 

investigate whether different sexes dispersed at different times of the year. Badger ID (nested within 

social group) and year were included as random factors. Table 8.1 outlines the data transformations 

and distribution families specified in each analysis. 
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Table 8.1 Data transformation and distribution families specified in disperser GLMMs.  

Response Variable Transformation Distribution family 

ND (m) BoxCox (lambda = 0.222) Gaussian 

HR (km2) BoxCox (lambda = 0.263) Gaussian 

ETE (m) None  Gamma (log) 

fETE (success, failures) None Binomial (logit) 

 

 

For each analysis a null model and a full model were generated. Model selection and model validation 

was performed as detailed in Chapter 5. The Anova function from the package car (Fox and Weisberg 

2011) was used to perform Type III Wald chi-square tests, which provided p-values for all of the 

explanatory factors in the GLMM including overall p-values for factors with more than two levels. The 

glht function from the package multcomp (Hothorn et al. 2008) was used to perform Tukey post hoc 

tests for multiple comparisons within levels of factors.  

 

8.3 RESULTS 

8.3.1 General Results 

During the course of the study period, 139 badgers were trapped, 63 males and 76 females. Of these, 

25 badgers were identified as dispersers. Of the dispersal events, 22 were based on GPS and/or 

trapping records and three inferred from genetic evidence (Aoibheann, Jenny, Cem Juv) (Table 8.2). 

Two females (Violet & Ivy) appeared to disperse together, but subsequently divided their new territory 

between them. In addition, two individuals, assumed to be immigrants (Tiger and Oskar), appeared in 

the population as adults having never been trapped in the study area before. Thirteen badgers were 

wearing GPS collars at the time of dispersal or attempted dispersal. Four more wore collars before and 

after the event, but the event itself was missed. Maps outlining the GPS locations of all dispersers 

before and after and, where available, during dispersal are illustrated in Appendix 8.2.  

The process of dispersal spanned a spectrum of complexity and was rarely the same for two badgers. 

Dispersal ranged from being an over-night event with no previous exploratory forays, e.g. Dave (Figs. 

8.6a-d in Appendix 8.2), to a protracted process wherein the badger would make ETEs in a single night, 

then extend these to multiple nights, gradually shifting the proportion of time spent in each territory 

from its natal group to its new group until finally it ceased to return home, e.g. Kevin (Figs. 8.8a-e in 

Appendix 8.2). Many of the dispersal events that resulted in long-distance moves were characterised 

by ETEs that spanned two or more nights, e.g. Buster, Muffin, Michelle, Tiffin. For example, one 
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individual, Lea, covered 17km in an ETE that spanned two nights. Some badgers never returned to their 

natal group for visits once dispersed. Others made occasional visits to their natal group after dispersal. 

We observed one extreme example of a female, Olivia, who ranged widely covering 250km in six 

months before settling in a social group located only 1.5km away from her natal group. Maps of 

dispersal trajectories for a sample of badgers that were wearing GPS collars during dispersal can be 

found in Appendix 8.18: Figs. 8.20 to 8.24. 

In this population, 18% of females (14/76) and 21% of males (13/63) dispersed. There was no 

difference between the sexes in terms of tendency to disperse (Pearson’s chi-square, χ2 = 0.01279, 

df = 1, p-value = 0.91). 56% of DPs were female (N = 14) and 44% were male (N = 13) (Table 8.2). In 

relation to age, 24% of DPs were yearlings (N = 6), 60% were young adults (2 or 3 years old, N = 15) 

and 16% were older adults (4 or 5 years old, N = 4) (Table 8.2). No badgers were observed dispersing 

in 2010. The mean distance a badger moved was 2.3km (median 1.4km, SD ± 2.3km) away from its 

natal group. The maximum straight-line distance a badger dispersed was 10.5km and the minimum 

was 756m.  

Of the badgers that were wearing GPS collars (N = 13) at the time of dispersal, or attempted dispersal, 

10 (77%) began dispersing in either January or February. Where we have the data (N = 19), the 

majority (63%) of badgers moved to larger social groups (mean territory size increase 0.75km2), but 

37% moved to smaller social groups (Table 8.2). The mean number of social groups crossed was 1 

(SD ± 1.8, median = 0) and the maximum number crossed was 7. The majority of DPs moved to 

adjacent social groups (64%, N = 16). Summary statistics for distance moved and number of social 

groups crossed are outlined in Tables 8.3 and 8.4, respectively. 
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Table 8.2 Details of all badgers in the study area that dispersed during the course of the study. 

Name Sex 

Natal 

Group 

Original 

Group 

Year of 

Dispersal Age 

Distance 

(m) 

Area 

Change 

(km2) 

No. SGs 

Crossed 

Aoibheann*** F Ballad Quarry 2014 1 3097 0.63 3 

Arthur M BB Woods Ballad 2011 2 777 -0.27 0 

Berry** F Oak DR 2016 5 1166 0.19 0 

Bluebell* F BB Woods Cemetery 2012 3 756 -0.16 0 

Bramble*** F BB Woods Cemetery 2017 2 1428 -0.73 0 

Buster ¥ M Oak North 2013 2 4660 NA 3 

Carla* F Cemetery Briars 2011 4 1268 0.51 0 

Cem Juv *** M Sycamore Cemetery 2011 1 1444 0.57 0 

Dave M Oak Bracken 2013 2 1468 0.87 0 

Debbie* F Pines Bracken 2013 5 2060 0.26 3 

George* M Cemetery Bracken 2011 3 1857 1.4 0 

Ivy * F Big Tree The Lodge 2012 2 1177 1.71 0 

Jenny *** F Oak Orchard NA NA 1612 -0.38 1 

JJ ** M Cemetery Ballad 2016 1 1428 0.6 0 

Kenny M Oak Quarry 2015 4 1243 0.42 0 

Kevin ¥ M Orchard DR 2015 2 1095 0.16 0 

Lea ¥ F Cemetery North 2016 1 7609 NA 5 

Michelle F Sycamore South 2013 2 4150 NA 2 

Muffin  F Oak South 2015 1 10544 NA 7 

Olivia  F Ballad DR 2015 2 1520 -0.8 1 

Oskar ¥ & ¥¥ M Immigrant Bracken 2016 OA NA NA NA 

Ray * M BB Woods SR  NA NA 1089 NA 0 

Scott **  M The Lodge The Lane 2016 3 1130 NA 0 

Tiffin F Ballad Oak 2016 1 2160 -0.57 1 

Tiger ¥¥ M Immigrant DR 2015 YA NA NA NA 

Tyson M Ballad Bracken 2011 3 777 -0.32 0 

Violet F Big Tree The Lodge 2012 2 1177 1.71 0 

 

*  Badgers not wearing GPS collars during dispersal, but collared before & after 

**  Dispersal inferred from trapping data  

***  Dispersal inferred from genetic data 

¥    Exploratory forays only recorded by GPS collar or badger died during the process of dispersal 

¥ ¥  Immigrant, location of natal group unknown, excluded from analyses unless otherwise stated 
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Table 8.3 Summary statistics for distanced moved (km) by dispersers. Distance moved, 

measured as distance between centroids of natal and new social groups. Where new social 

group boundaries were unknown, distance was estimated based on centroid of GPS records 

of the dispersed badger.  

Group Mean (km) SD ± Max Min No. obvs. 

All badgers 2.3 2.3 10.5 0.8 25 

All yearlings 4.4 3.8 10.5 1.4 6 

All younger adults 1.6 1.2 4.7 0.8 15 

All older adults 1.4 0.4 2.1 1.2 4 

All females (♀) 2.8 2.8 10.5 0.8 14 

All ♀ yearlings 5.9 3.9 10.5 2.2 4 

All ♀ younger adults 1.7 1.1 4.2 0.8 7 

All ♀ older adults 1.5 0.5 2.1 1.2 3 

All males (♂) 1.5 1.1 4.7 0.8 11 

All ♂ yearlings 1.4 0.0 1.4 1.4 2 

All ♂ younger adults 1.6 1.3 4.7 0.8 8 

All ♂  older adults 1.2 NA 1.2 1.2 1 

 

Table 8.4 Summary statistics for number of social groups crossed by dispersers. Zero indicates 

move to adjacent social group. Where new group boundaries were unknown, the number was 

extrapolated based on mean distance between main setts within study area (1313m). 

Group Mean SD ± Max  Min  N obvs 

all badgers 1 1.8 7 0 25 

all yearlings 2.7 2.9 7 0 6 

all younger adults 0.5 0.9 3 0 15 

all older adults 0.8 1.5 3 0 4 

all females (♀) 1.6 2.2 7 0 14 

all ♀ yearlings 4 2.6 7 1 4 

all ♀ younger adults 0.6 0.8 2 0 7 

all ♀ older adults 1 1.7 3 0 3 

all males (♂) 0.3 0.9 3 0 11 

all ♂ yearlings 0 0 0 0 2 

all ♂ younger adults 0.4 1.1 3 0 8 

all ♂ older adults 0 NA 0 0 1 
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8.3.2 Dispersal patterns  

8.3.2.1 Is there a sex-bias in how far dispersers go? 

More females moved to social groups further away than to social groups next door compared to 

males (Fisher’s exact test, p<0.05) (Fig. 8.1, Table 8.5). Female DPs were equally likely to move next 

door (57%, N = 8) as to move at least one social group away from their natal group (43%, N = 6). 

However, male DPs were much more likely to move next door 91% (N = 10) than to move further 

away (9%, N = 1). 

 

 

 

Figure 8.1 Barplot of dispersal distance for female (grey bars) and male (black 

bars) badgers.  

 

Table 8.5 Contingency table of dispersal distances for female and male badgers. Percentages are in 

brackets. 

 Next door Further away  

Female 6 (43%) 8 (57%) 

Male 10 (91%) 1 (9%) 
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8.3.2.2 Is there an age-bias in how far dispersers go? 

 

Our data suggested that yearlings (4/6 = 66%) were the most likely to move further away from home, 

and that the tendency to move further away decreased with age (Fig. 8.2, Table 8.6), although there 

was no significant difference found between the age cohorts (Fisher’s exact test, two-sided, p 

=0.263).  

 

 

 

Figure 8.2 Barplot of dispersal distance by age cohort. Next door is 

represented in light grey bars and further away is in black bars.  

 

 

Table 8.6 Contingency table of dispersal distance by age cohort. Percentages in brackets.  

 Next door Further away  

Yearling 2 (33%) 4 (67%) 

Young adult 11 (73%) 4 (26%) 

Older adult  3 (75%) 1 (25%) 
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8.3.2.3 Is there a sex-bias in the age of dispersal? 

 

Younger adults were the most frequent cohort to disperse and older adults were the least frequent 

in both sexes. While males appeared most likely to disperse as young adults and females appeared 

likely to disperse at any age (Fig. 22, Table 8.7), the difference between the sexes was not significant 

(Fisher’s exact test, two-sided, p = 0.62).  

 

 

 

 

Figure 8.3 Barplot of dispersal behaviour across the sexes. Within each sex, 

yearlings are represented by light grey bars, young adults by dark grey bars 

and older adults by black bars.  

 

Table 8.7 Contingency table of dispersal behaviour across age cohorts. Percentages in brackets. 

 Yearling Younger adult Older adult 

Female 4 (29%)  7 (50%) 3 (21%) 

Male 2 (18%) 8 (73%) 1 (9%) 
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8.3.3 Ranging behaviour in dispersers 

8.3.3.1 Nightly distance travelled by dispersers 

 

Of the badgers that dispersed, or attempted dispersal, while wearing GPS collars, the nightly distance 

dataset contained 665 observations from 14 individuals. No resident, collared badgers dispersed 

during August or September of any year. The presumed immigrant badger, Oskar, was collared in 

June 2016 so is included here as a disperser. On average, DPs travelled 1014m a night, with the 

maximum distance travelled in a single night of 9.4km. The majority of NDs (95th percentile) were 

below 3.2km. The summary statistics for NDs of the various groups within DP badgers are outlined 

in Table 8.8.  

 

Table 8.8 Summary statistics for nightly distance travelled by dispersing badgers. ND (m) means, SDs, 

maxima, 95th percentiles and number of observations (No. obvs.) for the different sexes and age 

cohorts, and for all DP badgers before, during and after the roadworks.   

Group Mean ND (m) SD ± Max (m) 95th percentile No. obvs. 

All DPs 1013.8 1113.9 9387.5 3161.1 665 

DP males 1079.6 907.7 6298.8 2814.3 316 

DP females 954.1 1270.6 9387.5 3526.3 349 

DP young adults 1064.7 1212.6 9387.5 3293.6 467 

DP older adults 893.7 826.9 4246.1 2655.0 198 

DP before roadworks 923.2 975.6 6298.8 3018.8 177 

DP during roadworks 1032.4 941.3 5218.5 2849.9 281 

DP after roadworks 1065.9 1404.2 9387.5 3959.5 207 

 

 

Appendix 8.3 outlines the components of the null, full and final models for DPs. Appendix 8.4 outlines 

the results of the model selection process leading to the choice of the components remaining in the 

top model selected for final analysis based on its lower AICc value and higher relative weight. The 

final model included month, roadworks phase and a sex: age cohort interaction as fixed factors, and 

badger ID (nested within social group) as random factors. Marginal R2 and conditional R2 values for 

the final model were 0.17 and 0.17 respectively. The over-dispersion ratio for the final model was 

0.05. The results of the final model are presented in Appendix 8.5. The results are summarised in 
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Table 8.9. Wald post hoc chi-square tests provided a single overall p-value for multi-level factors. 

Both sex and age cohort were involved in an interaction.  

 

Table 8.9 Disperser nightly distance GLMM results (Type III Wald 

chi-square tests). 

 
Chi-square df Pr(>Chisq) 

(Intercept) 752.908 1 <2.2e-16 *** 

age cohort 10.6990 1 0.001072 ** 

sex 7.6359 1 0.005722 ** 

month 74.4184 10 6.174E-12 *** 

roadworks 5.5568 2 0.062138 . 

age cohort: sex 5.3012 1 0.02131 * 

 

 

8.3.3.1.1 Sex & age cohort 

On average, male DPs travelled further (1079m, SD ± 907.7m, N = 349) than female DPs (954m, SD 

± 1270.6m, N = 316) per night. Despite the mean ND being longer for males, the longest ND recorded 

was by a female (9.4km). The longest ND recorded for a male was 6.3km. On average, young adults 

travelled further at night (mean 1065m, SD ± 1212.6m, N = 467) than older adults (mean 893m, SD 

± 826.9m, N = 198).   

 

The final model retained a significant interaction between sex and age cohort (Wald chi-square, χ2 = 

7.53, df = 1, p<0.01, Fig. 8.4). On average, male dispersers had significantly higher NDs than female 

dispersers of the same age cohort (younger adults: p<0.05; older adults: p<0.01). There was no 

significant difference between NDs of younger adult male DPs (mean 1294m, SD ± 975.6, N=128) 

older adult male DPs (mean 933.3m, SD ± 829.7, N=188) (p=0.22). Conversely, older adult female 

DPs had significantly shorter NDs (147m, SD117.3, N=10) than younger adult female DPs (978m, SD 

± 1281.4, N=339) (p<0.05). The full results of the Tukey post hoc comparisons are provided in Table 

8.10. 
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Figure 8.4 Interaction plot of mean nightly distance travelled (m) for male and 

female dispersers of each age cohort. Black circles represent females, grey 

triangles represent males. Whiskers are 95% confidence intervals.  

 

 

Table 8.10 Disperser nightly distance sex: age cohort interaction post hoc results. Results of Tukey 

post hoc tests for multiple comparisons of means for the age: cohort interaction in DPs. 

Comparison Estimate Std. Error z. value Pr(>|z|) 

Older adult female-Younger adult female -0.25860 0.08870 -2.915 0.01620   * 

Younger adult male-Younger adult female 0.12494 0.04089 3.056 0.01044   * 

Older adult male-Younger adult female 0.04287 0.03738 1.147 0.64260 

Younger adult male-Older adult female 0.38354 0.09156 4.189 < 0.001    *** 

Older adult male-Older adult female 0.30146 0.09005 3.348 0.00435   ** 

Older adult male-Younger adult male -0.08208 0.04373 -1.877 0.22127 

 

 

8.3.3.1.2 Roadworks: phase and adjacency  

The mean ND travelled by dispersing badgers increased from 923m (SD ± 975m, N = 177) before the 

roadworks, to 1032m (SD ± 941.3, N = 281) during, with a further slight increase again (1066, SD ± 

1404.2, N = 207) after the roadworks. However, the differences were not statistically significant 

(Wald chi-square, χ2 = 5.56, df = 1, p=0.0621, Fig. 8.5a). The yearly average ND, i.e. the average value 

for a whole year, before the roadworks varied from 378m to 1196m.  
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a)           b)  

Figure 8.5 Boxplots of disperser nightly distances in relation to a) roadworks phase and b) social groups 

non-adjacent and adjacent to the roadworks. Distances (km) have been BoxCox transformed (lambda 

= 0. 22) to normalise the data. Grey dots represent mean values and open circles outliers.  

 

Adjacency to the road was not retained in the final model as a predictor of ND for dispersing badgers, 

either independently or in interaction with roadwork phase. The mean ND of DPs originating from 

social groups adjacent to the road was 1061m (SD ± 1206.7, N = 393), while mean ND of DPs 

originating from non-adjacent social groups was 946m (SD ± 962.4, N = 272) (Fig. 8.5a). Adjacency to 

the road did not influence the ND of DPs, as it was not retained in the final model.  

 

8.3.3.1.3 Seasonal pattern  

Season was a useful predictor of ND for DP badgers, as it was retained in the final model (Wald chi-

square, χ2 = 74.42, df = 10, p<0.001). While no resident badgers dispersed during August or 

September, the immigrant badger, Oskar, was wearing a collar from June to August 2016 and his 

data are included here. A seasonal pattern in ND is somewhat evident for dispersing badgers (Fig. 

8.6). Dispersers’ mean NDs were highest in June (1586m) and smallest in August (215m) (Table 8.11). 

After August, mean ND was smallest in November (416m) (Table 8.11). However, Tukey post hoc 

tests found few differences between comparison months. Badgers had significantly larger NDs in 

May compared to other months except April and June, suggesting a peak in ND around this time. 

NDs were significantly smaller in August than many other months. Post hoc comparisons for calendar 

months can be found in Appendix 8.6.  
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Figure 8.6 Boxplot of nightly distance travelled by dispersers for each month of the year. Distances 

(km) have been BoxCox transformed (lambda = 0.22) to normalise the data. No resident badgers 

dispersed in August or September. A transient individual (Oskar) was wearing a collar during August 

2016 and his data are included here.  

 

 

Table 8.11 Summary statistics for nightly distance travelled by dispersers for each month. Mean and 

median distance (m), standard deviation (SD) and number of observations (No. obvs.) for each 

month. A transient individual (Oskar) was wearing a collar during August 2016 and his data are 

included here.  

Month Mean ND (m) Median ND (m) SD ± No. obvs. 

Jan 720.3 393.9 833.6 84 

Feb 899.5 623.7 986.3 106 

Mar 1066.2 607.8 1434.7 91 

Apr 1150.7 806.8 1213.1 107 

May 1420 1180.5 1170.2 90 

Jun 1586.2 1345.7 1390.9 53 

Jul 865.8 878 590.5 66 

Aug 214.6 157.9 253.5 19 

Sep NA NA NA 0 

Oct 589.1 558.9 442.7 27 

Nov 416.4 360.3 308.1 18 

Dec 426 252.2 433.7 4 
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8.3.3.1.4 A sex difference in the timing of dispersal? 

An interaction between sex and month was included in the full model to investigate whether female 

and male badgers differed in their dispersal activity across the year. There was no evidence for this, 

as the interaction was not retained as a predictor of ND of DPs in the final model.  

 

8.3.3.2 Home range size in dispersers 

There were 35 observations of HR size from 14 individual DPs. The summary statistics for HR size of 

the various cohorts within DPs are outlined in Table 8.12. On average, DPs had a monthly home range 

size of 3.9 km2, with the maximum home range size of 15.5km2 and a minimum of 7000m2.  

 

Table 8.12 Summary statistics for home range size in dispersers. HR (km2) means, SDs, maxima, 

minima and number of observations for the different sexes and age cohorts, and for all DP 

badgers before, during and after the roadworks. Note: 0.007km2 = 7000m2. 

Group Mean HR (km2) SD ± Max (km2) Min (km2) No. obvs. 

All DPs 3.9 4.3 15.5 0.007 35 

Male DPs 2.3 1.9 8.2 0.8 13 

Female DPs 4.9 5.0 15.5 0.007 22 

Young adult DPs 4.6 4.7 15.5 0.1 27 

Older adult DPs 1.6 0.9 2.6 0.007 8 

DPs before 2.6 3.1 10.5 0.007 13 

DPs during 5.1 5.2 15.5 0.1 16 

DPs after 3.6 3.5 10.2 0.3 6 

 

 

Appendix 8.7 outlines the components of the null, full and final models. Appendix 8.8 outlines the 

results of the model selection process leading to the choice of the components remaining in the top 

model for final analysis based on its lower AICc value and higher relative weight. The final model 

included age cohort and adjacency as fixed factors and badger ID (nested within social group) and 

year as random factors. Marginal R2 and conditional R2 values for the final model were 0.20 and 0.20 

respectively. The over-dispersion ratio for the final model was 0.18. The results of the final model 

are presented in Appendix 8.9. The results are summarised in Table 8.13. Wald post hoc chi-square 

tests provided a single overall p-value for multi-level factors. 
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Table 8.13 Disperser home range size GLMM results 

(Type III Wald chi-square tests) 

 
Chi-square Df Pr(>Chisq) 

(Intercept) 134.1591 1 >2E-16 *** 

age cohort 5.3702 1 0.02048 * 

adjacent 4.5530 1 0.03286 * 

 

 

8.3.3.2.1 Age cohorts and sex  

Age cohort was retained as a significant predictor of HR size in DPs (Wald chi-square, χ2 = 5.3702, df 

=1, p<0.05) (Fig. 8.7). Young adult DPs (mean 4.62km2, SD ± 4.67km2, N=27) had significantly larger 

HRs than older adult DPs (mean 1.56km2, SD ± 0.92km2, N=8).  

 

 

Figure 8.7 Boxplot of home range size for young and older adult 

dispersers. Grey dots represent mean values.  

 

On average, female dispersers had a HR size of 4.9km2 (SD ± 5.1km2, N=22) and male dispersers had 

a HR size of 2.3km2 (SD ± 1.9km2, N=13), but there was a lot of variation, particularly for female DPs 

(Fig. 8.8). The single outlier for male DPs represents the one male that did not disperse to an adjacent 

social group. There was no evidence of a significant effect of sex on HR size in DPs as it was not 

retained as a predictor in the final model. 

An interaction between sex and age cohort was not retained in the final model.  
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Figure 8.8 Boxplot of home range size in female and male dispersers. 

Grey dots represent mean values and open circles outliers. 

  

8.3.3.2.2 Roadworks: phase and adjacency 

Adjacency was retained as a significant predictor of HR size in dispersers (Wald chi-square, χ2 = 4.553, 

df =1, p<0.05) (Fig. 8.9). The mean HR size of DPs originating from social groups located next to the 

roadworks (4.5km2, SD ± 4.4km2, N=20) was significantly larger than DPs whose social groups were 

not adjacent to the roadworks (3.2km2, SD ± 4.3km2, N=15).  

 

 

Figure 8.9 Boxplot of home range size (km2) of dispersers originating 

from social group non-adjacent and adjacent to the roadworks. Grey 

dots represent mean values and open circles outliers. 
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Roadworks phase was not retained as a significant predictor of HR size in DPs. Fig. 8.10 illustrates 

the home range sizes of DPs before, during and after the roadworks. On average, HR size in dispersing 

badgers was greater during the roadworks (5.1km2, SD ± 3.15km2, N=13) than either before (2.6km2, 

SD ± 3.1km2, N=13) or after (3.6km2, SD ± 3.5km2, N=6) the roadworks. The large SD values indicate 

that there was a lot of variation around these means. Further, the yearly average HR for DPs, i.e. the 

average value for a whole year, before the roadworks varied from 0.7km2 to 4.6km2.  

 

 

Figure 8.10 Boxplot of home range size (km2) of dispersers before, during and 

after the roadworks. Grey dots represent mean values and open circles 

outliers. 

 

An interaction between roadworks phase and adjacency was not retained in the final model.  

 

8.3.3.2.3 Seasonal pattern 

There was no evidence for a seasonal pattern in home range size as month was not retained in the 

final model as a significant predictor of HR size in dispersers. While the statistical significance of 

differences in monthly HR size could not be established, the largest mean and median values were 

recorded in March and April, with the majority of observations recorded in the first half of the year 

(Fig. 8.11, Table 8.14). Only two of the 14 individuals dispersed during the second half of the year. 

No collared badgers from within the study area were observed dispersing August or September. 

However, several badgers that dispersed during the study were not wearing collars at the time, and 

we cannot rule out the possibility that they dispersed in the second half of the year.  
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Figure 8.11 Boxplot of home range size (km2) of dispersers for each month of the year. No 

resident badgers dispersed in September or October. Grey dots represent mean values and 

open circles outliers.  

 

Table 8.14 Summary statistics for home range size of dispersers for each month. 

Mean and median (km2), standard deviation (SD) and number of observations 

(No. obvs.) for each month. Maxima and minima are highlighted in bold.  

Month Mean HR  (km2) Median HR  (km2) SD ± No. obvs. 

Jan 3.7 2.6 4.0 5 

Feb 2.2 2.4 1.1 8 

Mar 7.7 7.1 7.3 4 

Apr 7.3 8.5 4.9 6 

May 3.3 2.5 3.4 4 

Jun 4.1 4.1 5.7 2 

Jul 0.7 0.7 0.5 2 

Aug NA NA NA NA 

Sep NA NA NA NA 

Oct 1.1 1.1 0.5 2 

Nov 1.4 1.4 NA 1 

Dec 0.2 0.2 NA 1 
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8.3.3.3 Distance of extra-territorial excursions 

The DP dataset contained 485 observations of ETE distance from 13 individuals. The summary 

statistics for ETE (m) of the various groups within DP badgers are outlined in Table 8.15. On average, 

the length of DPs’ ETEs was 1.3km, with a maximum distance of 9.6km. The majority of ETEs were 

less than 5.4km in length.  

 

Table 8.15 Summary statistics for extra-territorial excursion distance (m) in dispersers. 

Mean, SD, maxima, 95% percentiles and the number of observations (No. obvs.) for the 

different sexes and age cohorts, and for all DPs before, during and after the roadworks.   

Group Mean  

ETE (m) 

SD ± Max ETE 

(m) 

95th 

Percentile 

No. obvs. 

All DPs 1331.7 1788.3 9623.9 5426.5 485 

DP males 698.3 856.0 4544.2 1944.8 236 

DP females 1932.1 2191.6 9623.9 6947.8 249 

DP young adults 1688.7 1968.2 9623.9 5906.7 349 

DP older adults 415.7 552.5 1975.7 1721.9 136 

DPs before roadworks 1264.1 1279.9 5905.1 4335.8 162 

DPs during roadworks 1385.5 1877.6 9623.9 5851.7 220 

DPs after roadworks 1323.2 2237.6 9509.3 6420.1 103 

 

 

Appendix 8.10 outlines the components of the null, full and final models. Appendix 8.11 outlines the 

results of the model selection process leading to the choice of the components remaining in the top 

model for final analysis based on its lower AICc value and higher relative weight. Specifying the error 

distribution as ‘Gamma (log)’ in the GLMM resulted in the model with the best fit. The final model 

included sex, adjacency and month as fixed factors and badger ID (nested within social group), and 

year as random factors. The results of the final model are presented in Appendix 8.12. The results 

are summarised in Table 8.16. Wald post hoc chi-square tests provided a single overall p-value for 

multi-level factors. Marginal R2 and conditional R2 values for the final model were 0.29 and 0.60 

respectively (Nakagawa et al. 2017). The over-dispersion ratio for the final model was 0.63.  
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Table 8.16 Disperser extra-territorial excursion distance GLMM results 

(Type III Wald chi-square tests). 

 
Chi-square df Pr(>Chisq) 

(Intercept) 261.8134 1 <2e-16 *** 

sex 6.2616 1 0.01234 * 

adjacent 1.8111 1 0.17838  

month 187.5533 9 <2e-16 *** 

 

 

8.3.3.3.1 Sex & age cohort 

Female DPs made significantly longer excursions beyond their natal territory boundaries (mean 

1932m, SD ± 2191.6m, N = 249) than male DPs (mean 698m, SD ± 856m, N=236) (Wald chi-square, 

χ2 = 6.26, df =1, p<0.05, Fig. 8.12).  

 

 

Figure 8.12 Boxplots of extra-territorial excursion distance (m) for 

males and female dispersers. Grey dots represent mean values and 

open circles outliers. 

 

On average, young adult DPs made longer ETEs (mean 1689m, SD ± 1968.2m, N =349) than aged 

adult DPs (mean 415m, SD ± 552.5m, N =136, Fig. ETE7) (Fig. 8.13). There was no evidence of a 

significant effect of age on ETE distance, as age cohort was not retained in the final model. 
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Figure 8.13 Boxplots of extra-territorial excursion distance (m) for 

different age cohorts in dispersers. Grey dots represent mean values 

and open circles outliers. 

 

8.3.3.3.2 Roadworks: phase and adjacency 

Adjacency to the road was retained in the final model for DP badgers. Badgers that were dispersing 

from social groups adjacent to the road made apparently longer ETEs (mean 1599, SD ± 2172m, N = 

223) than badgers dispersing from non-adjacent social groups (mean 1105m, SD ± 1343.9m, N = 262) 

(Fig. 8.14). However, this difference was not significant (Wald chi-square, χ2 = 1.8111, df = 1, p = 0. 

178) 

 

Figure 8.14 Boxplot of extra-territorial excursion distance (m) for badgers dispersing from 

social groups not adjacent and adjacent to the roadworks. Grey dots represent mean 

values and open circles outliers.  
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There was no evidence that the roadworks had a significant effect on ETE distance in dispersing 

badgers as roadworks phase was not retained as an explanatory term in the final model. The mean 

distance of ETEs by DPs was 1264m (SD ± 1279.9m, N = 162) before the roadworks, 1385m (SD ± 

1877.6, N = 220) during the roadworks and 1323m (SD ± 2237.6m, N = 103) after the roadworks (Fig. 

8.15). The yearly average ETE distance for DPs, i.e. the average value for a whole year, before the 

roadworks ranged from 851m to 2117m. 

 

 

Figure 8.15 Boxplot of extra-territorial excursion distance (m) before, 

during and after the roadworks in dispersers. Grey dots represent 

mean values and open circles outliers.  

 

8.3.3.3.3 Seasonal pattern  

Month was a highly significant predictor of ETE distance in DPs (Wald chi-square, χ2 = 187.55, df =9, 

p<0.001). A pattern is somewhat evident across the year and is illustrated in Fig. 8.16, with largest 

mean ETE distances in April and May, and the majority of observations occurring in the first half of 

the year. The lowest mean ETE distance was recorded in December. No collared badgers from within 

the study area were observed dispersing in August or September. Table 8.17 outlines the mean and 

median ETE distance (m) for each month. Tukey post hoc comparisons report no difference in ETE 

distance between the months from February to May, but these are significantly higher than ETE 

distances in January and June to December, despite the appearance of the graph (Appendix 8.13).  
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Figure 8.16 Boxplot of extra-territorial excursion distance (m) for dispersers for each month 

of the year. Grey dots represent mean values and open circles outliers. No collared badgers 

were observed dispersing in the months of August and September. 

 

Table 8.17 Summary statistics for extra-territorial excursion distance (m) for each 

month in dispersers. Mean (m), standard deviation (SD) and number of observations 

(No. obvs) for each month. Maxima and minima are highlighted in bold.  

Month Mean ETE (m) Median ETE (m) SD ± No. obvs. 

January 1538.8 837.7 1601.5 61 

February 1311.9 691.1 1888.2 103 

March 1742.3 1148.5 2116.5 61 

April 2018.3 831.5 2532.0 72 

May 1072.3 978.9 1018.0 73 

June 1208.3 159.0 1855.7 27 

July 339.3 104.2 890.8 25 

August NA NA NA 0 

September NA NA NA 0 

October 556.8 360.8 490.0 28 

November 956.1 1271.1 662.8 30 

December 326.7 36.2 501.6 5 
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8.3.3.4 Frequency of extra-territorial excursions 

The DP dataset contained 34 observations of ETE frequency from 13 individuals. The summary 

statistics for fETEs of the various groups within DPs are outlined in Table 8.18. On average the mean 

fETE for DPs was 0.53, with a maximum fETE of 1.00 and a minimum of 0.06. This means, on average, 

DPs went on ETEs every second day. However, some DPs went on ETEs every night, while others 

went for ETEs on only two nights in a month.  

 

Table 8.18 Summary statistics for frequency of extra-territorial excursions in dispersers. 

Means, SDs, maxima, minima and number of observations (No. obvs.) for the different 

sexes and age cohorts, and for all DP badgers before, during and after the roadworks.   

Group Mean fETE SD ± Max fETE Min fETE No. obvs. 

All DPs 0.53 0.31 1 0.06 34 

DP males 0.64 0.30 1 0.06 14 

DP females 0.45 0.30 0.94 0.06 20 

DP young adults 0.53 0.34 1 0.06 27 

DP older adults 0.52 0.22 0.84 0.23 7 

DP before roadworks 0.56 0.29 1 0.06 13 

DP during roadworks 0.57 0.33 1 0.14 15 

DP after roadworks 0.35 0.29 0.91 0.10 6 

 

 

Appendix 8.14 outlines the components of the null, full and final models. Appendix 8.15 outlines the 

results of the model selection process leading to the choice of the components remaining in the top 

model for final analysis based on its lower AICc value and higher relative weight.  The final model 

included sex, adjacency and month as fixed factors and badger ID nested within social group ID, and 

year, as random factors. The marginal R2 value for the top model was 0.32 and conditional R2 value 

was 0.32. The over-dispersion ratio for the final model was 5.2. The results of the final model are 

presented in Appendix 8.16. The results are summarised in Table 8.19. Wald post hoc chi-square 

tests allowed an overall p-value to be determined for the multi-level factor ‘month’.  
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Table 8.19 Disperser frequency of extra-territorial excursions GLMM results 

(Type III Wald chi-square tests). 

 
Chi-square df Pr(>Chisq) 

(Intercept) 4.132 1 0.04208 * 

sex 16.306 1 5.39E-05 *** 

adjacent 64.037 1 1.22E-15 *** 

month 102.745 9 <2.2e-16 *** 

 

 

8.3.3.4.1 Sex & age cohorts 

On average, male DPs went on ETEs significantly more frequently than female DPs (Fig. 8.17). The 

mean fETE for DP males was 0.64 (SD ± 0.30, N = 14) while for female DPs the mean fETE was 0.45 

(SD ± 0.30, N =14). Sex was retained as a highly significant predictor of fETE in dispersers (Wald chi-

square, χ2 = 16.3, df = 1, p<0.001). 

 

 

Figure 8.17 Boxplot of frequency of extra-territorial excursions for 

males and female dispersers. Grey dots represent mean values. 

 

 

On average, young adult DPs (mean 0.53, SD ± 0.34, N = 27) made ETEs marginally more frequently 

than older adult DPs (mean 0.52, SD ± 0.22, N = 7) (Fig. 8.18), but there was a lot of variation in fETE. 

There was no evidence for a significant effect of age on fETE in dispersers and age cohort was not 

retained in the final model.   
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Figure 8.18 Boxplot of frequency of extra-territorial excursions for 

different age cohorts in dispersers. Grey dots represent mean values. 

 

8.3.3.4.2 Roadworks: phase and adjacency  

DPs that were dispersing from social groups adjacent to the road went on ETEs significantly less often 

(mean 0.42, SD ± 0.27, N = 17) and those that were dispersing from non-adjacent social groups (mean 

0.64, SD ± 0.32, N = 17, Fig. 8.19). Adjacency to the road was retained as a highly significant predictor 

of fETE in DPs (Wald chi-square, χ2 = 64.037, df = 1, p<0.001). 

 

 

Figure 8.19 Boxplot of frequency of extra-territorial excursions for 

badger dispersing from social groups not adjacent and adjacent to 

the roadworks. Grey dots represent mean values.  
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While it appeared that there was a decrease in fETE after the roadworks were completed (Fig. 8.20), 

there was no statistical evidence that this was the case, as neither roadworks phase nor an 

interaction between roadworks phase and adjacency were retained in the final model as predictors 

of fETE in DPs. Mean fETE before the roadworks was 0.56 (SD ± 0.29, N = 13), during the roadworks 

it was 0.57 (SD ± 0.33, N = 15) while afterwards it was 0.35 (SD ± 0.29, N = 6). The yearly average 

fETE for DPs, i.e. the average value for a whole year, in the period before the roadworks varied from 

0.41 to 0.77 in DPs. 

 

 

Figure 8.20 Boxplot of frequency of extra-territorial excursions 

in dispersers before, during and after the roadworks. Grey dots 

represent mean values and open circles outliers.  

 

 

8.3.3.4.3 Seasonal pattern  

Month was retained as a highly significant predictor of fETE in DPs (Wald chi-square, χ2 = 102.745, df 

=9, p<0.001). Table 8.20 outlines the summary statistics for fETE for each month. A seasonal pattern 

in fETE is somewhat evident in Fig. 8.21, with DPs making the fewest ETEs, on average, in June (mean 

0.29), July (mean 0.29) and December (mean 0.06). Both the fETEs and the number of observations 

were much higher in the first half of the year compared to the second half. The frequency of ETEs in 

June and July were significantly different from every month except December, but December was 

only significantly different from January, May, October and November. Post hoc comparisons for 

different pairs of months can be found in Appendix 8.17.  
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Figure 8.21 Boxplot of frequency of extra-territorial excursions for each month of the year in 

dispersers. Grey dots represent mean values and open circles outliers.  No resident badgers 

were observed dispersing in the months of August and September. 

 

Table 8.20 Summary statistics for the frequency of extra-territorial excursion for 

each month for dispersers. Mean, median, standard deviation (SD) and number 

of observations (No. obvs.) for each month. Minima are highlighted in bold. 

Month Mean fETE Median fETE SD ± No. obvs. 

Jan 0.54 0.45 0.18 5 

Feb 0.54 0.59 0.30 8 

Mar 0.55 0.42 0.40 5 

Apr 0.62 0.85 0.36 5 

May 0.71 0.87 0.40 3 

Jun 0.28 0.28 0.12 2 

Jul 0.13 0.13 0.09 2 

Aug NA NA NA 0 

Sep NA NA NA 0 

Oct 0.72 0.72 0.28 2 

Nov 0.67 0.67 NA 1 

Dec 0.06 0.06 NA 1 
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8.4 DISCUSSION 

8.4.1 Brief summary of results 

 

• 19% of the badgers in the study area were seen to disperse, all as yearlings or adults between 

the ages of 2 and 5 years old. 

• In this population, there was no sex-bias in the tendency to disperse. 

• Among dispersers, there was no sex-bias in the timing of dispersal across the year.  

• Females were equally likely to move further away as to adjacent social groups, but significantly 

more likely to move further away than males. 

• On average, females moved 2.8km away and crossed 2 social groups.  

• On average, males moved 1.5km away, and all bar one moved to a neighbouring social group.  

• On average, dispersers travelled 1km a night, had monthly HRs of 4km2, and made ETEs of 

1.3km with a frequency of 0.53, i.e. on about half the nights sampled.  

• Male dispersers travelled further per night than females. Younger female DPs travelled 

significantly further per night than older females.  

• Younger adult DPs had a larger home range size than older adult DPs. 

• Females DPs made longer ETEs than male DPs, but males went on ETEs more frequently.  

• The seasonal pattern across the year in ranging behaviour was not very clear. However, the 

vast majority of observations of ND, HR size, ETE distance and fETE were in the first six months 

of the year, suggesting that dispersal is triggered by events earlier in the year.  

• Road building activity had no effect on ND, HR size, ETE distance or fETE in dispersers.  

 

 

8.4.2 Dispersal patterns 

 

Approximately 19% of our study population are known to have dispersed, which is similar to rates in 

other (high-density) studies (Woodroffe et al. 1995; Dugdale et al. 2007; Macdonald et al. 2008). 

While Macdonald et al. (2008) found that 92% of dispersers moved to an adjacent social group, an 

earlier study of the same population put this figure at 55% (Woodroffe et al. 1995). Kruuk & Parish 

(1987) found that all dispersers moved to an adjacent social group. In our study, the majority of 

badgers moved to adjacent social groups, but a large proportion (36%) moved to social groups that 

were further away. One badger moved to a social group 10.5km away from its natal group. Almost 

all of the further dispersers were female. The process of dispersal as revealed by the GPS data was 

complex. It generally agreed with that described by Roper et al. (2003) who described it as lengthy 

and complex process, being defined by exploratory forays and gradual movement from one social 



  Chapter 8 

170 

 

group to another. However, unlike Roper et al. (2003), I found several examples of overnight 

dispersal events, and the majority of dispersal events took less than 6 weeks.  During the course of 

dispersal, an unexpectedly large distance could be covered by a dispersing badger, particularly if it 

struggled, for whatever reason, to settle in a social group quickly. For example, Olivia spent 6 months 

wandering, before settling in a social group 1.5km away from her natal range. In that time, she 

travelled 208km through an area of 40km2 (Fig. 8.25 in Appendix 8.18). To the best of my knowledge, 

this is the first time that ranging of this extent has been demonstrated in dispersing badgers. 

 

The majority of badgers dispersed as 2- or 3-year olds, which agrees with British high-density badger 

population studies (Cheeseman et al. 1988a; Woodroffe et al. 1995; Macdonald et al. 2008). 

However, nearly one quarter of the badgers in this study dispersed as yearlings. To the best of my 

knowledge this is the first time that badgers dispersing independently as yearlings has been 

reported. Early dispersal is probably not unusual. The small number of individuals per group reported 

for some medium- and nearly all low-density populations (Appendix 2.1) implies that either there is 

high mortality and/or that dispersal is common and occurs early. However, I found no data on 

dispersal in low-density badger populations. Indeed, at low densities the social group is usually 

comprised of a pair of badgers and their cubs (Revilla and Palomares 2002; Kowalczyk et al. 2003).  

 

There was no sex-bias in the tendency to disperse, which agrees with some studies of British very 

high-density populations (Macdonald et al. 2008; Frantz et al. 2010a). However, Frantz et al. (2010a) 

suggested that sex-bias in tendency to disperse varies with population density, as he found that in a 

medium-density population in Switzerland, with similar density properties to this study population, 

dispersal was female biased. While I found no difference between the sexes in their tendency to 

disperse, there was a sex-bias in the distance dispersed. Females tended to move further away than 

male badgers, who almost exclusively moved next door (similar to Woodroffe et al. 1995 but cf. 

Macdonald et al. 2008, both Wytham Woods, a very-high density population). There was no 

difference between the sexes in the timing of dispersal. Despite trends suggested by the data, no 

significant difference was found between the sexes in the age of dispersal (Fig. 8.3). Neither was 

there an age-bias found in the distance dispersers moved (Fig. 8.2). However, given the rarity of 

dispersal events, our sample size for DPs is relatively small. A larger sample size would be useful to 

assess differences between age and sex cohorts, e.g. that males disperse most frequently as young 

adults, but females disperse at any age, or that yearlings are the most likely to move further away. 

Given that this study was conducted over seven years, the optimal way to increase the dataset would 

be to perform a meta-analysis combining data from several other similar studies.  
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8.4.3. Ranging behaviour in dispersers 

8.4.3.1 Seasonality in ranging behaviour and possible triggers for dispersal.  

The seasonal pattern in ranging behaviour across the year for DPs was somewhat difficult to 

discern. It is difficult to draw conclusions based on the results herein, given the low sample sizes for 

each month, and the lack of data for August and September. A general pattern of high values of the 

various measures of ranging behaviour in spring and summer and lower values later in winter is 

suggested.  

The majority of observations of ND, HR size, ETE distance and fETE in dispersing badgers were in 

the first six months of the year. This, together with the fact that 10 of the 13 collared DPs 

commenced dispersal in January and February, suggests that dispersal is triggered by events early 

in the year. It is possible that the birth of cubs in January and February causes dispersers to be 

expelled from their natal sett. However, 33% (N = 9) of dispersal events were missed, as the badger 

was not wearing a collar at the time or they based on trapping records rather than GPS data. A 

further 3 were inferred from genetic analysis. We cannot rule out the possibility that these 

individuals dispersed later in the year. One badger was collared in April having already commenced 

dispersal, and it is possible that he began the process earlier in the year. However, another 

individual, Violet, commenced dispersal in October, after an alteration to social group boundaries 

in the vicinity. She lost a large portion of her natal territory (The Big Tree) to the adjacent social 

group (Ballad) and appeared to respond by dispersing to a neighbouring territory (The Lodge), 

while retaining a subset of her original territory. It is likely that she dispersed together with her 

social group-mate Ivy, who was not wearing a GPS collar at the time of her own dispersal (but was 

wearing one before and afterwards), so the details of her dispersal event were unfortunately 

missed. An “altered-boundaries” scenario seems possible for two other badgers from different 

social groups, Carla (The Cemetery) and Ray (Bluebell Woods). Their dispersal events were also 

missed, so we can only hypothesise about the possible triggers. It may be that disruption of 

territory boundaries through fission or fusion (da Silva et al. 1993; Van Apeldoorn et al. 2006), acts 

as a trigger for dispersal at other times of the year.  

The loss of a dominant badger in a social group may open up a breeding opportunity not available 

in the natal group, and this can happen at any time. One collared badger began to make 

exploratory forays to a DAFM removal area outside the study area in June and July, but the 

dispersal event itself was missed. He was later culled in the removal area. It is possible that the 

removal area acted as a vacuum into which he was drawn. Olivia only settled into her new social 

group upon the death of the resident dominant female, having wandered widely for 6 months 

(February to July). The causes of dispersal are likely to be many, but it appears that the tendency 
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for badgers to disperse earlier in the year evidenced here may be related to the reproductive cycle 

of the badger, but that other events may act as triggers at any time of the year. 

 

8.4.3.2 The effects of sex and age on a disperser’s ranging behaviour  

DP males travelled further at night than females, but female ND declined with age, as was also the 

case in traditional rangers. This finding might be unexpected given that female DPs dispersed 

further than males. However, longer ND in DP males may be reflective of sex-differences related to 

territorial marking of boundary latrines (Roper et al. 1993), as was also seen in TR males. Analysis 

of NDs considers all nights, not just those where ETEs were made. Although females made ETEs 

less frequently than males, when they did go on ETEs, they went further. This is reflected in their 

much larger apparent home range sizes. Although sex was not retained in the best model for HR 

size, it was retained in all other models for dispersal ranging behaviour. Females would be 

expected to have larger HR sizes if they were making longer ETEs and dispersing further than 

males. Females that dispersed further tended to make exploratory forays over multiple nights 

compared to badgers that moved next door (e.g. Figs. 8.22 & 8.23 in Appendix 8.18). The apparent 

disconnect between shorter ND and longer ETEs in females may also be explained by the fact they 

did not always leave and return home on the night in question, but spent the day before and/or 

after in a sett outside their territory. This would mean that for DPs moving more than one social 

group away, a long ETE may actually have been composed of several relatively short NDs. Both 

male and female badgers were recorded sleeping outside their own territories during dispersal. 

Badgers that dispersed long distances, and those that made long-distance exploratory forays, spent 

the day in setts of other social groups (e.g. Appendix 8.18, Figs 8.22 to 8.25). Even badgers that 

moved to adjacent social groups engaged in this behaviour (e.g. Appendix 8.18, Fig. 21). 

 

Young adults had significantly larger HR size than older adults during dispersal. As mentioned 

above, sex was not retained in the final model for HR size amongst dispersers, despite females 

having apparently much larger HRs than males. This was unexpected result given that significantly 

more females moved to social groups that were further away than males, and one would expect 

their unusual ranging to be reflected in a larger estimate of HR size. Unlike the analyses of dispersal 

patterns in DP ranging behaviour analyses, ‘young adults’ included both yearlings and two-year old 

badgers. All female yearlings that dispersed, and most 2-year-old females, crossed more than one 

social group. However, the only male to disperse into a non-adjacent social group was a 2-year-old. 

Perhaps the age classification used here better explained the data than sex, but sex may still be 

biologically significant, if moving further away is a strategy used by female badgers to avoid 
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inbreeding. Further, females were equally likely to move next door as further away, and this may 

be a confounding factor. Larger sample sizes are needed to test the hypothesis that sex is a 

predictor of HR size in DPs.  

 

8.4.3.3 The effects of the roadworks on ranging behaviour in dispersers  

There was no significant correlation between roadworks phase and any ranging behaviour of DPs. 

However, adjacency was retained in several models as it helped explain variation in ranging data. 

Across the study period, on average, territory sizes of social groups located next to the road were 

marginally smaller than those further away from the roads (although this difference was not 

tested). In adjacent social groups, perhaps smaller territory size created a pressure to disperse that 

is reflected in large HR sizes, but the N11 and M11 acted to limit of the frequency of ETEs. The 

retention of adjacency to the road in ranging behaviour models suggests that although the process 

of road construction did not affect dispersers, the presence of the N11 and M11 roads themselves 

had a functional effect on dispersal behaviour. Only six (24%) of our dispersers moved across the 

N11/M11. Indeed, larger roads and motorways are known to act as barriers to dispersal in badgers 

(Frantz et al. 2010b).  
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CHAPTER 9 

DISCUSSION:  

“THE ROAD TO SUCCESS IS ALWAYS UNDER CONTRUCTION.” 

Lily Tomlin 

 

 

9.1 Introduction 

In order to understand the dynamics of disease transmission and to control it successfully, 

knowledge of ranging behaviour and asymmetries in contact networks within a population are 

essential (Conner and Miller 2004; Böhm et al. 2009; Silk et al. 2018). While the organisation of 

badgers into social groups is thought to limit the spread of TB, movement between groups is 

associated with increased prevalence of the disease (Cheeseman et al. 1988b; Rogers et al. 1998; 

Delahay et al. 2000b; Riordan et al. 2011; Davis et al. 2015). Disturbance, in the form of culling, 

persecution or environmental upheaval, can alter ranging behaviour (Van der Zee et al. 1992; 

O’Corry-Crowe et al. 1996; Tuyttens et al. 2000c; Sadlier and Montgomery 2004; Donnelly et al. 

2006; Blumstein 2010), and has the potential to increase disease prevalence (Woodroffe et al. 2006; 

Carter et al. 2007; Godfray et al. 2013).  

My results demonstrate that the N11/M11 roadworks had little effect on the ranging behaviour of 

badgers in the area, with the implication that roadworks of this nature are unlikely to increase the 

risk of TB herd breakdowns in the immediate vicinity. This thesis also provides a much clearer picture 

of the ranging behaviour of badgers in medium-density populations, enhancing our understanding 

of the ecology of the species across its range. My analyses demonstrate that the level of contact 

between social groups is quite high. This is illustrated by the distances that badgers are capable of 

travelling, by the patterns of extra-territorial excursions (ETEs), by the existence of super-rangers, 

and by the patterns of dispersal in this population. It is these findings, rather than those relating to 

the road construction process, that have substantial implications for TB transmission and control.  

 

9.2 Synopsis of ranging-behaviour in a medium-density population  

With a density of 1.8 badgers/km2 the N11 population falls into the medium-density category 

proposed in Chapter 2. I analysed traditional rangers (TRs), super-rangers (SRs) and dispersers (DPs) 
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separately and found significant differences in ranging behaviour between these groups (Table 9.1). 

The behaviour of TRs may be considered typical of Irish badgers living at medium-density, given that 

they accounted for the vast majority of observations in my datasets. Despite the fact that SRs and 

DPs account for a considerably smaller proportion of the data, knowledge of their movements are 

equally important as those of TRs, because of the potential for interactions, direct or indirect, with 

both other badgers and cattle that they hold. 

My analyses show that there is more connectivity between social groups than is suggested in the 

existing literature. This was largely due to the activity of SRs and DPs, and the fact that the majority 

of the TR population engaged in ETEs throughout the year. Badgers of both sexes, of all ages and 

from all social groups made ETEs throughout the year. This supports recent findings that suggest 

connectivity between social groups in both Britain and Ireland is greater than previously thought 

(Byrne et al. 2014; Ellwood et al. 2017; Silk et al. 2018). In agreement with Byrne et al. (2014), I have 

shown that while the majority of distances moved by badgers did not take them very far beyond 

their territory, a minority of movements were quite long, particularly in dispersing badgers.  

 

Table 9.1 Summary of ranging behaviours in the study population. ND (mean and max), HR size 

(mean), ETE distance (mean and max) and fETE for each ranging cohort in the study population.  

Ranging Strategy Mean ND (max) Mean HR size  Mean ETE distance Mean fETE 

Traditional Ranger 0.8km (11.25km) 1km2  249m (4.2km) 0.20 

Super-ranger 1.3km (7.7km) 3.1km2  NA NA 

Disperser 1km (9.4km) 3.9km2  1332m (9.6km) 0.53 

 

 

The data suggest that while TRs generally ranged within the boundaries of their social groups, they 

frequently made ETEs, i.e. once or twice a week on average, primarily to neighbouring social groups. 

The ranging behaviour of SRs and DPs was quite different from that of TRs, with the average length 

of NDs travelled by SRs and DPs likely to take them across territory boundaries regularly. In addition, 

the average length of DPs’ ETEs was slightly greater than the mean distance between main setts in 

the study area. The exploratory nature of dispersal is reflected in the frequency of ETEs for DPs, 

which is over twice that of TRs. The fact that SRs and DPs had home ranges that were three times 

that of TRs reflects the differences in their ranging behaviour. However, TRs also made some long-

distance movements. The maximum ND recorded by any badger was for a TR, Michael, who travelled 

11.25km in a single night. This ETE that took him 4.2km away from the border of his social group, 
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and through at least four other social groups. This particular individual went on to become an SR two 

months later, so this event may have been a type of exploratory foray similar to that seen in 

dispersers.  

The maximum straight-line dispersal distance was recorded by Muffin, a female who moved 10.5km 

away from her natal group, crossing the territories of 7 other social groups. During her dispersal, 

Muffin recorded a multi-night exploratory round-trip of 21.4km return, where she spent three nights 

in her new potential area, before returning home again. Another female that attempted dispersal, 

Lea, recorded a multi-night ETE with a round-trip of 17km over two nights. Olivia, who moved only 

one social group (1.5km) away from her natal group covered over 200km through an area of 40km2 

for six months before finally settling down. Of the 11 male dispersers, only one (Buster) moved to a 

non-adjacent social group. During his exploratory forays, Buster travelled 111km back and forth 

through an area of 7km2, crossing three social groups. Two of the males that dispersed to adjacent 

social groups subsequently became SRs (Ray and Dave), and ranged widely. Our data show that 

dispersal is quite a complex process, and measurements of straight-line distance between the old 

and the new social group severely underestimates the distances actually travelled by DPs. Similarly, 

they underestimate the associated potential for direct and indirect interactions and opportunities 

for disease transmission. Further, dispersal is likely to be stressful and this could have implications 

for disease progression, if the disperser is infected (or becomes infected on their journey) with TB 

(Gallagher and Clifton-Hadley 2000).  

 

9.3 Seasonality in ranging behaviour  

Seasonal patterns were most pronounced in TRs, with low winter values and high summer values for 

ND and HR size, although the timing of peaks differed. The opposite pattern was evident in ETEs, 

which were, on average, longer in winter and shorter in summer, although ETEs were more frequent 

in summer. The fact that HR size reached a peak in September was unexpected, given that a seasonal 

analysis indicated that HR sizes were greatest in summer (Appendix 4.1). This may be a reflection of 

the fact that ETE frequency, but not distance, also reached a peak in September. An MCP drawn 

using 95% of GPS locations will produce a larger estimate of home range size when ETEs are more 

frequent, as only the furthest 5% of locations will be excluded. On average NDs were lowest in TR 

badgers when they were increasing their body weight (from September to November). It appears 

that September must be a key time for badgers to prepare for winter lethargy by eating as much as 

possible, as close to home as possible. At this time, they are using the space within their territories 

to the maximum, as reflected in HR size, yet also going on frequent, but relatively short, ETEs. It is 

likely that this reflects a behavioural modification in badgers preparing for winter lethargy. They may 
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be taking advantage of abundant, locally available food resources such as ripening crops and berries, 

while reducing nightly distance travelled. This may be a strategy that allows them to save energy and 

rapidly gain weight, although further research is required to provide direct evidence. This weight 

gain strategy may have implications for deployment of oral vaccines. Oral vaccines may be less likely 

to be taken up in September when the badgers are gorging on preferred foods like maize and 

blackberries. Deployment in spring and summer, during weight-loss and weight-maintenance 

periods may be more effective. Conversely, it may be an ideal time to deploy baited vaccine, if 

badgers will take advantage of any available high-energy food source. Ongoing research indicates 

that uptake of dummy oral vaccine baits by Irish badgers is higher during the weight gain period 

(David Kelly, TCD, pers. comm.).  

A seasonal pattern in ranging behaviour was evident but less pronounced in SRs, only really becoming 

evident with the onset of winter lethargy. This suggests that SRs are obliged to consistently patrol 

and mark the entirety of their enlarged territories, or else risk losing them, but further research, such 

as observational studies and latrine surveys, is required to demonstrate this. Seasonality across the 

year was much less clear for DPs, and it is difficult to draw conclusions from my results given the 

relatively small sample sizes for each month. These may have tested the limitations of the GLMMs 

to detect significant patterns in dispersers. However, the data suggest that dispersal is often 

triggered by events that occur at the beginning of the year. The majority of observations occurred in 

the first six months of the year, because the majority of dispersals commenced in January or 

February.  

Little is known about what triggers dispersal in badgers (Roper 2010). Dispersal may be triggered by 

the onset of breeding. The suppression of breeding by dominant females has been suggested as a 

dispersal pressure in groups where there is more than one female capable of breeding (Woodroffe 

and Macdonald 1995). In our study area, we had 12 examples (mean 1.6 per annum) of more than 

one breeding female in a social group (Appendix 8.1), suggesting that breeding suppression is not a 

feature of this population. Further, breeding suppression among females would not explain the 

dispersal of males at this time. Perhaps the arrival of new cubs triggers older siblings of both sexes 

to disperse, as seen in some other mammals (Misaki feral horse, Kaseda et al. 1997; Eurasian lynx, 

Zimmermann et al. 2005). Dispersal may also be triggered by the onset of mating, including yearlings 

coming into season for the first time (Roper 2010; Corner et al. 2015). It may also be the case that in 

general, the second half of the year, when badgers are gaining weight in preparation for winter 

lethargy, is not an ideal time to disperse from an energy conservation perspective. Dispersal events 

at other times of the year may be triggered by vacuums created by the loss of dominant neighbours 

or the re-configuration of territory boundaries. Frantz et al. (2010a) suggest that dispersal patterns 

vary with differences in population density and ecology. While the triggers for dispersal are not clear, 
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my data suggests that within a single population, dispersal may be triggered by multiple factors 

operating at different times. Further research is required to elucidate these triggers.  

 

9.4 The effects of age & sex on ranging behaviour  

The clearest effect of sex on ranging behaviour was the existence of an alternative ranging strategy, 

super-ranging, in male but not in female badgers. Super-ranging is probably a mating strategy to gain 

greater access to females, similar to that seen in the stoat (Erlinge and Sandell 1986; Sandell and 

Liberg 1992). Unlike stoats that have a discrete mating season, badgers can mate at any time of year 

(Corner et al. 2015). This may explain why badgers maintain their super-ranges throughout the year.  

My analysis also revealed a sex-bias in dispersal distance in the N11 population, with females more 

likely to move further away than males. This agrees with Christian (1994), Woodroffe et al. (1995) 

and Huck et al. (2008). Extra-group mating, particularly between neighbouring social groups, results 

in spatial clustering of relatives within a badger population (Dugdale et al. 2008). In our population, 

rates of extra-group paternity were high (70%) and the majority of extra-group matings were with 

males from neighbouring groups (Appendix 8.1). This thesis describes other factors which may also 

contribute to spatial clustering of relatives in this population. The majority of dispersers, particularly 

male badgers, moved to adjacent social groups (Chapter 8). SRs ranged over multiple adjacent 

territories (Chapter 7). If SRs successfully mated with the resident females of those groups, this 

would also have produced neighbouring half-siblings. Moving further away if you are female may 

reduce the probability of breeding with closely-related males located in the immediate vicinity of the 

natal social group (Greenwood 1980).   

In TR badgers, there was a general pattern of increase in ND, HR size, ETE distance and frequency 

with age. The age and sex also of TRs also interacted with one another significantly in most ranging 

behaviours. In general, males of each age cohort travelled further at night, had larger home ranges, 

and went on ETEs more frequently than their female counterparts but the extent to which these 

differences were significant varied. While it was not tested explicitly, the data also suggested that an 

interaction between sex and month may have had an effect on ranging behaviour in TRs, with 

differences between the sexes most likely in the colder winter months. Smaller HRs, and shorter and 

less frequent ETEs by females may be the result of pregnancy, parturition and nursing acting in 

combination with winter lethargy in these months (Fowler and Racey 1988; Roper 2010; Corner et 

al. 2015). Larger HRs and longer and more frequent ETEs in males, may be due to differences 

between the sexes in territorial behaviour, e.g. marking of border latrines (Roper et al. 1993) and by 

the onset of mating activity once females have given birth/come into season (Roper 2010; Corner et 

al. 2015). I did not test interaction between sex and season in my analyses, however I recommend 

further analyses that explore the effect of sex on ranging behaviour across the year. I suggest that 
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examining the effect of an interaction between sex and season on HR size, ND, ETE distance and fETE 

respectively may best be performed using a continuous variable, such as mean minimum 

temperature or day length, that varies predictably with season, rather than a categorical variable 

such as season or month.  

 

9.5 The effect of the roadworks on ranging behaviour 

The process of road construction has the potential for extremely high disturbance that can impact 

the ranging behaviour of animals (Kohn et al. 1999; Klar et al. 2009; Lesmerises et al. 2013). However, 

upgrading from N11 dual-carriageway to the M11 motorway had very little effect on the ranging 

behaviour of badgers in the study area. There was no change in ranging of SRs or DPs at all, and only 

a small increase (185m) in ND by TRs. This increase in ND did not result in a breakdown or loss of 

territoriality as reflected in the lack of changes in home range sizes during or after the roadworks, 

nor did it result in an increase in the distance and frequency of ETEs during the roadworks. Because 

we vaccinated all captured badgers in the study area, it was not possible to investigate a perturbation 

effect of the roadworks, i.e. an associated increase in TB herd breakdowns in the area. However, 

given the lack of disruption to ranging behaviour seen, it is unlikely, even in the absence of 

vaccination, that a perturbation effect would have occurred.  

In TRs, a small but significant increase of approximately 108m in ETE distance and 1-2 extra ETEs a 

month was seen after the roadworks were completed. While this increase was not attributable to 

the process of road construction itself, it may be related to functional changes in the landscape 

provided by the badger-proof fencing and underpasses. The entire length of the new motorway was 

lined with badger-proof fencing and eight underpasses placed at appropriate locations following 

thorough ecological surveys of the area, prior to construction. The continuous fencing, in 

combination with the appropriate placement of underpasses, facilitated successful ETEs across this 

boundary. However, the models for both ETE distance and ETE frequency do not suggest a difference 

between badgers in social groups adjacent to the road compared to those further away.  

While there was no significant change in mean HR size of badgers during or after the roadworks, 

there has been some inevitable re-drawing of boundaries in the social groups immediately adjacent 

to the roadworks as some social groups lost access and others gained access to land previously 

belonging to a different social group (Appendix 5.1). One social group in particular (The Driving 

Range) has used one of the underpasses to its advantage, annexing some land on the opposite side 

of the N11 into their territory, so that its territory now spans the N11 – a situation that never 

occurred before or during the roadworks. While several SRs territories did span the N11, these SRs 

inevitably died in RTAs.  
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The mitigation measures have proved successful in preventing badger deaths on the new M11. There 

were two deaths on the M11 immediately after it opened (due to incomplete fencing, which was 

immediately rectified), but there have been no further deaths on the motorway since. We can only 

speculate how many badgers would have been killed, without the addition of continuous badger-

proof fencing. Roads are a major cause of mortality in badgers (Davies et al. 1987; Clarke et al. 1998; 

Dekker and Bekker 2010). We know of 49 badgers in our study area that died in RTAs on the N11 and 

minor roads between 2010 and 2016. We also know that the death of a badger in a social group 

often prompted the movement of other badgers (either as super-rangers or dispersers) into that 

group. Within a week of the death of Billy, a battle by males from the three adjacent social-groups 

ensued. One of those three badgers also died on the road separating the social groups. Had the 

motorway not been adequately fenced it is likely an increase in RTA-related mortality, along with 

associated movements between social groups would have occurred.  

It must be noted that the findings herein can only be extrapolated to other projects involving an 

upgrade of a major road that is likely to act as a territory boundary (Clarke et al. 1998; Frantz et al. 

2010b). In greenfield sites, i.e. the construction of a brand-new road over agricultural land, and 

potentially through the middle of existing social groups, I cannot say whether ranging behaviour 

would be disturbed, nor whether there would be an associated perturbation effect on bTB in the 

area. There is a need for a similar study to be conducted on a greenfield site, as no such research has 

been carried out to date. In the meantime, I would recommend that continuous badger-proof 

fencing be placed along the entire length of all major new road-builds and upgrades, and that 

underpasses should be located in appropriate places, to minimise disturbance and facilitate 

continued ranging of badgers throughout their territories.  

 

9.6 Risks for TB transmission  

Movement between social groups increases contact between individuals from different social 

groups, thereby increasing the potential for disease transmission (Rogers et al. 1998; Böhm et al. 

2009; Riordan et al. 2011; Silk et al. 2018). My results demonstrate that there was a lot of contact, 

either directly or indirectly, between social groups, as evidenced by the movements of SRs and DPs 

and the pattern of ETEs in TRs in this population. While, on average, these ETEs took them no further 

than into the adjacent social groups, some saw them cross several social groups’ territories. This is 

important from a disease transmission perspective, as it illustrates that there are plenty of 

opportunities for interaction between members of different social groups. It is not clear from this 

study what the nature of those interactions might be. Because most dispersal in the study area was 

to adjacent groups, and there was a high degree of extra-group paternity in the study area, it is likely 
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that relatedness between geographically close social groups was quite high. This may reduce the 

potential for aggressive interactions when trespassing badgers meet. Indeed, MacWhite et al. 

(2013b) found that the prevalence of bite wounds in the present population was relatively low 

compared to UK populations (Roper 2010). Observational studies of interactions between members 

of different social groups, when they meet, are required to determine their nature, e.g. fighting, 

ignoring, allogrooming, mating etc., but this fell outside the scope of the present study. Further, 

there was a lot of variability in the ETE data. Some individuals only made one ETE a month, while 

others went on ETEs on all active nights. This suggests that certain individuals might have relatively 

high contact rates, and may therefore be able to act as hubs for disease transmission (Böhm et al. 

2009). 

Knowledge of the more atypical ranging behaviours, such as super-ranging and dispersal, is crucial 

to understanding the dynamics of TB transmission among badgers. These behaviours cause badgers 

to regularly cross territory boundaries and travel over wide areas, greatly increasing the potential for 

interaction with badgers from many different social groups. The disease transmission risks, outlined 

in Chapter 4 regarding super-ranging, also apply to dispersers. Behaviours such as sett-sharing, 

allogrooming and, particularly, fighting, all present opportunities for direct transmission of TB 

(Corner et al. 2011). We know that some of our dispersers used setts belonging to other social 

groups. The most frequent mode of TB transmission among badgers is respiratory (Corner et al. 

2011). Our capture records show that some dispersers had bite-wounds. Bite-wounding is the 

second most frequent mode of TB transmission among badgers (Corner et al. 2011) and infected 

bite wounds are sources of extremely high numbers of bacilli (Delahay et al. 2001). Further, it is likely 

that dispersing badgers follow badger paths and use the latrines that they encounter along them, 

increasing opportunities for indirect TB transmission via faeces, urine and exudates (Hutchings and 

Harris 1997; Scantlebury et al. 2004).  

Dispersal is costly and badgers are generally philopatric (Woodroffe et al. 1995; Bonte et al. 2012). 

The costs of dispersal include energy & time costs, the risk of mortality from road traffic accidents 

or wounding by conspecifics, and trade-offs between movement and immune-defence and disease 

resistance (Bonte et al. 2012). Stressors such as territorial defence, assertion of dominance, lactation 

and nutritional stress may trigger disease progression (Gallagher and Clifton-Hadley 2000) and 

stressed individuals are more likely to shed M. bovis bacilli than unstressed individuals (Macdonald 

et al. 2006; Riordan et al. 2011). Only 19% of our population is known to have dispersed. It is 

reasonable to assume that dispersal is also a physiologically stressful process, posing a disease 

transmission risk. For example, Olivia, when recaptured during the course of her dispersal, was not 

in good physical condition and she had many scars on her rump and shoulders from bite-wounds. 
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Fortunately, she had been vaccinated against TB, as we estimated that her 200km journey would 

have brought her through the territories of approximately 12 different social groups.  

9.7 Implications for TB control 

Badgers that go on frequent extra-territorial excursions, super-rangers and dispersers should all be 

the focus of targeted vaccination against TB, as the behaviour of these individuals is high-risk in terms 

of disease transmission. To focus efforts towards these individuals would make vaccination control 

strategies much more efficient and effective. At the moment, only the injectable form of the BCG 

vaccine is available and it requires that animals be live-trapped. However, without the benefit of the 

live data provided by GPS tracking collars, it will prove very difficult to identify high-risk individuals. 

Similarly, one of the challenges of an oral vaccine deployment is ensuring the appropriate and/or 

enough individuals consume the vaccine, not just the dominant few. In circumstances where the 

identification of high-risk individuals is difficult, my recommendation is to target vaccination towards 

cubs, i.e. badgers in their first year of life, before they begin to engage in behaviour that increases 

their contact rate with other badgers, particularly with those outside of their own social group. Cubs 

have smaller NDs and HR size than older badgers, and female cubs go on shorter and less frequent 

ETEs compared to older badgers. This suggest that their rate of contact with other badgers, 

particularly those from other social groups is low. Our data show that badgers can disperse as 

yearlings, and that all female yearlings dispersed over long-distances. While we identified no super-

rangers younger than two years of age, it is possible that males may begin to engage in such 

behaviour in their second year of life. Vaccinating younger badgers before they begin to engage in 

potentially risky ranging behaviour is crucial.  

Live-trapping of young badgers requires the use of cage-traps rather than the use of stopped-

restraints. This is current DAFM policy for both culling and vaccination (Eoin Ryan, DAFM, pers. 

comm.). Stopped-restraints should only close to a minimum circumference of 32.5cm (Wildlife Act, 

1976, Regulations 2003, S.I. 620 of 2003). A stopped-restraint of this circumference will fail to 

capture all but the heaviest of cubs, even as they prepare for winter lethargy. In practice, the position 

of the stopper on these restraints varies between 25.5 and 31cm (Murphy et al. 2009). Even at this 

size, only a small proportion (10.5%) of badgers <18 months of age are trapped using this method 

(Murphy et al. 2009). For effective targeted vaccination, cage-trapping is recommended over the use 

of stopped-restraints.  

Once an oral vaccine has been approved for use, the timing of deployment will need to take into 

account the seasonal feeding ecology of badgers. For example, in addition to the winter period, when 

ranging is too reduced to make vaccine deployment effective, it is possible that September might 

not be an ideal time to deploy oral vaccines as they may be ignored in favour of locally-abundant, 
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high-energy food. Vaccine deployment when badgers are at their lightest upon emergence from 

winter lethargy, and into the summer months when they are maintaining body-weight, may be more 

successful. Using information about differences in movement between the sex and age cohorts, the 

vaccine deployment strategy may be designed to avoid dominant badgers monopolising the baits 

and to ensure maximum uptake of the baits by the priority individuals.  

We have demonstrated that badgers engaging in ETEs, particularly long-distance dispersers, can 

range over vast areas. This implies that future vaccination strategies will have to cover a 

geographically extensive number of social groups. Doing so will prevent unvaccinated badgers 

bringing infection back into treated areas. Conversely, visiting badgers from distant social groups 

may be trapped or may consume oral vaccines placed in an area, so the reach of vaccination may be 

larger than expected, and there may be seasonal variation in this reach.  

Finally, my data will better enable the modelling of TB epidemiology in Ireland, as the majority of 

Irish badger populations, like the badgers in this study, are of medium-density (Chapter 2). Home 

range sizes, nightly distance travelled, and the frequency and distance of extra-territorial excursion 

in TRs, as well as the more atypical movements of super-rangers and dispersers can be used to better 

parameterise models that will further our understanding of both disease transmission and the levels 

of intervention necessary to achieve control, and ultimately eradication, of TB in badgers. 

 

9.8 Future directions 

The extensive dataset collected over the seven years of the N11 study holds many other 

opportunities for analysis that can further enhance our understanding of badger ecology while also 

contributing to the control of TB in both badgers and cattle.  

 

9.8.1 Pushing the boundaries: The dynamic territories of a medium-density population of European 

badgers in Ireland. 

Over the course of the study it became clear that territories of the N11 social groups were much less 

static than has been reported from high-density British populations and was believed to be normal 

for badgers. While core areas generally remained the same for most social groups, the boundaries 

shifted year on year, and there were several examples of fusion and fission. A complete analysis of 

the movements of these borders over the duration of the study will highlight and characterise the 

features of areas where borders move, and areas where borders are more stable. Where borders 

are being contested the potential for bite-wounding increases. Bite-wounding is one of the major 

risk factors for transmission of TB between badgers (Corner et al. 2011). This research could improve 
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the ability to predict such unstable borders and facilitate identification of areas considered priority 

targets for badger vaccination and tighter farm biosecurity. 

9.8.2 What’s on the menu? Foraging strategies of badgers in relation to available resources. 

The GPS data on nightly movements to date indicate that there are specific foraging site preferences 

within the heterogeneous landscape that constitute a badger’s home range. Prof Marples’ lab has 

shown Irish badgers to be opportunistic generalists that vary their diet seasonally, according to what 

is available (Cleary et al. 2009, 2011). Resource availability would be expected to vary across different 

sites within a badger’s home range, due to differing environmental conditions. During the project I 

generated GIS data using DAFM’s LPIS system and field knowledge. This GIS data could be integrated 

with the GPS data amassed during the project to analyse badger foraging preferences and their 

seasonality. Understanding the foraging behaviour of badgers in the Irish agricultural landscape will 

help to pinpoint both the locations and timings of potential contact, either direct or indirect, 

between cattle and badgers. This will facilitate the optimisation of vaccine delivery programs and 

biosecurity measures employed by farmers, reducing opportunities for disease transmission 

between the species.  

 

9.8.3 Far and wide: Where do dispersers really go?  

Analysis of GPS data of dispersers indicated that badgers, particularly those that were dispersing long 

distances, range over unexpectedly large areas. Dispersal behaviour has the potential to be very 

significant for understanding the transmission of TB. Further analysis of dispersal patterns, for 

example using the R package adehabitatLT (Calenge 2011a), will provide valuable information on the 

exact nature of dispersal trajectories, identifying the extent of potential contacts with other social 

groups. This will inform the scale that is necessary for vaccination programs, which will help to 

prevent unvaccinated badgers bringing infection back into treated areas and maximise the reach of 

vaccination. A more detailed understanding of these type of movements will also improve 

epidemiological modelling.  

 

9.8.4 What’s good for the sow is good for the boar? Seasonal sex-differences in ranging behaviour. 

An interaction between sex and month was not specifically tested in this thesis. However, the results 

suggest that there is an effect of sex on the seasonality of ranging behaviour, with differences 

between the sexes most likely in the colder winter months, as outlined in Section 9.4. Further 

research examining the effect of an interaction between sex and season on the various measures of 

ranging behaviour is required. Using information about differences in movement between the sexes 
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across the year, the vaccine deployment strategy may be modified to avoid dominant badgers 

monopolising the baits and to ensure maximum uptake of the baits by the target cohorts.  

9.8.5 Beyond the N11 project 

A similar project on a greenfield site is strongly recommended. While I would be hopeful that a 

properly mitigated project of this scale through undeveloped agricultural land would minimise 

disruption, the findings herein cannot necessarily be extrapolated to situations where a new 

motorway bisects social group territories.  

 

9.9 Conclusion 

The objective of this thesis was to ascertain the effects of a major road upgrade on the ranging 

behaviour of the badgers in the area. The roadworks proved to be of minor consequence to the 

badgers, which is excellent news regarding a TB perturbation effect. However, the value of the 

project did not end there. The data collected have provided an extremely comprehensive review of 

the ranging behaviour of badgers in this population. This enhances our understanding of badger 

ecology across the range of the species, particularly at medium-densities. It reveals that although 

badgers at medium-densities are organised into contiguous social groups that live in distinct 

territories with defined boundaries, there is much more connectedness between social groups than 

has been suggested by the literature. Patterns of dispersal have been elucidated, something not 

previously carried out in Ireland. A particularly novel finding is that of the existence of super-ranging. 

This strategy may exist at other population densities, and I recommend that researchers elsewhere 

look for this strategy in their study populations, particularly in those parts of the UK where the 

incidence of TB continues to increase (DEFRA 2018). The data from the N11 project can be used in 

the modelling of disease dynamics and the design of much more efficient and effective disease 

control strategies. Finally, this study demonstrated that the RTA mitigation which was put in place 

around this road project represents a gold-standard that should be employed in future road-

construction projects.  
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APPENDICES 

Appendix 2.1 Density measures in the published literature. Measures include the number of individuals per km2, the number of adults per km2, the 

density of social groups or main setts (groups per km2), the number of individuals per sett and the number of adults per sett and territory size (ha). 

Country Region Density sett/ ln sett/ inds/ ln inds/ adults/ ln adults/ inds/ ln inds/ adults/ ln adults/ territory ln territory Population Source 

  Category km2 km2 km2 km2 km2 km2 Group group group group size (ha) size (ha) Size Reference 

Albania - Low - - 0.43 -0.84 - - - - - - - - 12500 Griffiths & Thomas (1993) 

Austria - Low - - 0.36 -1.02 - - - - - - - - 30000 Griffiths & Thomas (1993) 

Belgium - Low - - 0.11 -2.21 - - - - - - - - 35000 Do Linh San (2002) 

Belgium - Low - - 0.1 -2.30 - - - - - - - - 3000 Griffiths & Thomas (1993) 

Britain - Medium 0.25 -1.39 1.39 0.33 - - 5.90 1.77 - - - - 300000 Wilson et al. (1997) 

Bulgaria - Low - - 0.35 -1.05 - - - - - - - - 35000 Griffiths & Thomas (1993) 

Czech Bucin Forest Low 0.18 -1.71 0.98 -0.02 - - - - - - - - - Pelikan & Vackar (1978) 

Czech Northern Moravia Low 0.02 -3.91 0.12 -2.12 - - - - - - - - 1306 Matyastik & Bicik (1999) 

Czech Southern Moravia Low - - 0.22 -1.51 - - - - - - - - 3366 Bicik et al. (2000) 

Czech - Low - - 0.38 -0.97 - - - - - - - - 25000 Griffiths & Thomas (1993) 

Denmark - Low - - 0.58 -0.54 - - - - - - - - 25000 Griffiths & Thomas (1993) 

England Brighton Very High 4.08 1.41 33 3.50 - - 7.80 2.05 4.10 1.41 9.00 2.20 69 Huck et al. (2008) 

England Bristol City High 1.88 0.63 8.06 2.09 5.95 1.78 3.30 1.19 - - 31.28 3.44 - Cresswell & Harris (1988) 

England East Sussex Medium 0.48 -0.73 2.88 1.06 2.88 1.06 6.00 1.79 - - - - 5285 Macdonald et al. (1996) 

England Itchen Very High - - 12.3 2.51 - - 5.00 1.61 5.00 1.61 41.00 3.71 - Packham (1983) 

England South Downs Very High 3.12 1.14 19 2.94 - - - - - - - - - Oestler & Roper (1998) 

England Staffordshire High 0.96 -0.04 8.64 2.16 - - 6.40 1.86 - - 104.00 4.64 - Cheeseman et al. (1985) 

England Suburban Bristol High 1.88 0.63 7.2 1.97 4.90 1.59 3.90 1.36 2.60 0.96 - - - Harris & Cresswell (1987) 

England Woodchester Park Very High 2.92 1.07 20 3.00 13.52 2.60 6.85 1.92 4.63 1.53 34.00 3.53 - Cheeseman et al. (1987) 

England Wytham Woods Very High 3.77 1.33 44.33 3.79 38.00 3.64 - - 7.00 1.95 - - 266 Macdonald & Newman (2002) 

England Wytham Woods Very High - - 36.4 3.59 - - - - - - - - - Macdonald et al. (2009) 

England Wytham Woods Very High - - 17 2.83 17.00 2.83 - - - - - - - Woodroffe et al (1993) 

England Wytham Woods Very High 2.26 0.82 17.35 2.85 - - 5.80 1.76 - - 60.00 4.09 - Unpublished data in Johnson et al (2002) 

 Wytham Woods                

England 1972-75 Very High 2.16 0.77 15.17 2.72 - - 7.00 1.95 - - 87.00 4.47 91 Kruuk (1978) 

 Wytham Woods                

England 1982 High 0.93 -0.07 3.48 1.25 - - 6.80 1.92 4.30 1.46 52.10 3.95 - Hofer (1988) 

 Wytham Woods                

England 1988 Very High - - 19.5 2.97 19.50 2.97 - - 7.70 2.04 40.00 3.69 - da Silva (1989) in Woodroffe & Macdonald 1993 

 Wytham Woods                
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Country Region Density sett/ ln sett/ inds/ ln inds/ adults/ ln adults/ inds/ ln inds/ adults/ ln adults/ territory ln territory Population Source 

  Category km2 km2 km2 km2 km2 km2 group group group Group size (ha) size (ha) Size Reference 

England 1996 Very High - - 38 3.64 - - 6.50 1.87 - - 0.30 -1.20 - Unpublished data in Johnson et al (2002) 

 Wytham Woods                

England 2014 Very High 3.83 1.34 40.8 3.71 33.33 3.51 10.65 2.37 8.70 2.16 26.00 3.26 245 Chris Newman, personal communication 

England Yorkshire forest/moor High 0.9 -0.11 4.9 1.59 - - 5.50 1.70 - - 30.40 3.41 - Palphramand et al. (2007) 

England Avon High 1.36 0.31 7.75 2.05 4.90 1.59 5.70 1.74 3.60 1.28 73.70 4.30 - Cheeseman et al (1981) 

England Cornwall High 1.34 0.29 6.5 1.87 4.70 1.55 4.80 1.57 3.30 1.19 74.70 4.31 - Cheeseman et al (1981) 

England Staffordshire High - - 6.2 1.82 - - - - - - - - - Cheeseman et al (1985) 

England Suburban Bristol High - - 5.5 1.70 - - - - - - - - - Cheeseman et al (1988) 

England Woodchester Park High - - 9 2.20 - - - - - - - - - Cheeseman et al (1988) 

England Woodchester Park 1 Very High 4.55 1.52 22 3.09 19.70 2.98 4.80 1.46 4.30 1.46 22.00 3.09 - Cheeseman et al (1981) 

 Woodchester Park                

England 1993 Very High 2.87 1.05 36.03 3.58 25.30 3.23 12.50 2.53 8.80 2.17 35.00 3.56 - Rogers et al (1997) 

England Woodchester Park 2 Very High 4.03 1.39 30.7 3.42 19.40 2.97 7.60 2.03 5.80 1.76 24.80 3.21 - Cheeseman et al (1981) 

Estonia - Low - - 0.04 -3.22 - - - - - - - - 2000 Griffiths & Thomas (1993) 

Finland - Low - - 0.32 -1.14 - - - - - - - - 70000 Griffiths & Thomas (1993) 

Finland South East Finland Low - - 0.24 -1.43 - - - - - - - - 1470 Kauhala et al (2006) 

France - Low - - 0.15 -1.90 - - - - - - - - 80000 Griffiths & Thomas (1993) 

France - Medium - - 1.6 0.47 - - - - - - 2500.00 7.82 - Mouches (1982) 

Germany - Low - - 0.29 -1.24 - - - - - - - - 72000 Griffiths & Thomas (1993) 

Germany - Low - - 0.8 -0.22 - - - - - - - - - Keuling et al (2011) 

Germany - Low - - 0.4 -0.92 - - - - - - - - 142000 Keuling pers. comm. in Roper (2010) 

Hungary - Low - - 0.21 -1.56 - - - - - - - - 20000 Griffiths & Thomas (1993) 

Italy Maremma NP Medium - - 1 0.00 - - 1.00 0.00 - - 73.00 4.29 - Pigozzi (1987) 

Kazakhstan Dzhungarskii Alatau Medium 0.65 -0.43 1.52 0.42 - - - - - - - - - Lobachev (1976) 

Latvia Slitere Reserve Low 0.11 -2.21 0.3 -1.20 - - - - - - - - - Zoss (1992) 

Lithuania - Low - - 0.05 -3.00 - - - - - - - - 3000 Griffiths & Thomas (1993) 

 Eppeldorf &                

Luxembourg Medernach High 0.99 -0.01 4.83 1.57 - - 4.75 1.56 - - - - - Scheppers et al. (2007) 

Luxembourg - Low 0.17 -1.77 0.78 -0.25 0.44 -0.82 4.60 1.53 2.60 0.96 - - 2010 Schley et al (2004) 

Netherlands Utrecht Low 0.12 -2.12 0.46 -0.78 0.33 -1.11 - - 2.30 0.83 112.00 4.72 - Van Apeldoorn et al. (2006) 

Netherlands - Low - - 0.06 -2.81 - - - - - - - - 2200 Griffiths & Thomas (1993) 

Netherlands - Medium - - 1 0.00 - - - - - - - - - Wijngaarden & Peppel (1964) 

N. Ireland 3 Areas Mean Very High 1.13 0.12 10.4 2.34 9.03 2.20 4.60 1.53 3.43 1.23 174.27 5.16 38000 Feore & Montgomery (1999) 

N. Ireland Castleward, Down Very High 2.27 0.82 17.5 2.86 11.90 2.48 9.30 2.23 6.30 1.84 50.40 3.92 - Feore & Montgomery (1999) 

N. Ireland Down Medium 0.95 -0.05 2.35 0.85 1.05 0.05 3.60 1.28 1.79 0.58 - - - Sadlier & Montgomery (2004) 

N. Ireland Glenwhirry, Antrim Low 0.34 -1.08 0.86 -0.15 0.72 -0.33 2.50 0.92 2.00 0.69 345.00 5.84 - Feore & Montgomery (1999) 

N. Ireland Katesbridge, Down Medium 0.79 -0.24 1.6 0.47 - - 2.00 0.69 2.00 0.69 127.40 4.85 - Feore & Montgomery (1999) 

N. Ireland - Medium 0.56 -0.58 2.51 0.92 - - 4.16 1.43 - - - - 34100 Reid et al. (2011) 
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Country Region Density sett/ ln sett/ inds/ ln inds/ adults/ ln adults/ inds/ ln inds/ adults/ ln adults/ territory ln territory Population Source 

  Category km2 km2 km2 km2 km2 km2 group group group Group size (ha) size (ha) Size Reference 

Norway Malvik Low 0.07 -2.66 0.16 -1.83 - - 2.30 0.83 2.30 0.83 - - - Brøseth et al. (1997) 

Norway - Low - - 0.23 -1.47 - - - - - - - - 45000 Griffiths & Thomas (1993) 

Poland Bialowieza Forest Low 0.04 -3.22 0.16 -1.83 - - 3.80 1.34 3.80 1.34 - - - Kowalczyk et al. (2003) 

 Bialowieza Forest                

Poland (Belarssian 1946-51) Low 0.03 -3.51 0.13 -2.04 - - 3.80 1.34 3.80 1.34 3200.00 8.07 - Kowalczyk et al. (2000) 

 Bialowieza Forest                

Poland (Belarssian 1979-99) Low 0.02 -3.91 0.06 -2.81 - - 3.80 1.34 3.80 1.34 3200.00 8.07 - Kowalczyk et al. (2000) 

 Bialowieza Forest                

Poland (Polish) Low 0.04 -3.22 0.16 -1.83 - - 3.80 1.34 - - 1700.00 7.44 - Kowalczyk et al. (2000) 

 Bialowieza Forest                

Poland (whole) Low 0.02 -3.91 0.08 -2.53 - - 3.80 1.34 - - 2200.00 7.70 - Kowalczyk et al. (2000) 

Poland Rogow Low 0.11 -2.21 0.31 -1.17 - - 3.50 1.25 2.10 0.74 - - - Goszezyiiski & Skoczyfiska (1996) 

Poland Suwalki Low 0.1 -2.30 0.59 -0.53 0.36 -1.02 5.80 1.76 3.50 1.25 - - - Goszczynski (1999) 

Poland - Low - - 0.04 -3.22 - - - - - - - - 12000 Griffiths & Thomas (1993) 

Portugal Sierra de Grandola Low - - 0.42 -0.87 - - 7.00 1.95 4.00 1.39 446.00 6.10 - Rosalino et al. (2004) 

Ireland (Rep) Cork Medium 0.62 -0.48 1.8 0.59 - - 4.45 1.49 4.45 1.49 - - - Sleeman et al. (2009) 

Ireland (Rep) Donegal Medium 0.44 -0.82 1.06 0.06 - - 3.58 1.28 3.58 1.28 - - - Sleeman et al. (2009) 

Ireland (Rep) Four Areas (mean) Medium 0.51 -0.67 1.14 0.13 - - 3.94 1.37 3.94 1.37 - - 84000 Sleeman et al. (2009) 

Ireland (Rep) Kilkenny Medium 0.51 -0.67 1.08 0.08 - - 4.32 1.46 4.32 1.46 - - - Sleeman et al. (2009) 

Ireland (Rep) Kilmurry, Cork 1990 Medium 0.6 -0.51 2.9 1.06 - - - - 4.50 1.50 70.00 4.25 - Sleeman & Mulcahy (2005) 

Ireland (Rep) Kilmurry, Cork 1993 Medium 0.1 -2.30 1.2 0.18 - - - - 2.25 0.81 - - - Sleeman & Mulcahy (2005) 

Ireland (Rep) Little Island Very High 6.5 1.87 34.15 3.53 27.50 3.31 - - - - 20.61 3.03 - Sleeman et al. (2010) 

Ireland (Rep) Monaghan Low 0.48 -0.73 0.85 -0.16 - - 3.41 1.23 3.41 1.23 - - - Sleeman et al. (2009) 

Ireland (Rep) Offaly Medium 1.54 0.43 2.9 1.06 - - 3.05 1.12 - - - - - Eves (1999) 

Ireland (Rep) Offaly High 0.65 -0.43 4.4 1.48 4.00 1.39 - - 4.00 1.39 87.40 4.47 - O’Corry Crowe, Eves & Hayden (1993) 

Ireland (Rep) Wicklow Medium 0.275 -1.29 1.1 0.10 - - - - - - 226.50 5.42 - unpublished data 

Ireland (Rep) - Medium 0.5 -0.69 2.8 1.03 - - 5.90 1.77 - - - - 195000 Smal (1995) 

Ireland (Rep) Meath Medium 0.71  2  0.80  4.17  1.67  - -  Elliot et al. (2015) 

Russia Kivach Reserve Low 0.12 -2.12 0.46 -0.78 - - - - - - - - - Ivanter (1973) 

Scotland Ardnish Medium 0.58 -0.54 2.1 0.74 - - 3.50 1.25 3.50 1.25 173.00 5.15 - Kruuk & Parish (1982) 

Scotland Aviemore Medium - - 2.2 0.79 - - - - 3.60 1.28 121.00 4.80 - Kruuk & Parish (1987) 

Scotland Aviemore/Speyside Medium 0.63 -0.46 2.06 0.72 - - 4.00 1.39 4.00 1.39 206.00 5.33 - Kruuk & Parish (1982) 

Scotland New Deer High 0.48 -0.73 5.95 1.78 - - 9.50 2.25 9.50 2.25 159.00 5.07 - Kruuk & Parish (1982) 

Spain Collserola Park Low - - 0.6 -0.51 - - 1.50 0.41 - - 416.00 6.03 - Molina-Vacas et al. (2009) 

Spain Donana NP Low - - 0.5 -0.69 - - 2.00 0.69 - - 422.00 6.05 - Martin & Delibes (1985) 

Spain Donana NP Low - - 0.28 -1.27 - - 2.00 0.69 - - 780.00 6.66 - Revilla et al. (1999) 

Spain Donana NP Low 0.16 -1.83 0.36 -1.02 - - 1.50 0.41 - - 525.00 6.26 - Rodriguez et al. (1996) 

Spain Donana NP (mean) Low 0.16 -1.83 0.5 -0.69 - - 2.30 0.83 - - - - - In Johnson et al. (2002) 
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Country Region Density sett/ ln sett/ inds/ ln inds/ adults/ ln adults/ inds/ ln inds/ adults/ ln adults/ territory ln territory Population Source 

  Category km2 km2 km2 km2 km2 km2 group group group Group size (ha) size (ha) Size Reference 

Spain DNP Coto del Ray Low - - 0.85 -0.16 - - 4.56 1.52 2.00 0.69 406.00 6.01 - Revilla et al (1999) and Revilla & Palomares (2002) 

Spain DNP Res Biologica Low - - 0.28 -1.27 0.23 -1.47 3.33 1.20 2.00 0.69 780.00 6.66 - Revilla et al (1999) and Revilla & Palomares (2002) 

Spain Monserrat Medium - - 1.9 0.64 - - 3.00 1.10 - - 90.80 4.51 - Molina-Vacas et al. (2009) 

Sweden - Medium - - 2.8 1.03 2.80 1.03 - - - - 2000.00 7.60 - Ahnlund & Lindahl, in Anderson & Trewhella (1985) 

Sweden - Medium - - 1.35 0.30 - - - - - - - - 350000 Griffiths & Thomas (1993) 

Switzerland BCT Jura Foothills Medium 0.42 -0.87 1.8 0.59 1.04 0.04 3.80 1.34 2.20 0.79 212.00 5.36 - Do Linh San (2007a) 

Switzerland Berne Low - - 0.5 -0.69 - - - - - - 387.00 5.96 - Graf et al. (1996) 

Switzerland Chaux d'Abel Medium 0.1 -2.30 1 0.00 0.59 -0.53 3.40 1.22 2.00 0.69 340.00 5.83 - Do Linh San (2007b) 

Switzerland - Low - - 0.18 -1.71 - - - - - - - - 7500 Griffiths & Thomas (1993) 
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Appendix 2.2 Estimating the number of number of adults and cubs in a population. This is 

based on the formula y = 1.0083x – 0.3182, where y is the log of the total number of 

individuals in a population. On average there will be 75% adults and 25% cubs in a 

population.  

No. inds. ln inds. m C ln adults No. adults   % adults % young 

2 0.7 1.0083 0.3182 0.4 1.5   73% 27% 

4 1.4 1.0083 0.3182 1.1 2.9   74% 26% 

6 1.8 1.0083 0.3182 1.5 4.4   74% 26% 

8 2.1 1.0083 0.3182 1.8 5.9   74% 26% 

12 2.5 1.0083 0.3182 2.2 8.9   74% 26% 

16 2.8 1.0083 0.3182 2.5 11.9   74% 26% 

20 3.0 1.0083 0.3182 2.7 14.9   75% 25% 

24 3.2 1.0083 0.3182 2.9 17.9   75% 25% 

28 3.3 1.0083 0.3182 3.0 20.9   75% 25% 

32 3.5 1.0083 0.3182 3.2 24.0   75% 25% 

36 3.6 1.0083 0.3182 3.3 27.0   75% 25% 

40 3.7 1.0083 0.3182 3.4 30.0   75% 25% 

44 3.8 1.0083 0.3182 3.5 33.0   75% 25% 

48 3.9 1.0083 0.3182 3.6 36.1   75% 25% 

52 4.0 1.0083 0.3182 3.7 39.1   75% 25% 

56 4.0 1.0083 0.3182 3.7 42.1   75% 25% 

60 4.1 1.0083 0.3182 3.8 45.2   75% 25% 

64 4.2 1.0083 0.3182 3.9 48.2   75% 25% 

68 4.2 1.0083 0.3182 3.9 51.2   75% 25% 

72 4.3 1.0083 0.3182 4.0 54.3   75% 25% 

 

  



   

210 

 

Appendix 3.1 Badger capture record sheet 

 

  

Date of Capture Name: Daily Capture No. 

Sett/Latrine Name: 

Type of Capture: NEW/RECAPTURE/NEW RECAPTURE

Weight (kgs): DNA: YES/NO/DONE Type: EAR/HAIR

Sex: MALE/FEMALE If female, lactating: YES/NO

Age: CUB/JUVENILE/ADULT/OLD ADULT 

Badger Microchip No: Amount of Anaesthetic:

mls @

mls @

Tattoo No: Top up: YES/NO

BCG: YES/NO/DONE Serial No: 

Neck Measurement (cms): Head measurement (cms): 

GPS Collar Applied: YES/NO Old Collar Retrieved: YES/NO

Number: Number:

VHF Freq (Mhz):

Collar damage to neck area (give precise detail):

(i) Slight Hair Loss (ii) (free text)

PHYSICAL EXAMINATION

(i) Ectoparasites: FLEAS  TICKS  LICE

(ii) Wounds/Injuries (free text):

(iii) Scars (free text):

Method of Capture: CAGE/RESTRAINT

Score cage trap injuries: 

0 - No damage

1 - broken nail/tooth/skin indentation/hair removal 

2 - Multiple nails/teeth broken, skin marking +/- swelling <2 x N

3 - Oral/pedal injuries/skin cuts <8cm and/or limb swelling <2 x N

4 - Severe oral/pedal injuries/skin cuts >8cm and/or limb swelling >2 x N

5 - Fractured jaw/limb/rib

6 - Death

Detail of cage-related injuries (free text):

Teeth Photos: YES/NO Spray Paint: YES/NO

*a badger that has not been captured in current trapping 

round, but has previous been captured and identified. 

Badger Capture Record Sheet
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Appendix 4.1 Seasonal home range sizes (km2) of badgers in the study area.  

Spring is defined as March, April & May; Summer as June, July & August; 

Autumn as September October & November and Winter as December, 

January & February. Data excludes super-ranging and dispersing badgers. 

  Mean SD Median N 

Spring 1.09 0.64 0.98 236 

Summer 1.31 0.61 1.26 236 

Autumn 0.95 0.6 0.87 224 

Winter 0.72 0.57 0.6 194 
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Appendix 4.2 Summer home range size (km2) dataset for N11 badgers.  

Summer is defined as June, July and August. 

Index Name Year HR area (km2)  Sex Ranging Status Social Group 

1 Aoife 2015 1.793980559 female female Quarry 

2 Aoife 2016 2.034905931 female female Quarry 

3 Arthur 2012 1.59730742 male TR male BCF 

4 Arthur 2013 1.61147569 male TR male BLD 

5 Beech 2013 0.77597171 male TR male BLD 

6 Beech 2014 2.224246759 male TR male BLD 

7 Berry 2013 2.019460855 female female CB 

8 Berry 2014 1.261283985 female female CB 

9 Berry 2015 1.512198098 female female CB 

10 Billy 2011 2.196292566 male SR male Quarry 

11 Billy 2012 3.026585 male SR male Quarry 

12 Billy 2013 7.130661845 male SR male Quarry 

13 Billy 2014 2.603746152 male TR male Quarry 

14 Bob 2015 3.093612646 male TR male KIN 

15 Boru 2014 1.215378735 male TR male HSK 

16 Boru 2016 3.35132136 male SR male HSK 

17 Brian 2011 4.00401009 male SR male Pines 

18 Bruiser 2010 2.977100535 male TR male CB 

19 Cecilia 2014 1.331055303 female female DR 

20 Cecilia 2015 1.342154335 female female DR 

21 Dara 2016 0.662166345 female female BT 

22 Dave 2013 2.42571433 male SR male BMW 

23 Debbie 2011 1.60696051 female female Pines 

24 Dinny 2011 1.81567145 male TR male CB 

25 Dinny 2012 1.381378055 male TR male CB 

26 Dinny 2013 1.010607515 male TR male CB 

27 Dolly 2010 2.14898821 female female HSK 

28 Dolly 2011 2.141164985 female female HSK 

29 Douglas 2012 3.750460135 male SR male HSK 

30 Eddie 2015 2.260383487 male TR male BMW 

31 Fern 2015 0.803071917 female female HSK 

32 Fern 2016 2.064654409 female female HSK 

33 Finn 2015 1.062057296 male TR male BCF 

34 Finn 2016 1.278989799 male TR male BCF 

35 Hazel 2011 1.3152469 female female BLD 

36 Heather 2012 0.78613349 female female KIN 

37 Ivy 2013 2.62331496 female female BT 

38 Ivy 2014 2.581232939 female female BT 

39 Ivy 2015 3.119172667 female female BT 

40 Ivy 2016 1.99150964 female female BT 

41 Jessie 2014 1.474146773 female female BMW 

42 Jessie 2015 1.835384111 female female BMW 

43 Jessie 2016 2.449414413 female female BMW 
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Index Name Year HR area (km2)  Sex Ranging Status Social Group 

44 Juan 2012 2.25438153 male TR male Pines 

45 Juan 2013 7.23452086 male SR male Pines 

46 Kenny 2013 1.091432155 male TR male CB 

47 Kenny 2014 1.955767349 male TR male CB 

48 Kenny 2015 1.864420678 male TR male Quarry 

49 Kenny 2016 1.767670907 male TR male Quarry 

50 Kevin 2015 1.436806949 male TR male DR 

51 Leo 2015 4.150195612 male SR male Dump 

52 Lily 2011 2.835692905 female female HSK 

53 Lily 2012 2.23181433 female female HSK 

54 Louis 2014 4.352058067 male SR male Pines 

55 Louis 2015 1.883540582 male TR male Pines 

56 Louis 2016 1.277596309 male TR male Pines 

57 Meg 2013 1.742070775 female female Pines 

58 Michael 2015 1.427171523 male TR male BLD 

59 Michael 2016 3.030652633 male SR male BLD 

60 Millie 2015 1.231466996 female female Pines 

61 Millie 2016 1.660263306 female female Pines 

62 Misty 2016 1.133209458 female female Pines 

63 Niall 2015 5.81985682 male SR male CUL 

64 Olivia 2016 2.041304958 female female DR 

65 O'Malley 2016 0.907227814 male TR male HSK 

66 Peaches 2014 3.146199501 female female KIN 

67 Peaches 2016 2.809276163 female female KIN 

68 Ray 2013 2.16454387 male TR male Briars 

69 Ray 2014 3.36567811 male SR male Briars 

70 Romeo 2010 1.84977159 male TR male CUL 

71 Ronan 2010 1.98009608 male TR male BMW 

72 Roy 2011 3.607822085 male SR male DR 

73 Roy 2013 1.94027106 male SR male DR 

74 Scott 2015 1.971497711 male TR male BT 

75 Sheila 2011 1.567116405 female female CB 

76 Snowdrop 2016 0.775299633 female female BLD 

77 Sylvia 2016 1.344866344 female female BLD 

78 Tyson 2010 1.85658409 male TR male BLD 

79 Violet 2012 0.92635536 female female BT 

80 Violet 2014 2.665581751 female female BT 

81 Violet 2015 3.585041809 female female BT 

82 Violet 2016 1.147022453 female female BT 

83 Yvonne 2010 1.953036925 female female BMW 
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Appendix 5.1 Geographic social group boundaries 2010-2016. The following figures contain a map 

comparing 2010 social group boundaries with boundaries suggested by an early bait-marking study, 

along with separate boundary maps for each year of the study. The final figure is a composite map 

for all years combined.  

 

Comparison of 2010 social group boundaries (empty polygons) with boundaries as suggested by earlier 

bait marking studies (hatched polygons). Bait-marking had suggested territories that were much 

smaller than those quickly revealed by GPS tracking data.  
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Appendix 5.2 Seasonal indices. Comparison of a variety of seasonality indices for use 

in GLMM modelling of ND.  

 

Seasonality Index  df     AICc       BIC          logLik    

Minimum Temp.  18    4028.5     4169.5     -1996.2  

Mean Minimum Temp. 18    3657.5  3798.5     -1810.8  

Weight Status  19 3159.6  3308.4  -1560.8 

Calendar Season  20 3152.6  3309.2  -1556.3 

Calendar Month  28    2593.7     2813.0     -1268.9  

 

 

 

Appendix 5.3 R code for calculating overdispersion in GLMMs. Accessed at 

https://bbolker.github.io/mixedmodels-misc/glmmFAQ.html#overdispersion  

 

overdisp_fun <- function(model) { 

  ## number of variance parameters in  

  ##   an n-by-n variance-covariance matrix 

  vpars <- function(m) { 

    nrow(m)*(nrow(m)+1)/2 

  } 

  model.df <- sum(sapply(VarCorr(model),vpars))+length(fixef(model)) 

  rdf <- nrow(model.frame(model))-model.df 

  rp <- residuals(model,type="pearson") 

  Pearson.chisq <- sum(rp^2) 

  prat <- Pearson.chisq/rdf 

  pval <- pchisq(Pearson.chisq, df=rdf, lower.tail=FALSE) 

  c(chisq=Pearson.chisq,ratio=prat,rdf=rdf,p=pval) 

} 

  

https://bbolker.github.io/mixedmodels-misc/glmmFAQ.html#overdispersion
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Appendix 6.1 Traditional rangers nightly distance model components. Details of the null, full and top 

models for ND in TRs detailing fixed effects, interactions and random effects, along with AICc values. 

Interactions are specified with the * symbol. 

Model Fixed Effects Random Effects AICc  

Null model  1 (1|socgrp/name) 

(1|year) 

1654.66 

Full model  sex * cohort  

month  

roadworks * adjacent   

(1|socgrp/name) 

(1|year) 

-628.76 

Final model  sex* cohort  

month  

adjacent 

 

(1|socgrp/name) 

(1|year) 

-630.26 

 

 

 

 

Appendix 6.2 Traditional rangers nightly distance model selection. Comparison of top models 

returned for TRs at ΔAICc2 

 

Model Components df logLik AICc Delta Weight  

Top Model 123457 26 341.17 -630.26 0.00    0.71  

Second Best 

Model 

1234567 28 342.30 -628.76   1.75 0.29  

Relative Importance of Components      

Components 1 

Adjacent 

2 

sex 

3 

cohort  

4 

month  

5 

roadworks 

6  

sex: 

cohort 

7  

adjacent: 

roadworks 

Importance 1.00 1.00 1.00 1.00 1.00 1.00 0.29 

No. Models 2 2 2 2 2 2 1 
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Appendix 6.3 Summary table of mixed model results for nightly distance travelled in traditional rangers. 

The results for each factor level of a categorical variable are listed in order and are in comparison to 

the base-level of that factor. For example, the variable cohort has four factors – cub; young adult, older 

adult and aged. The results displayed for young adult are in comparison to cub, which is the base-level 

factor in this case.  Similarly, each month is being compared to January, the base-level for that variable.  

 

GLMM with Gaussian distribution, response variable boxcox transformed (km ^ 0.3838384) 

Number of Observations: 18,954, Groups:  name: socgrp, 89; socgrp, 18; year, 7   

Random Effects Variance Standard Deviation    
name: socgrp 4.783E-03 0.069162  

   
socgrp  0.00E+00 0.000000  

   
Year 5.579E-05 0.236208         

Fixed effects Estimate Std. Error df t value Pr(>|t|)  
(Intercept) 5.98E-01 2.89E-02 2.45E+02 20.676 <2e-16 *** 

Adjacent -4.80E-02 1.60E-02 6.70E+01 -3 0.003793 ** 

Male 3.38E-02 2.91E-02 2.40E+02 1.162 0.246591  
Young Adult 9.56E-02 2.48E-02 3.18E+02 3.864 0.000135 *** 

Older Adult 9.25E-02 2.55E-02 2.95E+02 3.63 0.000334 *** 

Aged Adult 9.75E-02 3.02E-02 3.92E+02 3.231 0.001336 ** 

Feb 6.69E-02 1.38E-02 1.89E+04 4.845 1.28E-06 *** 

Mar 1.19E-01 1.27E-02 1.90E+04 9.405 <2e-16 *** 

Apr 1.92E-01 1.21E-02 1.88E+04 15.842 <2e-16 *** 

May 2.28E-01 1.13E-02 1.79E+04 20.204 <2e-16 *** 

Jun 2.58E-01 1.14E-02 1.77E+04 22.59 <2e-16 *** 

Jul 2.10E-01 1.15E-02 9.78E+03 18.223 <2e-16 *** 

Aug 1.96E-01 1.17E-02 1.05E+04 16.771 <2e-16 *** 

Sep 1.61E-01 1.23E-02 6.61E+03 13.184 <2e-16 *** 

Oct 5.43E-02 1.20E-02 5.27E+03 4.531 6.01E-06 *** 

Nov 1.74E-03 1.20E-02 5.20E+03 0.145 0.884811  
Dec -4.09E-02 1.30E-02 6.09E+03 -3.135 0.001725 ** 

During RW 5.02E-02 1.04E-02 1.00E+01 4.811 0.000681 *** 

After RW 6.75E-02 1.09E-02 1.80E+01 6.183 6.94E-06 *** 

Male: Young Adult -2.15E-02 2.79E-02 4.97E+02 -0.77 0.441808  
Male: Older Adult 2.86E-02 2.95E-02 5.01E+02 0.969 0.332999  
Male: Aged Adult 1.06E-02 3.62E-02 8.38E+02 0.293 0.769707  
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Appendix 6.4 Results of Tukey post hoc tests for multiple comparisons of means for the age: cohort 

interaction for traditional rangers. For clarity, I have retained only those comparisons that were 

significantly different.  

Comparison Estimate Std. Error z. value Pr(>|z|)  
Young Adult Female-Cub Female 0.232738 0.031228 7.453 <0.001 *** 

Young Adult Female-Cub Female 9.57E-02 2.51E-02 3.81 0.00281 ** 

Older Adult Female-Cub Female 9.16E-02 2.59E-02 3.539 0.00744 ** 

Aged Female-Cub Female 9.57E-02 3.07E-02 3.116 0.03032 * 

Young Adult Male-Cub Female 1.08E-01 2.73E-02 3.942 0.00156 ** 

Older Adult Male-Cub Female 1.54E-01 2.78E-02 5.542 <0.001 *** 

Aged Male-Cub Female 1.41E-01 3.23E-02 4.361 <0.001 *** 

Older Adult Male-Young Adult Female 5.85E-02 1.86E-02 3.143 0.0275 * 

Older Adult Male-Older Adult Female 6.27E-02 1.82E-02 3.434 0.0108 * 

Young Adult Male-Cub Male 7.40E-02 1.42E-02 5.199 <0.001 *** 

Older Adult Male-Cub Male 1.21E-01 1.72E-02 7.009 <0.001 *** 

Aged Male-Cub Male 1.07E-01 2.45E-02 4.369 <0.001 *** 

Older Adult Male-Young Adult Male 4.65E-02 1.00E-02 4.631 <0.001 *** 
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Appendix 6.5 Results of Tukey post hoc tests for multiple comparisons of 

means of calendar months for nightly distance in traditional rangers.  

 

Comparison Estimate Std. Error z value Pr(>|z|)  
Feb-Jan 0.07509 0.015194 4.942 1.31E-05 *** 

Feb-Jan 0.066896 0.013807 4.845 2.15E-05 *** 

Mar-Jan 0.119248 0.012679 9.405 <2e-16 *** 

Apr-Jan 0.192159 0.01213 15.842 <2e-16 *** 

May-Jan 0.228384 0.011304 20.204 <2e-16 *** 

Jun-Jan 0.257973 0.01142 22.59 <2e-16 *** 

Jul-Jan 0.210371 0.011545 18.223 <2e-16 *** 

Aug-Jan 0.195655 0.011666 16.771 <2e-16 *** 

Sep-Jan 0.161448 0.012246 13.184 <2e-16 *** 

Oct-Jan 0.054253 0.011974 4.531 8.81E-05 *** 

Nov-Jan 0.00174 0.012009 0.145 1  
Dec-Jan -0.04086 0.013031 -3.135 0.012014 * 

Mar-Feb 0.052352 0.012145 4.31 0.000179 *** 

Apr-Feb 0.125263 0.011632 10.769 <2e-16 *** 

May-Feb 0.161488 0.010814 14.933 <2e-16 *** 

Jun-Feb 0.191077 0.010947 17.455 <2e-16 *** 

Jul-Feb 0.143475 0.01109 12.937 <2e-16 *** 

Aug-Feb 0.128759 0.011222 11.473 <2e-16 *** 

Sep-Feb 0.094552 0.011794 8.017 2.89E-14 *** 

Oct-Feb -0.01264 0.011527 -1.097 0.818258  
Nov-Feb -0.06516 0.011531 -5.651 2.88E-07 *** 

Dec-Feb -0.10775 0.012588 -8.56 <2e-16 *** 

Apr-Mar 0.072911 0.010066 7.243 1.01E-11 *** 

May-Mar 0.109136 0.009111 11.979 <2e-16 *** 

Jun-Mar 0.138725 0.009271 14.964 <2e-16 *** 

Jul-Mar 0.091123 0.009461 9.631 <2e-16 *** 

Aug-Mar 0.076407 0.009613 7.948 4.80E-14 *** 

Sep-Mar 0.0422 0.01028 4.105 0.000364 *** 

Oct-Mar -0.06499 0.010002 -6.498 1.70E-09 *** 

Nov-Mar -0.11751 0.010063 -11.677 <2e-16 *** 

Dec-Mar -0.1601 0.011294 -14.177 <2e-16 *** 

May-Apr 0.036225 0.008045 4.503 9.39E-05 *** 

Jun-Apr 0.065814 0.008251 7.977 3.89E-14 *** 

Jul-Apr 0.018212 0.008496 2.144 0.160298  
Aug-Apr 0.003496 0.008661 0.404 1  
Sep-Apr -0.03071 0.009382 -3.273 0.008498 ** 

Oct-Apr -0.13791 0.009122 -15.119 <2e-16 *** 

Nov-Apr -0.19042 0.009234 -20.621 <2e-16 *** 

Dec-Apr -0.23302 0.010588 -22.008 <2e-16 *** 

Jun-May 0.029589 0.006654 4.447 0.000105 *** 

Jul-May -0.01801 0.006939 -2.596 0.056617 . 
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Comparison Estimate Std. Error z value Pr(>|z|)  
Aug-May -0.03273 0.007165 -4.568 7.87E-05 *** 

Sep-May -0.06694 0.008105 -8.258 6.00E-15 *** 

Oct-May -0.17413 0.00786 -22.153 <2e-16 *** 

Nov-May -0.22664 0.008049 -28.158 <2e-16 *** 

Dec-May -0.26924 0.009602 -28.041 <2e-16 *** 

Jul-Jun -0.0476 0.007058 -6.744 3.38E-10 *** 

Aug-Jun -0.06232 0.007286 -8.553 <2e-16 *** 

Sep-Jun -0.09653 0.008228 -11.732 <2e-16 *** 

Oct-Jun -0.20372 0.008002 -25.459 <2e-16 *** 

Nov-Jun -0.25623 0.008213 -31.198 <2e-16 *** 

Dec-Jun -0.29883 0.009744 -30.667 <2e-16 *** 

Aug-Jul -0.01472 0.007173 -2.052 0.160793  
Sep-Jul -0.04892 0.008098 -6.041 2.91E-08 *** 

Oct-Jul -0.15612 0.007891 -19.784 <2e-16 *** 

Nov-Jul -0.20863 0.008128 -25.668 <2e-16 *** 

Dec-Jul -0.25123 0.009669 -25.982 <2e-16 *** 

Sep-Aug -0.03421 0.008209 -4.167 0.000309 *** 

Oct-Aug -0.1414 0.008018 -17.636 <2e-16 *** 

Nov-Aug -0.19392 0.008266 -23.459 <2e-16 *** 

Dec-Aug -0.23651 0.009787 -24.167 <2e-16 *** 

Oct-Sep -0.10719 0.008625 -12.428 <2e-16 *** 

Nov-Sep -0.15971 0.00889 -17.965 <2e-16 *** 

Dec-Sep -0.2023 0.010333 -19.579 <2e-16 *** 

Nov-Oct -0.05251 0.008228 -6.383 3.48E-09 *** 

Dec-Oct -0.09511 0.009773 -9.732 <2e-16 *** 

Dec-Nov -0.0426 0.009476 -4.495 9.39E-05 *** 
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Appendix 6.6 Traditional rangers home range size model components. Details of the null, full and top 

models for ND in TRs detailing fixed effects, interactions and random effects, along with AICc values. 

Interactions are specified with the * symbol. 

 

Model Fixed Effects Random Effects AICc  

Null model  1 (1|socgrp/name) 

(1|year) 

345.2 

Full model  sex* age cohort 

month 

roadworks * adjacent  

(1|socgrp/name) 

(1|year) 

120.4 

Final model  sex * age cohort 

month 

(1|socgrp/name) 

(1|year) 

113.4 

 

 

 

 

 

 

Appendix 6.7 Traditional rangers home range size model selection. Comparison of top models 

returned for TRs at ΔAICc2 

Model 

 

Components df logLik AICc Delta Weight 

Top Model 

 

2345 23 -33.05 113.38 0.00    0.72 

Second Best 

Model 

12345 24 -.32.92 115.22 1.85 0.28 

Relative Important of Components     

Components 1 

adjacent 

2 

sex 

3 

age cohort  

4 

month  

5sex:  

age cohort 

 

Importance 0.28 1.00 1.00 1.00 1.00  

No. Models 1 2 2 2 2  

  



   

226 

 

Appendix 6.8 Summary table of mixed model results for home range size in traditional rangers. The 

results for each factor level of a categorical variable are listed in order and are in comparison to the 

base-level of that factor. For example, the variable cohort has four factors – cub; young adult, older 

adult and aged. The results displayed for young adult are in comparison to cub, which is the base-level 

factor in this case.  Similarly, each month is being compared to January, the base-level for that variable.  

 

GLMM with gaussian distribution, response variable boxcox transformed (km ^ 0.5050505) 

Number of Observations: 890, Groups:  name: socgrp, 86; socgrp, 18; year, 7   

Random Effects Variance Standard Deviation    

name: socgrp 0.037666 0.19408     

socgrp  0.009061 0.09519     

Year 0.004545 0.06742         

Residual 0.051198 0.22627     

Fixed effects Estimate Std. Error df t value Pr(>|t|)  

(Intercept) 0.53902 0.09212 162.2 5.851 2.62E-08 *** 

Male 0.09589 0.09727 262.1 0.986 0.325141  

Young adult 0.17196 0.08034 292.2 2.14 0.033158 * 

Older adult 0.1371 0.08408 268.6 1.63 0.104168  

Aged adult 0.11053 0.09319 279.2 1.186 0.236629  

Feb 0.13831 0.04206 794.1 3.288 0.001052 ** 

Mar 0.14378 0.04328 794.4 3.322 0.000934 *** 

Apr 0.15591 0.03812 810 4.09 4.74E-05 *** 

May 0.30601 0.03752 818 8.156 1.33E-15 *** 

Jun 0.32003 0.03849 819.6 8.314 4.44E-16 *** 

Jul 0.33811 0.03918 816.9 8.629 <2.00E-16 *** 

Aug 0.33141 0.04085 814.5 8.112 1.78E-15 *** 

Sep 0.3389 0.04334 812.3 7.82 1.64E-14 *** 

Oct 0.13692 0.03933 818.9 3.481 0.000525 *** 

Nov 0.06882 0.0391 815.7 1.76 0.078812 . 

Dec -0.0598 0.04048 817.7 -1.477 0.14  

Male: young adult -0.07342 0.0968 465.1 -0.759 0.448521  

Male: older adult 0.15038 0.10364 444.1 1.451 0.147476  

Male: aged adult 0.17514 0.11216 486.1 1.562 0.119043  
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Appendix 6.9 Results of Tukey post hoc tests for multiple comparisons of means for the traditional 

ranger age: cohort interaction.  

 

Comparison Estimate Std. Error z value Pr(>|z|)   

Aged.F-Cub.F 0.11159 0.17619 0.633 0.99779  
Aged.F-Older Adult.F -0.04609 0.08218 -0.561 0.99898  
Aged.F-Young Adult.F -0.12785 0.10403 -1.229 0.90345  
Aged.M-Aged.F 0.52458 0.13817 3.797 0.00301 ** 

Aged.M-Cub.F 0.63617 0.17899 3.554 0.00757 ** 

Aged.M-Cub.M 0.56307 0.14959 3.764 0.00332 ** 

Aged.M-Older Adult.F 0.47849 0.12493 3.83 0.00271 ** 

Aged.M-Older Adult.M 0.01317 0.08125 0.162 1  
Aged.M-Young Adult.F 0.39673 0.12734 3.116 0.03223 * 

Aged.M-Young Adult.M 0.37035 0.09977 3.712 0.00429 ** 

Cub.M-Aged.F -0.03849 0.1695 -0.227 1  
Cub.M-Cub.F 0.0731 0.1835 0.398 0.99989  
Cub.M-Older Adult.F -0.08458 0.14728 -0.574 0.99882  
Cub.M-Young Adult.F -0.16634 0.14106 -1.179 0.92096  
Older Adult.F-Cub.F 0.15768 0.15861 0.994 0.96752  
Older Adult.F-Young Adult.F -0.08176 0.06689 -1.222 0.90592  
Older Adult.M-Aged.F 0.51141 0.13138 3.893 0.00208 ** 

Older Adult.M-Cub.F 0.623 0.16571 3.76 0.00373 ** 

Older Adult.M-Cub.M 0.5499 0.12908 4.26 <0.001 *** 

Older Adult.M-Older Adult.F 0.46532 0.11114 4.187 <0.001 *** 

Older Adult.M-Young Adult.F 0.38356 0.11084 3.46 0.01034 * 

Older Adult.M-Young Adult.M 0.35719 0.07396 4.829 <0.001 *** 

Young Adult.F-Cub.F 0.23944 0.15172 1.578 0.72166  
Young Adult.M-Aged.F 0.15422 0.12581 1.226 0.90466  
Young Adult.M-Cub.F 0.26581 0.1598 1.663 0.66523  
Young Adult.M-Cub.M 0.19271 0.11207 1.72 0.62633  
Young Adult.M-Older Adult.F 0.10813 0.10377 1.042 0.9581  
Young Adult.M-Young Adult.F 0.02637 0.09991 0.264 0.99999   
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Appendix 6.10 Results of Tukey post hoc tests for multiple comparisons of 

means of calendar months for home range size in traditional rangers. 

 

Comparison Estimate Std. Error z-value Pr(>|z|)   

Feb-Jan 0.1383107 0.0420597 3.288 0.023171 * 

Mar-Jan 0.1437842 0.0432804 3.322 0.021438 * 

Apr-Jan 0.1559106 0.0381174 4.09 0.001206 ** 

May-Jan 0.3060142 0.0375197 8.156 2.62E-14 *** 

Jun-Jan 0.3200333 0.0384947 8.314 <2e-16 *** 

Jul-Jan 0.3381086 0.0391812 8.629 <2e-16 *** 

Aug-Jan 0.3314141 0.0408548 8.112 2.62E-14 *** 

Sep-Jan 0.3389021 0.043338 7.82 3.04E-13 *** 

Oct-Jan 0.1369156 0.0393284 3.481 0.012473 * 

Nov-Jan 0.0688155 0.0391036 1.76 1  
Dec-Jan -0.0597955 0.0404782 -1.477 1  
Mar-Feb 0.0054735 0.0447429 0.122 1  
Apr-Feb 0.0175999 0.0401288 0.439 1  
May-Feb 0.1677035 0.0395855 4.236 0.000704 *** 

Jun-Feb 0.1817226 0.0405534 4.481 0.000256 *** 

Jul-Feb 0.1997979 0.0412118 4.848 5.49E-05 *** 

Aug-Feb 0.1931034 0.0428502 4.506 0.000237 *** 

Sep-Feb 0.2005914 0.0452068 4.437 0.000301 *** 

Oct-Feb -0.0013951 0.0414221 -0.034 1  
Nov-Feb -0.0694952 0.0411968 -1.687 1  
Dec-Feb -0.1981062 0.0425334 -4.658 0.000125 *** 

Apr-Mar 0.0121264 0.0412272 0.294 1  
May-Mar 0.1622299 0.0406766 3.988 0.001797 ** 

Jun-Mar 0.1762491 0.0416325 4.233 0.000704 *** 

Jul-Mar 0.1943244 0.0422786 4.596 0.000163 *** 

Aug-Mar 0.1876299 0.0438962 4.274 0.000613 *** 

Sep-Mar 0.1951179 0.0461491 4.228 0.000704 *** 

Oct-Mar -0.0068686 0.0424506 -0.162 1  
Nov-Mar -0.0749687 0.0422399 -1.775 1  
Dec-Mar -0.2035797 0.0435626 -4.673 0.000119 *** 

May-Apr 0.1501036 0.0334733 4.484 0.000256 *** 

Jun-Apr 0.1641227 0.0347114 4.728 9.51E-05 *** 

Jul-Apr 0.182198 0.0354422 5.141 1.31E-05 *** 

Aug-Apr 0.1755035 0.0373992 4.693 0.000111 *** 

Sep-Apr 0.1829915 0.0401858 4.554 0.000195 *** 

Oct-Apr -0.018995 0.036383 -0.522 1  
Nov-Apr -0.0870951 0.0363509 -2.396 0.364694  
Dec-Apr -0.2157061 0.0380957 -5.662 7.62E-07 *** 

Jun-May 0.0140191 0.0334133 0.42 1  
Jul-May 0.0320944 0.0342255 0.938 1  
Aug-May 0.0254 0.0362957 0.7 1  
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Comparison Estimate Std. Error z-value Pr(>|z|)   

Sep-May 0.0328879 0.0393448 0.836 1  
Oct-May -0.1690986 0.0355879 -4.752 8.68E-05 *** 

Nov-May -0.2371987 0.0355315 -6.676 1.30E-09 *** 

Dec-May -0.3658096 0.0373857 -9.785 <2e-16 *** 

Jul-Jun 0.0180753 0.0349638 0.517 1  
Aug-Jun 0.0113809 0.0369991 0.308 1  
Sep-Jun 0.0188688 0.0400329 0.471 1  
Oct-Jun -0.1831177 0.0364085 -5.03 2.31E-05 *** 

Nov-Jun -0.2512178 0.0364683 -6.889 3.10E-10 *** 

Dec-Jun -0.3798287 0.0382633 -9.927 <2e-16 *** 

Aug-Jul -0.0066944 0.0375654 -0.178 1  
Sep-Jul 0.0007935 0.0405651 0.02 1  
Oct-Jul -0.201193 0.0370244 -5.434 2.75E-06 *** 

Nov-Jul -0.2692931 0.0371099 -7.257 2.22E-11 *** 

Dec-Jul -0.3979041 0.0388865 -10.232 <2e-16 *** 

Sep-Aug 0.0074879 0.0420002 0.178 1  
Oct-Aug -0.1944986 0.0386884 -5.027 2.31E-05 *** 

Nov-Aug -0.2625986 0.0387896 -6.77 6.96E-10 *** 

Dec-Aug -0.3912096 0.0405263 -9.653 <2e-16 *** 

Oct-Sep -0.2019865 0.0405015 -4.987 2.76E-05 *** 

Nov-Sep -0.2700866 0.0406359 -6.646 1.56E-09 *** 

Dec-Sep -0.3986976 0.0422962 -9.426 <2e-16 *** 

Nov-Oct -0.0681001 0.035078 -1.941 1  
Dec-Oct -0.196711 0.0365866 -5.377 3.72E-06 *** 

Dec-Nov -0.128611 0.035972 -3.575 0.009095 ** 
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Appendix 6.11 Traditional ranger extra-territorial excursion distance model components. 

Details of the null, full and final models for ND in TRs detailing fixed effects, interactions (*) 

and random effects, along with AICc values.  

 

Model Fixed Effects Random Effects AICc  

Null model  1 (1|socgrp/name) 

(1|year) 

53483.3 

Full model  

(Gaussian 

distribution) 

sex* age cohort 

roadworks* adjacent 

month 

(1|socgrp/name) 

(1|year) 

53388.3 

Final model  

(Gamma distribution) 

sex* age cohort 

roadworks 

month 

(1|socgrp/name) 

(1|year) 

47231.3 

 

 

 

 

 

 

Appendix 6.12 Traditional ranger extra-territorial excursion distance model selection. 

Comparison of top models (Gaussian distribution) returned for TRs at ΔAICc2 

 

Model 

 

Components df logLik AICc Delta Weight 

Top Model 

 

23456 25 -26667.72 53384.9 0.00 0.50 

Second-Best 

Model 

2346 23 -26669.84 53385.98 1.08 0.30 

Third-Best 

Model  

123456 26 -26667.2 53386.78 1.89 0.20 

Relative Important of Components     

Components 1 

adjacent 

2 

sex 

3 

age cohort  

4 

month  

5 

roadworks 

6 sex: age 

cohort 

Importance 0.2 1 1 1 0.7 1 

No. Models 1 3 3 3 2 3 
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Appendix 6.13 Summary table of mixed model results for extra-territorial excursion distance (m) in 

traditional ranger. The results for each factor level of a categorical variable are listed in order and are 

in comparison to the base-level of that factor. For example, the variable cohort has four factors – cub; 

young adult, older adult and aged. The results displayed for young adult are in comparison to cub, 

which is the base-level factor in this case.  Similarly, each month is being compared to January, the 

base-level for that variable.  

 

GLMM with Gamma (log) distribution 

Number of Observations: 3726, Groups:  name: socgrp, 82; socgrp, 16; year, 7   

Random Effects Variance Standard Deviation    

name: socgrp 0.69321 0.8326     

socgrp  0.02488 0.1577     

Year 0.01783 0.1335         

Residual 1.57262 1.254     

Fixed effects Estimate Std. Error df t value Pr(>|t|)  

(Intercept) 4.26545 0.50317 8.477 <2e-16 *** 

Adjacent 1.15087 0.55474 2.075 0.038021 * 

Male 0.94057 0.48886 1.924 0.054355 . 

Younger Adult 0.81612 0.49308 1.655 0.097893 . 

Older Adult 1.53759 0.5342 2.878 0.003998 ** 

Aged Adult 0.27125 0.15131 1.793 0.073027 . 

Feb -0.22233 0.15524 -1.432 0.152084  
Mar -0.05238 0.13932 -0.376 0.706936  
Apr -0.31041 0.12986 -2.39 0.016834 * 

May -0.36985 0.13729 -2.694 0.007061 ** 

Jun -0.50977 0.13607 -3.746 0.000179 *** 

Jul -0.43084 0.13608 -3.166 0.001546 ** 

Aug -0.52534 0.141 -3.726 0.000195 *** 

Sep -0.23897 0.14628 -1.634 0.10232  
Oct 0.06957 0.14809 0.47 0.638479  
Nov -0.11068 0.16165 -0.685 0.49355  
Dec 0.3008 0.16026 1.877 0.060526 . 

RW during 0.43204 0.16479 2.622 0.008749 ** 

RW after -0.89072 0.5567 -1.6 0.109599  
Male: Younger Adult -0.8655 0.56846 -1.523 0.127875  
Male: Older Adult -1.11568 0.61963 -1.801 0.071772 . 

Male: Aged Adult 4.26545 0.50317 8.477 <2e-16 *** 
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Appendix 6.14 Results of Tukey post hoc tests for multiple comparisons of mean extra-territorial 

excursion distance (m) for the sex: age cohort interaction in traditional rangers.  

 

Comparison Estimate Std. Error z-value Pr(>|z|)  

Female Aged-Female Cub 1.15087 0.55474 2.075 0.3588  

Female Older Adult-Female Younger Adult 0.94057 0.48886 1.924 0.4571  

Male Aged-Female Cub 1.20072 0.49331 2.434 0.1766  

Male Aged-Female Older Adult 0.81612 0.49308 1.655 0.6454  

Female Aged-Female Older Adult 1.10149 0.49987 2.204 0.2843  

Male Aged-Male Older Adult 1.53759 0.5342 2.878 0.0577 . 

Female Aged-Female Younger Adult 1.57278 0.5315 2.959 0.046 * 

Female Aged-Male Cub -0.2103 0.34011 -0.618 0.9977  

Female Aged-Male Older Adult 0.04985 0.27691 0.18 1  

Female Aged-Male Younger Adult -0.33475 0.34819 -0.961 0.9686  

Female Older Adult-Female Cub -0.04938 0.30763 -0.161 1  

Female Older Adult-Male Cub 0.38671 0.41173 0.939 0.9724  

Female Older Adult-Male Younger Adult 0.42191 0.37037 1.139 0.9243  

Female Younger Adult-Female Cub 0.26015 0.21341 1.219 0.8953  

Female Younger Adult-Male Cub -0.12445 0.11458 -1.086 0.9404  

Male Aged-Female Aged 0.16092 0.22454 0.717 0.9943  

Male Aged-Female Younger Adult 0.59702 0.24699 2.417 0.1828  

Male Aged-Male Cub 0.63221 0.28887 2.189 0.2925  

Male Aged-Male Younger Adult -0.3846 0.21753 -1.768 0.566  

Male Cub-Female Cub -0.09923 0.11084 -0.895 0.9789  

Male Older Adult-Female Cub 0.33687 0.29984 1.123 0.9293  

Male Older Adult-Female Older Adult 0.37206 0.21618 1.721 0.5991  

Male Older Adult-Female Younger Adult 0.28537 0.22082 1.292 0.8634  

Male Older Adult-Male Cub 0.72146 0.21794 3.31 0.0156 * 

Male Older Adult-Male Younger Adult 0.75666 0.27802 2.722 0.0878 . 

Male Younger Adult-Female Cub 0.43609 0.29626 1.472 0.766  

Male Younger Adult-Female Younger Adult 0.47129 0.17416 2.706 0.0916 . 

Male Younger Adult-Male Cub 0.03519 0.32507 0.108 1  

 

 

 

Appendix 6.15 Results of Tukey post hoc tests for multiple comparisons of mean extra-territorial 

excursion distance (m) for the sex: age cohort interaction in traditional rangers.  

 

Comparison Estimate Std. Error z value Pr(>|z|)   

during-before 0.3008 0.1603 1.877 0.1211  
after-before 0.432 0.1648 2.622 0.0262 * 

after-during 0.1312 0.1071 1.225 0.2204   
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Appendix 6.16 Results of Tukey post hoc tests for multiple comparisons of mean extra-territorial 

excursion distance (m) for the different calendar months in traditional rangers. 

Comparison Estimate Std. Error z value Pr(>|z|)   

Feb-Jan 0.27125 0.15131 1.793 1  
Mar-Jan -0.22233 0.15524 -1.432 1  
Apr-Jan -0.05238 0.13932 -0.376 1  
May-Jan -0.31041 0.12986 -2.39 0.61419  
Jun-Jan -0.36985 0.13729 -2.694 0.303627  
Jul-Jan -0.50977 0.13607 -3.746 0.009691 ** 

Aug-Jan -0.43084 0.13608 -3.166 0.075731 . 

Sep-Jan -0.52534 0.141 -3.726 0.010315 * 

Oct-Jan -0.23897 0.14628 -1.634 1  
Nov-Jan 0.06957 0.14809 0.47 1  
Dec-Jan -0.11068 0.16165 -0.685 1  
Mar-Feb -0.49358 0.14361 -3.437 0.029406 * 

Apr-Feb -0.32363 0.1281 -2.526 0.472526  
May-Feb -0.58166 0.11862 -4.904 5.65E-05 *** 

Jun-Feb -0.6411 0.12691 -5.052 2.67E-05 *** 

Jul-Feb -0.78102 0.12556 -6.221 3.27E-08 *** 

Aug-Feb -0.70209 0.12614 -5.566 1.67E-06 *** 

Sep-Feb -0.79659 0.13011 -6.122 6.00E-08 *** 

Oct-Feb -0.51022 0.13507 -3.778 0.008712 ** 

Nov-Feb -0.20167 0.13753 -1.466 1  
Dec-Feb -0.38193 0.15229 -2.508 0.47697  
Apr-Mar 0.16995 0.12709 1.337 1  
May-Mar -0.08808 0.11832 -0.744 1  
Jun-Mar -0.14752 0.12668 -1.165 1  
Jul-Mar -0.28744 0.12591 -2.283 0.74035  
Aug-Mar -0.20851 0.12705 -1.641 1  
Sep-Mar -0.30301 0.13069 -2.319 0.694165  
Oct-Mar -0.01664 0.13806 -0.121 1  
Nov-Mar 0.2919 0.13907 2.099 1  
Dec-Mar 0.11165 0.15499 0.72 1  
May-Apr -0.25803 0.09219 -2.799 0.230675  
Jun-Apr -0.31747 0.10304 -3.081 0.09696 . 

Jul-Apr -0.45739 0.10306 -4.438 0.000526 *** 

Aug-Apr -0.37846 0.10412 -3.635 0.014462 * 

Sep-Apr -0.47296 0.1088 -4.347 0.000787 *** 

Oct-Apr -0.18659 0.11889 -1.569 1  
Nov-Apr 0.12196 0.11971 1.019 1  
Dec-Apr -0.0583 0.13814 -0.422 1  
Jun-May -0.05943 0.08304 -0.716 1  
Jul-May -0.19936 0.08322 -2.395 0.61419  
Aug-May -0.12043 0.08431 -1.428 1  
Sep-May -0.21493 0.0916 -2.346 0.663423  
Oct-May 0.07144 0.10429 0.685 1  
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Comparison Estimate Std. Error z value Pr(>|z|)   

Nov-May 0.37999 0.10538 3.606 0.015874 * 

Dec-May 0.19973 0.1269 1.574 1  
Jul-Jun -0.13992 0.09134 -1.532 1  
Aug-Jun -0.061 0.09334 -0.653 1  
Sep-Jun -0.15549 0.10111 -1.538 1  
Oct-Jun 0.13087 0.11287 1.159 1  
Nov-Jun 0.43942 0.11364 3.867 0.006178 ** 

Dec-Jun 0.25917 0.1344 1.928 1  
Aug-Jul 0.07893 0.08764 0.901 1  
Sep-Jul -0.01557 0.09538 -0.163 1  
Oct-Jul 0.2708 0.1077 2.514 0.47697  
Nov-Jul 0.57935 0.10925 5.303 7.07E-06 *** 

Dec-Jul 0.39909 0.13015 3.066 0.099688 . 

Sep-Aug -0.0945 0.09447 -1 1  
Oct-Aug 0.19187 0.10763 1.783 1  
Nov-Aug 0.50042 0.10887 4.596 0.000254 *** 

Dec-Aug 0.32016 0.1298 2.467 0.518361  
Oct-Sep 0.28637 0.10895 2.628 0.360244  
Nov-Sep 0.59492 0.11154 5.334 6.07E-06 *** 

Dec-Sep 0.41466 0.13205 3.14 0.081061 . 

Nov-Oct 0.30855 0.11342 2.72 0.286853  
Dec-Oct 0.12829 0.13345 0.961 1  
Dec-Nov -0.18025 0.12572 -1.434 1  
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Appendix 6.17 Traditional ranger frequency of extra-territorial excursions model components. Details 

of the null, full and final models for ND in TRs detailing fixed effects, interactions (*) and random 

effects, along with AICc values.  

 

Model Fixed Effects Random Effects AICc  

Null model  1 (1|socgrp/name) 

(1|year) 

4650.46 

Full model  sex* age cohort 

roadworks* adjacent 

month 

(1|socgrp/name) 

(1|year) 

4338.18 

Final model  sex* age cohort 

month 

roadworks 

(1|socgrp/name) 

(1|year) 

4336.51 

 

 

 

 

 

 

Appendix 6.18 Traditional ranger frequency of extra-territorial excursions model selection. 

Comparison of top models returned for TRs at ΔAICc2 

 

Model 

 

Components df logLik AICc Delta Weight  

Top Model 

 

23457 24 -2144.53 4336.51 0.00 0.48  

Second-Best 

Model 

123457 25 -2142.74 4337.24 0.98 0.30  

Third-Best 

Model 

1234567 27 -2140.95 4338.18 1.67 0.21  

Relative Important of Components      

Components 1 

adjacent 

2 

sex 

3 age 

cohort 

4 

month 

5 

roadworks 

6  

rw: adj 

7 sex: 

cohort 

Importance 0.52 1 1 1 1 0.21 1 

No. Models 2 3 3 3 3 1 3 
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Appendix 6.19 Summary table of mixed model results for frequency of extra-territorial excursions in 

traditional rangers. The results for each factor level of a categorical variable are listed in order and are 

in comparison to the base-level of that factor. For example, the variable cohort has four factors – cub; 

young adult, older adult and aged. The results displayed for young adult are in comparison to cub, 

which is the base-level factor in this case.  Similarly, each month is being compared to January, the 

base-level for that variable.   

 

GLMM with binomial (logit) distribution, response variable = (successes, failures) 

Number of Observations: 690, Groups:  name: socgrp, 83; socgrp, 16; year, 7   

Random Effects Variance Standard Deviation    

name: socgrp 0.67933 0.8242     

socgrp  0 0     

Year 0.04766 0.2183         

Fixed effects Estimate Std. Error df t value Pr(>|t|)  

(Intercept) -3.6218 0.4615 -7.848 4.24E-15 ***  

Male 2.153 0.5035 4.276 1.90E-05 ***  

Young Adult 0.819 0.4411 1.857 0.063368 . 

Older Adult 0.8439 0.4456 1.894 0.058264 . 

Aged Adult 0.9901 0.4825 2.052 0.040177 * 

Feb 0.5042 0.1336 3.772 0.000162 *** 

Mar 0.5529 0.1364 4.054 5.04E-05 *** 

Apr 1.3492 0.1252 10.773 <2e-16 *** 

May 1.2871 0.1161 11.083 <2e-16 *** 

Jun 0.8216 0.1207 6.809 9.81E-12 *** 

Jul 0.9958 0.1214 8.205 2.30E-16 *** 

Aug 1.1124 0.1227 9.068 <2e-16 *** 

Sep 1.3364 0.1279 10.445 <2e-16 *** 

Oct 0.843 0.1312 6.425 1.32E-10 *** 

Nov 0.9383 0.1312 7.153 8.49E-13 *** 

Dec 0.2324 0.1422 1.634 0.102267  
During 0.2225 0.2099 1.06 0.289075  
After 0.4567 0.2078 2.198 0.027957 * 

Male: Young Adult -1.8929 0.5037 -3.758 0.000172 *** 

Male: Older Adult -1.9499 0.5172 -3.77 0.000163 *** 

Male: Aged Adult -1.485 0.5634 -2.636 0.008389 ** 
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Appendix 6.20 Results of Tukey post hoc tests for multiple comparisons of frequency of extra-territorial 

excursions for the sex: age cohort interaction in traditional rangers. For clarity, I have retained only 

those comparisons that were significantly different. 

 

Comparison Estimate Std. Error z value Pr(>|z|)   

Aged.M-Cub.F 1.65811 0.48124 3.446 0.00989 ** 

Aged.M-O.Adult.F 0.81421 0.26309 3.095 0.03073 * 

Aged.M-O.Adult.M 0.61111 0.15926 3.837 0.0023 ** 

Aged.M-Y.Adult.F 0.83909 0.27375 3.065 0.03337 * 

Cub.M-Aged.F 1.16286 0.37964 3.063 0.03358 * 

Cub.M-Cub.F 2.15301 0.5034 4.277 <0.001 *** 

Cub.M-O.Adult.F 1.3091 0.32308 4.052 <0.001 *** 

Cub.M-Y.Adult.F 1.33398 0.31425 4.245 <0.001 *** 

O.Adult.M-Cub.M -1.106 0.28039 -3.944 0.00154 ** 

Y.Adult.M-Cub.M -1.07387 0.25051 -4.287 <0.001 *** 

 

 

 

 

 

Appendix 6.21 Results of Tukey post hoc tests for multiple comparisons of frequency of extra-

territorial excursions for the different roadworks phases in traditional rangers.  

 

Comparison Estimate Std. Error z value Pr(>|z|)   

during – before 0.2225 0.2099 1.060 0.2891  

after – before 0.4567 0.2078 2.198 0.0559 . 

after - during  0.2342 0.0960 2.440 0.0441 * 
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Appendix 6.22 Results of Tukey post hoc tests for multiple comparisons of frequency of extra-territorial 

excursions for the different calendar months in traditional rangers. 

 

Comparison Estimate Std. Error z value Pr(>|z|)   

Feb-Jan 0.50417 0.13365 3.772 0.004643 ** 

Mar-Jan 0.5529 0.1364 4.054 0.001765 ** 

Apr-Jan 1.34916 0.12524 10.773 <2e-16 *** 

May-Jan 1.28712 0.11613 11.083 <2e-16 *** 

Jun-Jan 0.82159 0.12066 6.809 5.01E-10 *** 

Jul-Jan 0.99581 0.12136 8.205 1.31E-14 *** 

Aug-Jan 1.11236 0.12266 9.068 <2e-16 *** 

Sep-Jan 1.33636 0.12795 10.445 <2e-16 *** 

Oct-Jan 0.84304 0.13121 6.425 6.33E-09 *** 

Nov-Jan 0.93831 0.13118 7.153 4.67E-11 *** 

Dec-Jan 0.23238 0.14222 1.634 1  
Mar-Feb 0.04873 0.12529 0.389 1  
Apr-Feb 0.84499 0.11394 7.416 6.75E-12 *** 

May-Feb 0.78295 0.10392 7.534 2.80E-12 *** 

Jun-Feb 0.31742 0.10913 2.909 0.083485 . 

Jul-Feb 0.49164 0.10988 4.474 0.000276 *** 

Aug-Feb 0.60819 0.11128 5.465 1.98E-06 *** 

Sep-Feb 0.83219 0.11661 7.137 5.17E-11 *** 

Oct-Feb 0.33887 0.12081 2.805 0.105641  
Nov-Feb 0.43414 0.12093 3.59 0.008599 ** 

Dec-Feb -0.2718 0.13346 -2.037 0.54207  
Apr-Mar 0.79626 0.11487 6.932 2.16E-10 *** 

May-Mar 0.73422 0.10482 7.005 1.31E-10 *** 

Jun-Mar 0.26869 0.11002 2.442 0.262722  
Jul-Mar 0.44291 0.11104 3.989 0.002258 ** 

Aug-Mar 0.55946 0.11242 4.977 2.52E-05 *** 

Sep-Mar 0.78346 0.11802 6.638 1.55E-09 *** 

Oct-Mar 0.29014 0.12248 2.369 0.303345  
Nov-Mar 0.38541 0.12258 3.144 0.039986 * 

Dec-Mar -0.32053 0.13547 -2.366 0.303345  
May-Apr -0.06204 0.08597 -0.722 1  
Jun-Apr -0.52758 0.09244 -5.707 5.16E-07 *** 

Jul-Apr -0.35336 0.09361 -3.775 0.004643 ** 

Aug-Apr -0.2368 0.09515 -2.489 0.243552  
Sep-Apr -0.0128 0.10127 -0.126 1  
Oct-Apr -0.50612 0.10761 -4.703 9.47E-05 *** 

Nov-Apr -0.41085 0.10827 -3.795 0.004434 ** 

Dec-Apr -1.11679 0.12363 -9.033 <2e-16 *** 

Jun-May -0.46553 0.07379 -6.309 1.32E-08 *** 

Jul-May -0.29131 0.07463 -3.904 0.002938 ** 

Aug-May -0.17476 0.07638 -2.288 0.331918  
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Comparison Estimate Std. Error z value Pr(>|z|)   

Sep-May 0.04924 0.08513 0.578 1  
Oct-May -0.44408 0.09368 -4.741 8.10E-05 *** 

Nov-May -0.34881 0.09463 -3.686 0.006146 ** 

Dec-May -1.05475 0.11208 -9.411 <2e-16 *** 

Jul-Jun 0.17422 0.08064 2.16 0.430307  
Aug-Jun 0.29077 0.08246 3.526 0.010535 * 

Sep-Jun 0.51477 0.0909 5.663 6.55E-07 *** 

Oct-Jun 0.02146 0.09904 0.217 1  
Nov-Jun 0.11672 0.09983 1.169 1  
Dec-Jun -0.58921 0.11649 -5.058 1.74E-05 *** 

Aug-Jul 0.11655 0.07839 1.487 1  
Sep-Jul 0.34055 0.08629 3.947 0.002535 ** 

Oct-Jul -0.15276 0.09498 -1.608 1  
Nov-Jul -0.0575 0.09591 -0.599 1  
Dec-Jul -0.76343 0.11332 -6.737 8.07E-10 *** 

Sep-Aug 0.224 0.08631 2.595 0.189092  
Oct-Aug -0.26932 0.09525 -2.828 0.103198  
Nov-Aug -0.17405 0.0964 -1.805 0.851972  
Dec-Aug -0.87999 0.11389 -7.726 6.44E-13 *** 

Oct-Sep -0.49331 0.09887 -4.99 2.42E-05 *** 

Nov-Sep -0.39805 0.10028 -3.969 0.002379 ** 

Dec-Sep -1.10398 0.11727 -9.414 <2e-16 *** 

Nov-Oct 0.09527 0.10226 0.932 1  
Dec-Oct -0.61067 0.11863 -5.148 1.11E-05 *** 

Dec-Nov -0.70594 0.11331 -6.23 2.15E-08 *** 
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Appendix 7.1 Super-ranger nightly distance model components. Details of the null, full and top models 

for ND in TRs detailing fixed effects, interactions and random effects, along with AICc values. 

Interactions are specified with the * symbol. 

Model Fixed Effects Random Effects AICc  

Null model  1 (1|socgrp/name) 

(1|year) 

3849.0 

Full model  age cohort  

month  

roadworks * adjacent  

(1|socgrp/name) 

(1|year) 

3291.9 

Final model  age cohort  

month  

(1|socgrp/name) 

(1|year) 

3289.6 

 

 

Appendix 7.2 Super-ranger nightly distance model selection. Comparison of top models returned for 

TRs at ΔAICc2 

 

Model Components df logLik AICc Delta Weight  

Top.Mod1 23 18 -1626.81 3289.82 0.00 0.42  

Top.Mod2 123 19 -1626.42 3291.06 1.24 0.23  

Top.Mod3 234 20 -1625.57 3291.38 1.56 0.19  

Top.Mod4 3 16 -1629.81 3291.76 1.94 0.16  

Relative Important of Components      

Components 1 

adjacent 

2 age 

cohort 

3 

month  

4 

roadworks  

   

Importance 0.23 0.84 1.00 0.19    

No. Models 1 3 4 1    
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Appendix 7.3 Summary table of mixed model results for nightly distance travelled in super-rangers. 

The results for each factor level of a categorical variable are listed in order and are in comparison 

to the base-level of that factor. For example, the variable cohort has three factors – young adult, 

older adult and aged. The results displayed for older adult are in comparison to young adult, which 

is the base-level factor in this case.  Similarly, each month is being compared to January, the base-

level for that variable.  

 

GLMM with gaussian distribution, response variable boxcox transformed (km ^ 0.465) 

Number of Observations: 3604, Groups: name: socgrp 17; socgrp 12; year 7   

Random Effects Variance Std. Deviation 
    

name: socgrp 0.013448 0.11597 
     

Socgrp 0.003235 0.05687 
     

Year 0.006271 0.07919 
     

Fixed Effects Estimate Std. Error df t value Pr(>|t|)     

(Intercept) 0.80958 0.07159 36 11.308 2.32E-13 *** 
 

Older Adult -0.10028 0.05335 31 -1.88 0.06945 . 
 

Aged Adult -0.01027 0.07288 53 -0.141 0.88851 
  

Feb 0.15447 0.0498 3599 3.102 0.00194 ** 
 

Mar 0.34984 0.04737 3062 7.385 1.95E-13 *** 
 

Apr 0.40127 0.04652 2168 8.626 <2.00E-16 *** 
 

May 0.42379 0.04478 2092 9.464 <2.00E-16 *** 
 

Jun 0.43664 0.04484 2049 9.738 <2.00E-16 *** 
 

Jul 0.43577 0.04518 2045 9.644 <2.00E-16 *** 
 

Aug 0.36325 0.04506 1894 8.061 1.33E-15 *** 
 

Sep 0.23675 0.04601 2013 5.145 2.93E-07 *** 
 

Oct 0.0838 0.04715 2200 1.777 0.07567 . 
 

Nov -0.06078 0.04685 2318 -1.297 0.19464 
  

Dec -0.09107 0.04993 2570 -1.824 0.06827 .   
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Appendix 7.4 Results of Tukey post hoc tests for multiple comparisons of means 

for calendar months for nightly distance in super-rangers.  

Comparison Estimate Std. Error z value Pr(>|z|)   

Feb-Jan 0.154472 0.0498 3.102 0.042315 * 

Mar-Jan 0.349836 0.04737 7.385 6.40E-12 *** 

Apr-Jan 0.401275 0.046521 8.626 <2e-16 *** 

May-Jan 0.423793 0.044778 9.464 <2e-16 *** 

Jun-Jan 0.436645 0.044838 9.738 <2e-16 *** 

Jul-Jan 0.435766 0.045183 9.644 <2e-16 *** 

Aug-Jan 0.36325 0.045064 8.061 2.86E-14 *** 

Sep-Jan 0.236748 0.046014 5.145 8.02E-06 *** 

Oct-Jan 0.083795 0.04715 1.777 0.981951 
 

Nov-Jan -0.06078 0.046851 -1.297 1 
 

Dec-Jan -0.09107 0.049929 -1.824 0.95417 
 

Mar-Feb 0.195365 0.042125 4.638 9.16E-05 *** 

Apr-Feb 0.246803 0.041173 5.994 6.95E-08 *** 

May-Feb 0.269322 0.039408 6.834 2.89E-10 *** 

Jun-Feb 0.282173 0.039615 7.123 4.12E-11 *** 

Jul-Feb 0.281294 0.040189 6.999 9.52E-11 *** 

Aug-Feb 0.208778 0.040127 5.203 6.08E-06 *** 

Sep-Feb 0.082276 0.041223 1.996 0.689193 
 

Oct-Feb -0.07068 0.042559 -1.661 1 
 

Nov-Feb -0.21525 0.042181 -5.103 9.69E-06 *** 

Dec-Feb -0.24554 0.045581 -5.387 2.37E-06 *** 

Apr-Mar 0.051438 0.035045 1.468 1 
 

May-Mar 0.073957 0.033271 2.223 0.419623 
 

Jun-Mar 0.086808 0.033489 2.592 0.181207 
 

Jul-Mar 0.08593 0.034142 2.517 0.213171 
 

Aug-Mar 0.013413 0.034308 0.391 1 
 

Sep-Mar -0.11309 0.035658 -3.171 0.034881 * 

Oct-Mar -0.26604 0.037518 -7.091 5.06E-11 *** 

Nov-Mar -0.41062 0.03721 -11.035 <2e-16 *** 

Dec-Mar -0.44091 0.0412 -10.702 <2e-16 *** 

May-Apr 0.022519 0.029129 0.773 1 
 

Jun-Apr 0.03537 0.029447 1.201 1 
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Comparison Estimate Std. Error z value Pr(>|z|)   

Jul-Apr 0.034491 0.030291 1.139 1 
 

Aug-Apr -0.03802 0.030131 -1.262 1 
 

Sep-Apr -0.16453 0.031465 -5.229 5.46E-06 *** 

Oct-Apr -0.31748 0.033666 -9.43 <2e-16 *** 

Nov-Apr -0.46206 0.033729 -13.699 <2e-16 *** 

Dec-Apr -0.49234 0.038284 -12.86 <2e-16 *** 

Jun-May 0.012851 0.025127 0.511 1 
 

Jul-May 0.011973 0.026108 0.459 1 
 

Aug-May -0.06054 0.025714 -2.354 0.315331 
 

Sep-May -0.18705 0.027312 -6.849 2.69E-10 *** 

Oct-May -0.34 0.029995 -11.335 <2e-16 *** 

Nov-May -0.48457 0.030456 -15.911 <2e-16 *** 

Dec-May -0.51486 0.035568 -14.476 <2e-16 *** 

Jul-Jun -0.00088 0.025797 -0.034 1 
 

Aug-Jun -0.0734 0.025486 -2.88 0.083556 . 

Sep-Jun -0.1999 0.027321 -7.317 1.04E-11 *** 

Oct-Jun -0.35285 0.030175 -11.694 <2e-16 *** 

Nov-Jun -0.49743 0.030697 -16.204 <2e-16 *** 

Dec-Jun -0.52771 0.03587 -14.712 <2e-16 *** 

Aug-Jul -0.07252 0.025961 -2.793 0.104371 
 

Sep-Jul -0.19902 0.027742 -7.174 2.92E-11 *** 

Oct-Jul -0.35197 0.030616 -11.496 <2e-16 *** 

Nov-Jul -0.49655 0.031195 -15.918 <2e-16 *** 

Dec-Jul -0.52684 0.036364 -14.488 <2e-16 *** 

Sep-Aug -0.1265 0.026892 -4.704 6.88E-05 *** 

Oct-Aug -0.27945 0.029726 -9.401 <2e-16 *** 

Nov-Aug -0.42403 0.030493 -13.906 <2e-16 *** 

Dec-Aug -0.45432 0.03569 -12.73 <2e-16 *** 

Oct-Sep -0.15295 0.0308 -4.966 1.91E-05 *** 

Nov-Sep -0.29753 0.031539 -9.434 <2e-16 *** 

Dec-Sep -0.32782 0.03658 -8.962 <2e-16 *** 

Nov-Oct -0.14458 0.033257 -4.347 0.000331 *** 

Dec-Oct -0.17487 0.037917 -4.612 9.98E-05 *** 

Dec-Nov -0.03029 0.037882 -0.8 1   
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Appendix 7.5 Super-rangers home range size model components. Details of the null, full and 

top models for HR size of SRs detailing fixed effects, interactions and random effects, along 

with AICc values. Interactions are specified with the * symbol. 

Model Fixed Effects Random Effects AICc  

Null model  1 (1|socgrp/name) 

(1|year) 

146.9 

Full model  age cohort 

month 

roadworks* adjacent 

(1|socgrp/name) 

(1|year) 

106.8 

Final model  age cohort 

month 

(1|socgrp/name) 

(1|year) 

100.8 
 

 

 

Appendix 7.6 Super-rangers home range size model selection. Comparison of top models 

returned for SRs at ΔAICc2 

Model Components df logLik AICc Delta Weight 

Top Model 12 18 -29.44 100.78 0.00    0.62 

Second Best 

Model 

123 20 -27.21 101.79 1.02 0.38 

Relative Important of Components     

Components 1 

age cohort 

2 

month 

3 

roadworks 

   

Importance 1.00 1.00 0.38    

No. Models 2 2 1    
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Appendix 7.7 Summary table of mixed model results for home range size in super-rangers. The 

results for each factor level of a categorical variable are listed in order and are in comparison to 

the base-level of that factor. For example, the variable cohort has three factors – young adult, 

older adult and aged. The results displayed for older adult are in comparison to young adult, 

which is the base-level factor in this case.  Similarly, each month is being compared to January, 

the base-level for that variable.  

 

GLMM with Gaussian distribution, response variable boxcox transformed (km ^ 0.505) 

Number of Observations: 135, Groups:  name: socgrp, 15; socgrp, 10; year, 7   

Random Effects Variance Standard Deviation    

name: socgrp 0.34055 0.5836     

socgrp  0.12987 0.3604     

Year 0.26282 0.5127         

Residual 0.04943 0.2223     

Fixed effects Estimate Std. Error df t value Pr(>|t|)  

(Intercept) 1.64714 0.3167 12.03 5.201 0.00022 *** 

Older Adult -0.69922 0.15849 114.81 -4.412 2.32E-05 *** 

Aged Adult -0.64462 0.24611 62.83 -2.619 0.011033 * 

Feb 0.08475 0.12163 110.69 0.697 0.48739  

Mar 0.53948 0.12706 116.91 4.246 4.39E-05 *** 

Apr 0.54807 0.11483 126.52 4.773 4.92E-06 *** 

May 0.60165 0.11369 125.37 5.292 5.23E-07 *** 

Jun 0.49046 0.11526 125.75 4.255 4.04E-05 *** 

Jul 0.57039 0.11895 125.29 4.795 4.53E-06 *** 

Aug 0.44255 0.11662 127 3.795 0.000228 *** 

Sep 0.47726 0.12088 126.36 3.948 0.00013 *** 

Oct 0.30039 0.11854 125.17 2.534 0.012511 * 

Nov 0.12887 0.11963 124.13 1.077 0.283489  

Dec 0.04981 0.12157 123.72 0.41 0.682719   
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Appendix 7.8 Results of Tukey post hoc tests for multiple comparisons of home range 

size for pairs of months in super-rangers. 

Comparison Estimate Std. Error z-value Pr(>|z|)   

Feb-Jan 0.084755 0.121634 0.697 1  

Mar-Jan 0.539476 0.127059 4.246 0.001176 ** 

Apr-Jan 0.548074 0.114826 4.773 0.000109 *** 

May-Jan 0.601647 0.113688 5.292 7.86E-06 *** 

Jun-Jan 0.49046 0.115255 4.255 0.001148 ** 

Jul-Jan 0.57039 0.118953 4.795 9.92E-05 *** 

Aug-Jan 0.442554 0.116617 3.795 0.006794 ** 

Sep-Jan 0.477265 0.120882 3.948 0.00378 ** 

Oct-Jan 0.300388 0.118544 2.534 0.394709  

Nov-Jan 0.128867 0.119634 1.077 1  

Dec-Jan 0.049812 0.121575 0.41 1  

Mar-Feb 0.454721 0.125094 3.635 0.012508 * 

Apr-Feb 0.463319 0.114289 4.054 0.002569 ** 

May-Feb 0.516892 0.113289 4.563 0.000298 *** 

Jun-Feb 0.405705 0.115015 3.527 0.018464 * 

Jul-Feb 0.485635 0.119845 4.052 0.002569 ** 

Aug-Feb 0.3578 0.117739 3.039 0.09022 . 

Sep-Feb 0.39251 0.122066 3.216 0.050774 . 

Oct-Feb 0.215633 0.119404 1.806 1  

Nov-Feb 0.044113 0.120388 0.366 1  

Dec-Feb -0.03494 0.122361 -0.286 1  

Apr-Mar 0.008598 0.106781 0.081 1  

May-Mar 0.062171 0.106138 0.586 1  

Jun-Mar -0.04902 0.107276 -0.457 1  

Jul-Mar 0.030914 0.111875 0.276 1  

Aug-Mar -0.09692 0.109943 -0.882 1  

Sep-Mar -0.06221 0.1154 -0.539 1  

Oct-Mar -0.23909 0.115312 -2.073 1  

Nov-Mar -0.41061 0.116413 -3.527 0.018464 * 

Dec-Mar -0.48966 0.11874 -4.124 0.001937 ** 

May-Apr 0.053573 0.082649 0.648 1  

Jun-Apr -0.05761 0.083336 -0.691 1  
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Comparison Estimate Std. Error z-value Pr(>|z|)   

Jul-Apr 0.022316 0.089624 0.249 1  

Aug-Apr -0.10552 0.086305 -1.223 1  

Sep-Apr -0.07081 0.092245 -0.768 1  

Oct-Apr -0.24769 0.092545 -2.676 0.267924  

Nov-Apr -0.41921 0.094882 -4.418 0.000557 *** 

Dec-Apr -0.49826 0.098245 -5.072 2.48E-05 *** 

Jun-May -0.11119 0.081815 -1.359 1  

Jul-May -0.03126 0.088054 -0.355 1  

Aug-May -0.15909 0.084703 -1.878 1  

Sep-May -0.12438 0.090609 -1.373 1  

Oct-May -0.30126 0.090973 -3.312 0.038043 * 

Nov-May -0.47278 0.093324 -5.066 2.52E-05 *** 

Dec-May -0.55184 0.096693 -5.707 7.59E-07 *** 

Jul-Jun 0.07993 0.087183 0.917 1  

Aug-Jun -0.04791 0.084091 -0.57 1  

Sep-Jun -0.0132 0.091064 -0.145 1  

Oct-Jun -0.19007 0.091894 -2.068 1  

Nov-Jun -0.36159 0.094169 -3.84 0.005787 ** 

Dec-Jun -0.44065 0.097583 -4.516 0.000366 *** 

Aug-Jul -0.12784 0.087968 -1.453 1  

Sep-Jul -0.09313 0.094853 -0.982 1  

Oct-Jul -0.27 0.096467 -2.799 0.189715  

Nov-Jul -0.44152 0.098707 -4.473 0.000439 *** 

Dec-Jul -0.52058 0.102084 -5.099 2.18E-05 *** 

Sep-Aug 0.034711 0.090588 0.383 1  

Oct-Aug -0.14217 0.09185 -1.548 1  

Nov-Aug -0.31369 0.094869 -3.307 0.038043 * 

Dec-Aug -0.39274 0.098257 -3.997 0.003142 ** 

Oct-Sep -0.17688 0.096073 -1.841 1  

Nov-Sep -0.3484 0.098857 -3.524 0.018464 * 

Dec-Sep -0.42745 0.102114 -4.186 0.001504 ** 

Nov-Oct -0.17152 0.097624 -1.757 1  

Dec-Oct -0.25058 0.100743 -2.487 0.437671  

Dec-Nov -0.07906 0.102492 -0.771 1  
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Appendix 8.1 Brief summary of genetic analyses results for N11 badgers.  

DNA samples collected during fieldwork were sequenced by Eurofins Genomics GmbH. I used the 

computer programs CERVUS (Kalinowski et al. 2007) and COLONY (Wang and Santure 2009) to 

perform sibship and parentage analyses on the data. In CERVUS, we were able to assign a sampled 

parent (either a mother or a father) at >85% confidence levels to 47.7% of candidate offspring (41 

of 86, Table A). Both parents were assigned to 34.9% of candidate offspring (30 of 86). Sampled 

mothers were assigned to 44.2% of candidate offspring (38 of 86). Sampled fathers were assigned to 

38.4% of candidate offspring (33 of 86). In one case, COLONY rejected a maternity assigned by 

CERVUS (Dolly as Fern’s mother), and in another case, it assigned a paternity not assigned by CERVUS 

(Blue as Lily’s father). These revisions were applied to sibship analysis in COLONY. 52.3% of candidate 

offspring (45 of 86) had no sampled parents assigned in CERVUS. However, in COLONY inferred 

parentage was assigned to 4 additional individuals (Cassie, Ernie, Gloria and Kevin, Table A) based on 

COLONY's ability to detect sibship relationships even when parents are not sampled.  Of the 14 

females who were assigned offspring, the mean no. of offspring over the course of the study was 2.6 

(range 1 - 7) (Table B). Of the 16 males who were assigned offspring, the mean no. of offspring over 

the course of the study was 1.9 (range 1 - 5) (Table C). In COLONY 14 full sibling (FS) dyads were 

assigned but only 10 of these were assigned at a >85% confidence levels (Table D). A total of 252 half 

sibling (HS) dyads were assigned by COLONY with 76 of these at <85% confidence levels (Table E), 

including one instance when both parents were unsampled but inferred.  

 

Our analysis in COLONY identified 23 cases of extra-group paternity (70% of all assigned paternities). 

The majority (59%) of EGPs were from adjacent social groups. There were 13 cases of multiple 

paternity within the same litter (40% of all assigned paternities). According to trapping records from 

Spring trapping session, there were 12 cases of plural breeding within social groups in total (Table F). 

On average, there were 1.6 instances of plural breeding per year (range 0-3). Sheila and Berry from 

The Oak social group were observed to be lactating simultaneously on four different years, Violet 

and Ivy (The Big Tree social group) on three different years, and both Misty and Millie (The Pines 

social group) and Snowdrop and Sylvia (Ballad SG) on two different years. Field observations were 

confirmed by DNA analysis in the case of Sheila and Berry in 2015. However, for the other 

observations a cub was not assigned by DNA analysis to both of the females in question in the 

relevant year, and plural breeding could not be confirmed through genetic analysis.  

 

Dispersal events may have been missed if a badger was not wearing a GPS collar, or if it had already 

dispersed by the time it was first trapped. Dispersal was inferred for four badgers through 

assignment of maternity and confirmed for one badger that had trapping and partial GPS records 

that suggested dispersal (Table G).  
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Table A. Results of Parentage Analysis performed in CERVUS (and COLONY where indicated)  

Offspring ID YOB Natal Social Group~ Assigned Maternity Assigned Paternity 

Aoibheann 2013 The Quarry Snowdrop* Dave* 

Arthur 2009 Bluebell Woods NA Ronnie 

Beech^ 2011 Bluebell Woods Bluebell^ Ray 

Bert 2014 Driving Range Cecilia Ronnie 

Bluebell 2009 Bluebell Woods NA Romeo 

Boru 2013 Hawthorn Fern Arthur 

Bramble 2015 The Briars Snowdrop NA 

Cassie 2014 Oak Berry UNKWN M1** 

Chance 2016 JBs Felicity Kevin 

Crumble 2015 Oak Sheila Beech 

Cupcake 2015 Ballad Snowdrop* Ray* 

Delilah 2010 Hawthorn Dolly Blue 

Ella 2014 Ballad Snowdrop* Beech* 

Ernie 2014 Oak Berry UNKWN M1** 

Fern 2011 Hawthorn Dolly*** Brian 

Fudge 2015 Oak Sheila Beech 

George 2008 Cemetery Granny Mac NA 

Gloria 2013 The Orchard UNKWN F1** Roy 

Holly 2011 Sycamore Heather* Roy* 

Jasmine 2012 Oak Berry* Roy* 

Jenny 2014 Oak Berry NA 

Juan 2011 The Pines Debbie* Bruiser* 

Kevin 2013 The Orchard UNKWN F1** Roy 

Lea^ 2015 Cemetery Bluebell^ Beech^ 

Lily 2009 Hawthorn Dolly Blue*** 

Lucky Luke 2016 JBs Felicity NA 

Michael 2014 Ballad Snowdrop* Beech* 

Michelle 2011 Sycamore Heather* Roy* 

Muffin 2014 Oak Berry NA 

Myshall 2010 Bluebell Woods Hazel* Bruiser* 

Nickie 2011 Oak Sheila* George* 

Olivia 2013 Ballad Snowdrop Dinny 

Paulie 2015 Oak Berry Rory 

Ronnie 2007 Cemetery Granny Mac NA 

Roxy 2014 Cemetery Bluebell Ray 

Sam 2015 Big Tree Violet Niall 

Scott 2013 Big Tree Violet Dave 

Snowdrop 2011 Bluebell Woods Hazel NA 

Stevie 2015 Big Tree Violet* Niall* 

Tiffin 2015 Ballad Snowdrop* Beech* 

Zia 2012 Hawthorn Lily Blue*** 

~         Where badger not first trapped as a cub/yearling, natal group is based on GPS tracking/ trapping data 

*          Assigned at >95% confidence in CERVUS (all others assigned at >85% confidence level) 
**        Parentage assigned in COLONY but not CERVUS 
***      Parentage assigned in CERVUS but rejected in COLONY 
^           Inbreeding 
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Table B. Number of offspring per mother over the course of the study 2010-2016 

Mother No. OS1 OS2 OS3 OS4 OS5 OS6 OS7 

Berry 6 Cassie Ernie Jasmine Jenny Muffin Paulie  
Bluebell 3 Beech Lea Roxy     
Cecilia 1 Bert       
Debbie 2 Juan KB RTA F      
Dolly 2 Delilah Lily      
Felicity 2 Chance LuckyLuke      
Fern 1 Boru       
Granny  2 George Ronnie      
Hazel 2 Myshall Snowdrop      
Heather 2 Holly  Michelle      
Lily 1 Zia       
Sheila 2 Crumble Nickie      
Snowdrop 7 Aoibh Bramble Cupcake Ella Michael Olivia Tiffin 

Violet 3 Sam Scott Stevie     
 

        
 

 

Table C. Number of offspring per father over the course of the study 2010-2016. 

Super-rangers are marked with an * 

Father No. OS1 OS2 OS3 OS4 OS5 

Arthur 1 Boru     
Beech 5 Crumble Ella Lea Michael Tiffin 

Blue 2 Delilah Lily    
Brian* 1 Fern     
Bruiser* 2 Juan Myshall    
Dave* 2 Aoibheann Scott    
Dinny 1 Olivia     
George 1 Nickie     
Kevin 1 Felicity     
MJ 1 Cecilia     
Niall* 2 Sam Stevie    
Ray* 3 Beech Cupcake Roxy   
Romeo 1 Bluebell     
Ronnie 2 Arthur Bert    
Paulie 1 Rory     
Roy* 5 Gloria Holly Jasmine Kevin Michelle 
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Table D. Full sibships identified in COLONY at > 85% confidence levels.  

Offspring #1 Offspring #2 Probability (>0.85) 

Beech Roxy 1 

Cassie Ernie 1 

Crumble Fudge 1 

Delilah Lily 1 

Ella Michael 1 

Ella Tiffin 1 

Gloria Kevin 1 

Holly Michelle 1 

Michael Tiffin 1 

Sam Stevie 1 

Daisy Niall 0.87 
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Table E. Half sibships identified in COLONY at > 85% confidence levels.  

Offspring1 Offspring2 Probability (>0.85) 

Aoibheann Bramble 1 

Aoibheann Cupcake 1 

Aoibheann Ella 1 

Aoibheann Michael 1 

Aoibheann Olivia 1 

Aoibheann Scott 1 

Aoibheann Tiffin 1 

Arthur Bert 1 

Beech Cupcake 1 

Beech Lea 1 

Bramble Cupcake 1 

Bramble Ella 1 

Bramble Michael 1 

Bramble Olivia 1 

Bramble Tiffin 1 

Cassie Jasmine 1 

Cassie Jenny 1 

Cassie Muffin 1 

Cassie Paulie 1 

Chance Lucky Luke 1 

Crumble Ella 1 

Crumble Lea 1 

Crumble Michael 1 

Crumble Nickie 1 

Crumble Tiffin 1 

Cupcake Ella 1 

Cupcake Michael 1 

Cupcake Olivia 1 

Cupcake Roxy 1 

Cupcake Tiffin 1 

Ella Fudge 1 

Ella Lea 1 

Ella Olivia 1 

Ernie Jasmine 1 

Ernie Jenny 1 

Ernie Muffin 1 

Ernie Paulie 1 

George Ronnie 1 

Gloria Holly 1 

Gloria Jasmine 1 

Gloria Michelle 1 

Holly Jasmine 1 

Holly Kevin 1 

Fudge Lea 1 
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Offspring1 Offspring2 Probability (>0.85) 

Fudge Michael 1 

Fudge Nickie 1 

Fudge Tiffin 1 

Jasmine Jenny 1 

Jasmine Kevin 1 

Jasmine Michelle 1 

Jasmine Muffin 1 

Jasmine Paulie 1 

Jenny Muffin 1 

Jenny Paulie 1 

Juan Myshall 1 

Kevin Michelle 1 

Lea Michael 1 

Lea Roxy 1 

Lea Tiffin 1 

Michael Olivia 1 

Muffin Paulie 1 

Myshall Snowdrop 1 

Olivia Tiffin 1 

Sam Scott 1 

Scott Stevie 1 

Debbie Gloria 0.973 

Debbie Kevin 0.971 

Brian Kevin 0.964 

Hazel Kevin 0.951 

Gloria Hazel 0.95 

Bob RTA Tohigs M 0.944 

Eddie Violet 0.894 

Cemetery Juv M Peaches 0.878 

Brian Gloria 0.872 

Bob Peaches 0.866 

Bob Cemetery Juv M 0.861 
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Table F. Plural breeding. Female badgers captured during the spring trapping round of each 

year that were observed to be lactating. Plural breeding was confirmed by DNA analysis for 

Sheila and Berry in 2015.  

Year 2010 2011 2012 2013 2014 2015 2016 2017 

 Dolly Sheila Debbie Meg  Cecelia Jessie Fern Nugget 
 Lilly Bluebell Sheila Sheila Cherry  Sheila Sheila Toni 
 Carla  Carla Berry Berry Berry  Berry Berry Berry 
  Debbie Hazel Emma Violet Cecilia Cherry Jilly 
   Lily   Ivy Rosie Millie Millie 
      Fern Misty Misty 
      Cherry Jessie Dara 
      Violet Snowdrop Snowdrop 
      Ivy Sylvia Sylvia 
      Heather Ivy  Jessie 
        Rhubarb 
        Princess 
         

# SGs 1 0 1 1 1 2 3 3 

Mean        1.6 

Min        0 

Max        3 

 

 

Table G. Inferred dispersal from maternal assignments.  

Offspring ID Assigned 

Social 

Group 

Assigned 

Maternity 

Assigned 

Paternity 

Inferred 

Natal Social 

Group 

Comments 

Aoibheann The 

Quarry 

Snowdrop Dave Ballad First trapped as an 

autumn yearling in The 

Quarry. 

Bramble The Briars Snowdrop NA Ballad First trapped in VS (beside 

The Briars) but only once. 

Subsequently always 

trapped in The Briars.  

Cemetery 

Juvenile M 

Cemetery NA NA Sycamore First trapped as an 

autumn yearling in The 

Cemetery. 

Jenny The 

Orchard 

Berry NA Oak First trapped as young 

adult in The Orchard. 

Kevin The 

Orchard 

Unknown 

Female 1  

Roy The 

Orchard 

DNA assignment appears 

to confirm The Orchard as 

natal group as per early 

trapping and early GPS 

records. 
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Appendix 8.2 Dispersal maps. Figures 8.1 to 8.18 illustrate dispersal GPS locations for all badgers that 

were wearing a collar during dispersal or when they attempted dispersal. Where the event itself was 

missed, GPS locations are illustrated for before and after dispersal.  
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Appendix 8.3 Disperser nightly distance model components. Details of the null, full and top models 

for ND in DPs detailing fixed effects, interactions and random effects, along with AICc values. 

Interactions are specified with the * symbol. 

Model 

 

Fixed Effects Random Effects AICc 

Null model 1 (1|socgrp/name) 

(1|year) 

-68.921 

Full model  sex* age cohort 

month 

sex* month 

roadworks* adjacent 

(1|socgrp/name) 

(1|year) 

 

-118.153 

Final model sex* age cohort 

month 

roadworks 

(1|socgrp/name) 

(1|year) 

 

-124.523 

 

 

 

Appendix 8.4 Disperser nightly distance model selection.  

Comparison of top models returned for DPs at ΔAIC2 

 

Model Components df logLik AICc Delta Weight  

Top.Mod1 23457 20 82.91 -124.52 0.00    0.38  

Top.Mod2 1234567 23 85.71 -123.69 0.83 0.25  

Top.Mod3 2347 18 80.15 -123.24 1.29 0.20  

Top.Mod4 123457 21 83.19 -122.94 1.59 0.17  

Relative Important of Components      

Components 1 

adjacent 

2 

age 

cohort 

3 

sex 

4 

month  

5 

roadworks 

6  

adjacent: 

roadworks 

7 sex: 

age 

cohort 

Importance 0.42 1.00 1.00 1.00 0.80 0.25 1.00 

No. Models 2 4 4 4 4 1 4 
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Appendix 8.5 Summary table of mixed model results for nightly distance travelled in dispersers. 

The results for each factor level of a categorical variable are listed in order and are in comparison 

to the base-level of that factor. For example, the variable roadworks has three factors – before; 

during and after. The results displayed for during and after respectively are in comparison to 

before, which is the base-level factor in this case.  Similarly, each month is being compared to 

January, the base-level for that variable.  

 

GLMM with gaussian distribution, response variable boxcox transformed (km ^ 0.222) 

Number of Observations: 665, Groups: name: socgrp, 16; socgrp, 9; year, 5 

Random Effects Variance Std. Deviation 
   

name: socgrp 0.000000 0.000000  
   

socgrp  0.000000 0.000000  
   

Year 1.554E-18 2136E-09         

Residual 0.04563 0.2136     

Fixed effects Estimate Std. Error df t value Pr(>|t|) 
 

(Intercept) 0.84731 0.03088 665 27.439 <2e-16 *** 

Older adult -0.24111 0.07371 665 -3.271 0.001127 ** 

Male 0.08497 0.03075 665 2.763 0.00588 ** 

Feb 0.03777 0.03412 665 1.107 0.268723 
 

Mar 0.07719 0.03767 665 2.049 0.040861 * 

Apr 0.11972 0.03767 665 3.178 0.001553 ** 

May 0.20497 0.04147 665 4.942 9.78E-07 *** 

Jun 0.13036 0.04182 665 3.117 0.001904 ** 

Jul 0.02744 0.03999 665 0.686 0.492824 
 

Aug -0.23157 0.06014 655 -3.851 0.000129 *** 

Oct -0.02759 0.0502 665 -0.55 0.582733 
 

Nov -0.06803 0.05906 665 -1.152 0.249772 
 

Dec -0.06944 0.11118 665 -0.625 0.532467 
 

During  -0.06833 0.03366 665 -2.03 0.042773 * 

After  -0.0258 0.03477 665 -0.742 0.458376  

Older adult: male 0.22718 0.08277 665 2.745 0.006218 ** 
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Appendix 8.6 Results of Tukey post hoc tests for multiple comparisons of means 

for calendar months for nightly distance in dispersing badgers. 

Comparison Estimate Std. Error z value Pr(>|z|) 
 

Feb-Jan 0.037768 0.034119 1.107 1  

Mar-Jan 0.07719 0.037673 2.049 1  

Apr-Jan 0.119722 0.037675 3.178 0.062328 . 

May-Jan 0.204966 0.041471 4.942 3.86E-05 *** 

Jun-Jan 0.130365 0.04182 3.117 0.074837 . 

Jul-Jan 0.027444 0.039994 0.686 1  

Aug-Jan -0.23157 0.060135 -3.851 0.005181 ** 

Oct-Jan -0.02759 0.0502 -0.55 1  

Nov-Jan -0.06804 0.059063 -1.152 1  

Dec-Jan -0.06944 0.111178 -0.625 1  

Mar-Feb 0.039422 0.031805 1.24 1  

Apr-Feb 0.081955 0.030582 2.68 0.257829  

May-Feb 0.167199 0.033298 5.021 2.62E-05 *** 

Jun-Feb 0.092597 0.038661 2.395 0.53171  

Jul-Feb -0.01032 0.036565 -0.282 1  

Aug-Feb -0.26934 0.058404 -4.612 0.000196 *** 

Oct-Feb -0.06536 0.051142 -1.278 1  

Nov-Feb -0.1058 0.060886 -1.738 1  

Dec-Feb -0.10721 0.112157 -0.956 1  

Apr-Mar 0.042533 0.030843 1.379 1  

May-Mar 0.127777 0.033538 3.81 0.005978 ** 

Jun-Mar 0.053175 0.043179 1.231 1  

Jul-Mar -0.04975 0.040548 -1.227 1  

Aug-Mar -0.30876 0.060558 -5.099 1.78E-05 *** 

Oct-Mar -0.10478 0.054854 -1.91 1  

Nov-Mar -0.14523 0.063706 -2.28 0.656315  

Dec-Mar -0.14663 0.113713 -1.289 1  

May-Apr 0.085244 0.031384 2.716 0.237757  

Jun-Apr 0.010642 0.0413 0.258 1  

Jul-Apr -0.09228 0.038678 -2.386 0.53171  

Aug-Apr -0.35129 0.059315 -5.922 1.68E-07 *** 

Oct-Apr -0.14732 0.055177 -2.67 0.257989  
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Comparison Estimate Std. Error z value Pr(>|z|) 
 

Nov-Apr -0.18776 0.064585 -2.907 0.142259  

Dec-Apr -0.18916 0.114207 -1.656 1  

Jun-May -0.0746 0.042951 -1.737 1  

Jul-May -0.17752 0.040499 -4.383 0.000549 *** 

Aug-May -0.43653 0.061323 -7.119 6.00E-11 *** 

Oct-May -0.23256 0.057463 -4.047 0.002334 ** 

Nov-May -0.273 0.067049 -4.072 0.002147 ** 

Dec-May -0.27441 0.115618 -2.373 0.53171  

Jul-Jun -0.10292 0.039967 -2.575 0.330656  

Aug-Jun -0.36193 0.060207 -6.011 9.93E-08 *** 

Oct-Jun -0.15796 0.055935 -2.824 0.180256  

Nov-Jun -0.1984 0.066021 -3.005 0.106201  

Dec-Jun -0.1998 0.115025 -1.737 1  

Aug-Jul -0.25901 0.057248 -4.524 0.000291 *** 

Oct-Jul -0.05504 0.055833 -0.986 1  

Nov-Jul -0.09548 0.065808 -1.451 1  

Dec-Jul -0.09688 0.114903 -0.843 1  

Oct-Aug 0.203974 0.07403 2.755 0.21697  

Nov-Aug 0.163532 0.081846 1.998 1  

Dec-Aug 0.162129 0.124783 1.299 1  

Nov-Oct -0.04044 0.065485 -0.618 1  

Dec-Oct -0.04185 0.114719 -0.365 1  

Dec-Nov -0.0014 0.118075 -0.012 1  
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Appendix 8.7 Disperser home range size model components. Details of the null, full and top 

models for HR size of DPs detailing fixed effects, interactions and random effects, along with 

AICc values.  

Model Fixed Effects Random Effects AICc  

Null model  1 (1|socgrp/name) 

(1|year) 

51.7 

Full model  sex* age cohort 

roadworks* adjacent 

month 

(1|socgrp/name) 

(1|year) 

132.8 

Final model  age cohort 

adjacent 

(1|socgrp/name) 

(1|year) 

50.6 
 

 

 

 

Appendix 8.8 Disperser home range size model selection. Comparison of top models 

returned for TRs at ΔAICc2 

Model 

 

Components df logLik AICc Delta Weight 

Top Model 

 

12 7 -16.25 50.65 0.00    0.39 

Second Best 

Model 

(Null) 5 -19.84 51.74 1.09 0.23 

Third Best 2 6 -18.38 51.76 1.11 0.23 

Fourth Best 1 6 -18.75 52.50 1.85 0.16 

Relative Important of Components     

Components 1 

Month 

2 

age cohort 

    

Importance 0.62 0.55     

No. Models 2 2     
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Appendix 8.9 Summary table of mixed model results for home range size in dispersers. The 

results for each factor level of a categorical variable are listed in order and are in comparison 

to the base-level of that factor. For example, older adult is being compared to young adult, 

the base-level for that variable.  

GLMM with gaussian distribution, response variable boxcox transformed (km ^ 0.2626263) 

Number of Observations: 35, Groups:  name: socgrp, 14; socgrp, 7; year, 5   

Random Effects Variance Standard Deviation    

name: socgrp 0.000 0.000     

socgrp  0.000 0. 000     

Year 0.000 0. 000         

Residual 0.1482 0.385     

Fixed effects Estimate Std. Error df t value Pr(>|t|)  

(Intercept) 1.1768 0.1016 35 11.583 1.59E-13 *** 

Older Adult -0.3662 0.1580 35 -2.317 0.0265 * 

Adjacent 0.2861 0.1341 35 2.134 0.0399 * 
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Appendix 8.10 Disperser extra-territorial excursion distance model components. Details of the 

null, full and top models for ND in DPs detailing fixed effects, interactions and random effects, 

along with AICc values.  

Model Fixed Effects Random Effects AICc  

Null model  1 (1|socgrp/name) 

(1|year) 

8690.278 

Full model  

(gaussian distribution) 

sex * age cohort 

month 

roadworks* adjacent 

(1|socgrp/name) 

(1|year) 

8635.463 

Final model  

(Gamma distribution) 

sex 

age cohort 

adjacent 

(1|socgrp/name) 

(1|year) 

7524.21 

 

 

 

Appendix 8.11 Disperser extra-territorial excursion distance model selection. Comparison of 

top models (gaussian distribution) returned for DPs at ΔAICc2 

Model 

 

Components df logLik AICc Delta Weight 

Top Model 

 

134 16 -4112.44 8258.05 0 0.53 

Second-Best 

Model 

34 15 -4114.3 8259.62 1.57 0.24 

Third-Best 

Model  

1234 17 -4112.24 8259.79 1.74 0.22 

Relative Importance of Components     

Components 1. 

Sex 

2. 

month 

3. 

adjacent 

4. 

age cohort 

  

Importance 1 1 0.76 0.22   

No. Models 3 3 2 1   
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Appendix 8.12 Summary table of mixed model results for ETE distance (m) in Dispersers. The 

results for each factor level of a categorical variable are listed in order and are in 

comparison to the base-level of that factor. For example, each month is being compared 

to January, the base-level for that variable.  

GLMM with Gamma (log) distribution       
 

Number of Observations: 485, Groups:  name: socgrp, 13; socgrp, 7; year, 5 

Random effects: 
     

Groups Variance Std. Dev. 
    

name: socgrp 0.5796 0.7613 
    

socgrp 0 0 
    

year 0.1069 0.327 
    

Residual 0.6369 0.7981         

Fixed effects: Estimate Std. Error t value Pr(>|z|) 
  

(Intercept) 6.74448 0.41682 16.181 <2e-16 *** 
 

Yes 0.63201 0.46963 1.346 0.17838 
  

Male -1.17712 0.47041 -2.502 0.01234 * 
 

Feb 0.88037 0.19781 4.451 8.56E-06 *** 
 

Mar 1.14189 0.24018 4.754 1.99E-06 *** 
 

Apr 1.04072 0.2408 4.322 1.55E-05 *** 
 

May 1.11495 0.24928 4.473 7.72E-06 *** 
 

Jun -0.42307 0.2896 -1.461 0.14405 
  

Jul -0.81262 0.27508 -2.954 0.00314 ** 
 

Oct -0.08034 0.29236 -0.275 0.78347 
  

Nov 0.10174 0.29343 0.347 0.72878 
  

Dec -0.81705 0.42732 -1.912 0.05587 .   
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Appendix 8.13 Results of Tukey post hoc tests for multiple comparisons of mean extra-

territorial excursion distance (m) in dispersers for the different calendar months. 

Comparison Estimate Std. Error z value Pr(>|z|)   

Feb-Jan 0.880368 0.197807 4.451 0.000257 *** 

Mar-Jan 1.141893 0.240179 4.754 6.77E-05 *** 

Apr-Jan 1.04072 0.240801 4.322 0.000402 *** 

May-Jan 1.11495 0.249279 4.473 0.000239 *** 

Jun-Jan -0.42307 0.289599 -1.461 1 
 

Jul-Jan -0.81262 0.275084 -2.954 0.062722 . 

Oct-Jan -0.08034 0.292364 -0.275 1 
 

Nov-Jan 0.101743 0.293425 0.347 1 
 

Dec-Jan -0.81705 0.427323 -1.912 0.949841  

Mar-Feb 0.261525 0.157572 1.66 1 
 

Apr-Feb 0.160353 0.158391 1.012 1 
 

May-Feb 0.234582 0.169274 1.386 1  

Jun-Feb -1.30344 0.224366 -5.809 2.38E-07 *** 

Jul-Feb -1.69299 0.204737 -8.269 9.33E-15 *** 

Oct-Feb -0.96071 0.2251 -4.268 0.000493 *** 

Nov-Feb -0.77863 0.229051 -3.399 0.014184 * 

Dec-Feb -1.69742 0.385644 -4.402 0.000301 *** 

Apr-Mar -0.10117 0.14358 -0.705 1  

May-Mar -0.02694 0.155086 -0.174 1  

Jun-Mar -1.56496 0.218726 -7.155 3.43E-11 *** 

Jul-Mar -1.95451 0.194452 -10.051 <2e-16 *** 

Oct-Mar -1.22223 0.249536 -4.898 3.48E-05 *** 

Nov-Mar -1.04015 0.239613 -4.341 0.000383 *** 

Dec-Mar -1.95895 0.38919 -5.033 1.78E-05 *** 

May-Apr 0.074229 0.138522 0.536 1  

Jun-Apr -1.46379 0.220287 -6.645 1.18E-09 *** 

Jul-Apr -1.85334 0.195458 -9.482 <2e-16 *** 

Oct-Apr -1.12106 0.252021 -4.448 0.000257 *** 

Nov-Apr -0.93898 0.242455 -3.873 0.002475 ** 

Dec-Apr -1.85777 0.391047 -4.751 6.77E-05 *** 

Jun-May -1.53802 0.225032 -6.835 3.29E-10 *** 

Jul-May -1.92757 0.200231 -9.627 <2e-16 *** 
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Comparison Estimate Std. Error z value Pr(>|z|)   

Oct-May -1.19529 0.257912 -4.634 0.000115 *** 

Nov-May -1.01321 0.248051 -4.085 0.001059 ** 

Dec-May -1.932 0.394433 -4.898 3.48E-05 *** 

Jul-Jun -0.38955 0.238627 -1.632 1  

Oct-Jun 0.34273 0.292346 1.172 1  

Nov-Jun 0.524813 0.280011 1.874 0.974312  

Dec-Jun -0.39398 0.414271 -0.951 1  

Oct-Jul 0.732277 0.278781 2.627 0.16381  

Nov-Jul 0.91436 0.266721 3.428 0.01337 * 

Dec-Jul -0.00444 0.405672 -0.011 1  

Nov-Oct 0.182083 0.221629 0.822 1  

Dec-Oct -0.73671 0.399596 -1.844 0.978524  

Dec-Nov -0.9188 0.389908 -2.356 0.332116  
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Appendix 8.14 Disperser frequency of extra-territorial excursions model components. Details 

of the null, full and final models for ND in DPs detailing fixed effects, interactions and random 

effects, along with AICc values.  

Model Fixed Effects Random Effects AICc  

Null model  1 (1|socgrp/name) 

(1|year) 

357.91 

Full model  sex* age cohort 

month 

roadworks* adjacent 

(1| socgrp/name) 

(1|year) 

322.94 

Final model sex 

adjacent 

month 

(1| socgrp/name) 

(1|year) 

287.32 

 

 

 

 

Appendix 8.15 Disperser frequency of extra-territorial excursions model selection. Comparison of 

top models returned for DPs at ΔAICc5 

Model 

 

Components df logLik AICc Delta Weight 

Top Model 

 

134 15 -115.33 287.32 0 0.76 

Second-Best 

Model 

234 15 -117.46 291.58 4.27 0.09 

Third-Best 

Model  

1234 16 -113.87 291.74 4.42 0.08 

Fourth Best-

Model 

34 14 -120.99 292.08 4.76 0.07 

Relative Important of Components     

Components 3.  

sex 

4.  

month 

1. 

adjacent 

2.  

cohort 

  

Importance 1 1 0.84 0.17   

No. Models 4 4 2 2   
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Appendix 8.16 Summary table of mixed model results for frequency of extra-territorial 

excursions in dispersers. The results for each factor level of a categorical variable are listed 

in order and are in comparison to the base-level of that factor. For example, each month 

is being compared to January, the base-level for that variable. 

GLMM with binomial (logit) distribution, response variable = (successes, failures) 

Number of Observations: 34, Groups:  name, 13; year, 5   

Random Effects Variance Standard Deviation    

name: socgrp 1.87E-15 4.33E-08     

Socgrp 8.51E-16 2.92E-08     

Year 6.27E-01 7.92E-01         

Fixed effects Estimate Std. Error   df t value Pr(>|t|)  

(Intercept) 0.8308 0.4087 2.033 0.0421 *  

Male 0.9004 0.223 4.038 5.39E-05 ***  

Yes -1.7011 0.2126 -8.002 1.22E-15 ***  

Feb -0.4316 0.2445 -1.765 0.0775 . 

Mar -0.1281 0.2957 -0.433 0.6649 
 

Apr 0.1132 0.3011 0.376 0.707 
 

May 0.7638 0.3547 2.153 0.0313 * 

Jun -2.1046 0.3653 -5.761 8.34E-09 *** 

Jul -3.0917 0.442 -6.995 2.64E-12 *** 

Oct 0.2636 0.4523 0.583 0.56 
 

Nov 0.859 0.5163 1.664 0.0961 . 

Dec -2.5319 0.807 -3.137 0.0017 ** 
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Appendix 8.17 Results of Tukey post hoc tests for multiple comparisons of frequency of extra-

territorial excursions in dispersers for the different calendar months.  

Comparison Estimate Std. Error z value Pr(>|z|)   

Feb-Jan -0.43157 0.24447 -1.765 1  

Mar-Jan -0.12808 0.2957 -0.433 1  

Apr-Jan 0.11319 0.30109 0.376 1  

May-Jan 0.7638 0.35474 2.153 0.65747  

Jun-Jan -2.10459 0.36529 -5.761 3.17E-07 *** 

Jul-Jan -3.09173 0.44196 -6.995 1.16E-10 *** 

Oct-Jan 0.26359 0.45227 0.583 1  

Nov-Jan 0.85898 0.51625 1.664 1  

Dec-Jan -2.53187 0.80698 -3.137 0.04601 * 

Mar-Feb 0.30348 0.27422 1.107 1  

Apr-Feb 0.54476 0.28001 1.945 0.9826  

May-Feb 1.19537 0.34474 3.467 0.01524 * 

Jun-Feb -1.67302 0.35224 -4.75 6.93E-05 *** 

Jul-Feb -2.66016 0.43144 -6.166 2.81E-08 *** 

Oct-Feb 0.69516 0.49869 1.394 1  

Nov-Feb 1.29055 0.56352 2.29 0.48426  

Dec-Feb -2.1003 0.83798 -2.506 0.29272  

Apr-Mar 0.24127 0.29382 0.821 1  

May-Mar 0.89189 0.36206 2.463 0.31659  

Jun-Mar -1.97651 0.39334 -5.025 1.76E-05 *** 

Jul-Mar -2.96364 0.46613 -6.358 8.38E-09 *** 

Oct-Mar 0.39168 0.5319 0.736 1  

Nov-Mar 0.98706 0.58924 1.675 1  

Dec-Mar -2.40379 0.8555 -2.81 0.12393  

May-Apr 0.65061 0.3658 1.779 1  

Jun-Apr -2.21778 0.39558 -5.606 7.64E-07 *** 

Jul-Apr -3.20492 0.46792 -6.849 3.19E-10 *** 

Oct-Apr 0.1504 0.53287 0.282 1  

Nov-Apr 0.74579 0.59072 1.263 1  

Dec-Apr -2.64506 0.85653 -3.088 0.05237 . 

Jun-May -2.86839 0.44551 -6.438 5.07E-09 *** 

Jul-May -3.85553 0.51083 -7.548 2.00E-12 *** 
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Comparison Estimate Std. Error z value Pr(>|z|)   

Oct-May -0.50021 0.56277 -0.889 1  

Nov-May 0.09518 0.6179 0.154 1  

Dec-May -3.29567 0.87549 -3.764 0.00501 ** 

Jul-Jun -0.98714 0.4762 -2.073 0.76356  

Oct-Jun 2.36818 0.57419 4.124 0.00119 ** 

Nov-Jun 2.96357 0.63168 4.692 8.95E-05 *** 

Dec-Jun -0.42728 0.8852 -0.483 1  

Oct-Jul 3.35532 0.62592 5.361 2.99E-06 *** 

Nov-Jul 3.95071 0.67906 5.818 2.32E-07 *** 

Dec-Jul 0.55986 0.9196 0.609 1 
 

Nov-Oct 0.59539 0.51773 1.15 1  

Dec-Oct -2.79546 0.80816 -3.459 0.01524 * 

Dec-Nov -3.39085 0.82961 -4.087 0.00135 ** 
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Appendix 8.18 Dispersal trajectories. Figures 8.20 to 8.24 illustrate a sample of dispersal trajectories. 

Coloured dots represent GPS location with different nights being represented by different colours. 

Grey lines join consecutive GPS locations. The general location of natal social group boundary is 

indicated by dashed red line or polygon.   

 

 

Figure 8.20 Arthur’s dispersal trajectory. January and February 2011. Arthur moved overnight 

(13/02/11) to the adjacent social group to the north. This move was preceded by two ETEs there, 

and he also returned home twice in February. In these two months he travelled 31km over an area 

of 1.9km2.  
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Figure 8.21 Kevin’s dispersal trajectory. May and June 2015. Gradual move to the adjacent social 

group to the north. Initially, frequent ETEs were made over single nights and he returned to the natal 

social group. He progressed to spending the day in the neighbouring sett, and gradually spent more 

time in the new social group and less in his natal group, before finally ceasing to return to the natal 

social group altogether. In these two months he travelled 104km through an area of 1.9km2.  
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Figure 8.22 Muffin’s dispersal trajectory. February – May 2015. Gradual move to a non-adjacent social 

group to the south, outside of the study area. ETEs were made over multiple nights where she did 

not return to the natal social group but spent the day in the setts of other social groups. During this 

period, she travelled at least 144km through an area of 30km2. However, her collar was only working 

intermittently, so this is an underestimate. She recorded one round trip of 21km, where she spent 

at least two full nights away from her natal group. This pattern illustrates how long ETEs and short 

NDs could be recorded at the same time.  
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Figure 8.23 Tiffin’s dispersal trajectory. January and February 2016. Exploratory forays preceding an 

eventual move to a non-adjacent social group to the west (black dotted polygon, collar died before 

she settled). ETEs were made over multiple nights where she did not return to the natal social group 

but spent the day in the setts of other social groups. During this time, she travelled 66km through an 

area of 45km2. This pattern illustrates how long ETEs and short NDs could be recorded at the same 

time.  
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Figure 8.24 Trajectory of Buster’s exploratory ETEs. June and July 2011. Exploratory forays preceding 

a move (event missed) to a non-adjacent social group to the north-west (black dotted polygon). ETEs 

were made over multiple nights where he did not return to the natal social group but spent the day 

in the setts of other social groups. During this time, he travelled 111km through an area of 7km2. 

This pattern illustrates how long ETEs and short NDs could be recorded at the same time.  
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Figure 8.25 Trajectory of Olivia’s exploratory ETEs prior to dispersal. Exploratory forays spanning 

February to July 2015, preceding a move to a non-adjacent social group 1.5km away from her natal 

territory. During this time, Olivia wandered widely, and travelled 208km through an area of 40km2 

before she moved into her new group, following the death of the resident female.  

 

 


