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Abstract 

Urbanisation and a growing global population have caused our road networks to expand rapidly in the 

past decades. The consequences of transport infrastructure for wildlife include traffic mortality, habitat 

loss and habitat degradation and the negative impact of a road extends far beyond the road itself. In 

Ireland, there are mitigation measures for wildlife mortality in place on all major roads. Mitigation 

measures can help reduce wildlife-vehicle collisions and increase habitat connectivity but need to be 

properly monitored and maintained following implementation. This study was carried out in 

collaboration with the Environmental Policy & Compliance department at Transport Infrastructure 

Ireland (TII), a state agency in Ireland responsible for national road and public transport infrastructure. 

It applied various spatial and temporal analyses methods in order to ascertain how best to prioritise 

critical road sections and times for maintenance. The significance of the study is that recent site visits 

carried out in Ireland found that 66% of mitigation measures were of inadequate standard. The methods 

were applied to roadkill data taken over an eight year period on the M3 motorway in county Meath, 

Ireland. This case study was chosen as mitigation measures, such as underpasses and mammal 

underpasses, have been in operation since its’ opening in 2010. It was found that temporal analysis 

could provide an insight into whether roadkill was increasing or decreasing annually as well as what 

months were most recommendable to carry out maintenance. The spatial analysis began with using 

Ripley’s K-statistics to first determine whether or not clustering of roadkill was occurring along the 

study area. Four different methods of locating hotspots along a road network were then applied and 

compared; Malo’s method, 2D Hotspot Analysis using Siriema Road Mortality software, kernel density 

estimation using SANET and finally KDE+. The findings showed that, despite mitigation measures 

being in place, hotspots were still occurring indicating road sections experiencing higher numbers of 

roadkill than expected in a random situation. These sections could then be prioritised for maintenance. 

It was found that the KDE+ software in conjunction with the use of a roadkill data app was the most 

recommendable approach. It was also noted that that the app should be expanded to other road classes 

and rail. It is recommended that this be made a standard protocol, comparable on a national level, for 

the prioritisation of mitigation measures for maintenance. Finally, it was recommended that more public 

awareness about wildlife-vehicle collisions and mitigation measures be raised. In the future, the app 

could also be connected to GPS systems to warn drivers of critical road sections. If these methods and 

recommendations are applied to the Irish road network, a reduction in roadkill should be observed.  
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1 Introduction 

1.1 Introduction 

Urbanisation is a rapidly growing global trend. 2011 marked the year that more than 50% of the world’s 

population lived in urban areas. This figure is projected to rise to 66% by the year 2050 (United Nations, 

2014). Not only are our cities growing faster than ever but the world’s population is also rapidly 

increasing. In fact, between 1900 and 2000, the global population increased from 1.5 to 6.1 billion in 

just 100 years (Roser & Ortiz-Ospina, 2013). Ireland has experienced its own population boom, rising 

from 2.9 million people in 1956 to 4.8 million in 2016, according to the 2016 census. Recent figures 

have shown that Ireland has a population growth five times that of the EU Average. Of the EU member 

states it also has the highest birth rate (McCárthaigh, 2018).  

Trends such as these bring light to the enormous strain that is being put on non-human nature. Today, 

both cities and agricultural land are constantly expanding to cope with the ever-growing human 

population meaning natural habitats are under severe threat. The increase of cities and towns also brings 

with it the need for communication. This is because road networks accelerate the flow of information, 

capital and trade between communities (Zhao, et al., 2017). Thus, our network of roads, railways and 

other forms of transport is now larger and more intricate than ever. In Europe between 1990 and 1998 

33000Ha of land was destroyed for motorway construction (EEA, 2001) and globally, the length of 

roads is projected to increase by more than 60% from 2010 to 2050 (Ibisch, et al., 2016). These transport 

networks traverse the globe fragmenting habitats and ecosystems into smaller and more isolated areas. 

Small countries with growing populations such as Ireland are more vulnerable to these trends. In 

Belgium, the average size of a piece of land not dissected by transport infrastructure is just 20km2 (EEA, 

2001).  

Wildlife are particularly vulnerable to transport infrastructure. The negative impact of transport 

infrastructure on wildlife includes road mortality, habitat loss and fragmentation, genetic issues, 

reduced species richness, separation from food sources, increased predation and altered microclimate 

and hydrological conditions (Seiler, 2003, Watson, 2005). As well as this, the negative impact of a road 

extends far beyond the road itself and (Ibisch, et al., 2016). The extent of these road effect zones vary 

from species to species. For example, a 2009 study by Eigenbrod, et al. found road effect zones of 250-

1000m for several frog and toad species in Ontario, Canada while another study conducted in 2011 on 

moose in Alaska found road effect zones of 500m-1000m for males and >1000m for females (Shanley 

& Sanjay, 2011). On the other hand, Bissonette & Rosa (2009) found little to no road effects when 

focusing small mammal communities in a desert region in Utah. 

Road mortality is one of the most prevalent effects of transport infrastructure on wildlife (Forman, et 

al., 2003) and can cause faster population declines than other negative impacts (Gonçalves, et al., 2018). 

Road mortality has been credited as an important factor in decimation of many species populations from 

large mammals such as the Florida panther, marsupials such as the koala Philip’s Island in Australia 

and reptiles such as the timber rattlesnake in Texas (Jackson, 2000). In Europe, road mortality is also 



thought to be having a detrimental impact on badger populations (Seilier, et al., 2004). For this reason, 

many countries are implementing mitigation measures to reduce road mortality and increase 

connectivity. 

While the history of motorways in Europe dates back to the 1920’s (Lenarduzzi, 2016), Ireland’s first 

stretch of motorway was opened in 1983 (McDonald, 2014). It wasn’t until the 2000’s however that 

major motorway construction began and by 2015 there was 916km of motorway across the country (TII, 

2016). The EU Habitat’s Directive was introduced in 1994 (Conference of European Directors of Roads, 

2017) and a conscious decision was made during motorway construction in Ireland to include mitigation 

measures for road mortality and habitat fragmentation. Guidelines for the ecological impacts of roads 

were introduced as well as species-specific guidelines for the treatment of bats, badgers and otters 

(National Roads Authority, 2004). As a result, Ireland has many mitigation measures, such as badger 

culverts, farm underpasses and otter ledges, in place on major roads. 

With the population rising rapidly there is a risk that biodiversity will be overlooked when trying to 

compensate quickly for the increasing demand for new roads. Mitigation measures have already been 

introduced on all motorways in Ireland, however, as illustrated in Figure 1-1, recent site visits found 

66% of the measures surveyed were inadequate. 

 

Figure 1-1: Results of survey carried out to assess the effectiveness of mitigation measures on national road schemes in 

Ireland, n=109 (From O'Malley 2015) 

Issues identified with mitigation measures included drainage issues, temporary and permanent flooding 

and openings in mammal resistant fencings. In some cases, the intended mitigation measure had not 

been installed (O'Malley, 2015). Some of these issues are shown in Figure 1-2, 1-3 and 1-4. Studies on 

the impact of roads on ecology and the effectiveness of mitigation measures in reducing this impacts 

such the 17 year study of the Trans-Canada Highway in Banff National Park show the value of the long-

term research and monitoring of mitigation measures (Clevenger & Barrueto, 2014). Thus.it is vital that 

Ireland focuses not only the implementation of new mitigation measures but also the long-term 

maintenance and monitoring of current mitigation measures. 
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Figure 1-2: Drainage issues (Possible/temporary issues) (From O'Malley 2015) 

 

Figure 1-3: Fencing unopened, animals unable to access the underpass (Possible/temporary issues) (From O'Malley 2015) 

  

Figure 1-4: Underpass flooded (Not operational) (From O'Malley 2015) 

Wildlife –vehicle collisions are generally not random occurrences (Teixeira, et al., 2013). They are 

influenced by many local and global factors such as topography, traffic volume, traffic speed and 

precipitation (Seiler, 2003). An understanding of where, why and when wildlife-vehicle collisions occur 

is essential to identifying high risk road sections (Gunsen & Zimmermann Teixeira, 2015). Many 

studies show the effectiveness of using road mortality data to estimate areas which are more vulnerable 

to wildlife-vehicle collisions (WVCs) in order to prioritise critical sections for the implementation of 

mitigation measures (Malo, et al., 2004, Clevenger, et al., 2006, Gomes, et al., 2009, Diaz-Varela, et 

al., 2011, Clevenger & Barrueto, 2014, Gunsen & Zimmermann Teixeira, 2015, Bíl, et al., 2015, 

Ascensao, et al., 2017, Bíl, et al., 2017, Favilli, et al., 2018). As well as this, critical times of the day 

and year (hot moments) can be identified using roadkill data (Favilli, et al., 2018, Nelli, et al., 2018). 

However, there is a lack of studies available which focus on the maintenance of mitigation measures 



following implementation. Thus, there is a critical need for identifying tools and techniques for this 

purpose. This study theorises that the methods used for identifying road sections for the implementation 

of mitigation measures can also be applied to roads with pre-existing mitigation measures. 

  



1.2 Scope 

1.2.1 Aims/Purpose Statement 

This study was carried out in collaboration with the Environmental Policy & Compliance department 

at Transport Infrastructure Ireland (TII), a state agency in Ireland responsible for national road and 

public transport infrastructure. The aim is to investigate various tools and methods for prioritising site 

visits to carry out maintenance on mitigation measures. The tools and methods chosen were commonly 

found in literature for the implementation of mitigation measures. The idea is that these methods could 

also be used to apply to a case study with pre-existing mitigation measures. The significance of this 

study is that many mitigation measures in Ireland are currently not functioning correctly and in need of 

monitoring and maintenance. The significance of prioritising more dangerous road sections is the ability 

to allocate limited funding and resources.  

1.2.2 Research Questions 

 Why is the long term monitoring and maintenance of roadkill mitigation measures important? 

 Can spatial and temporal analysis aid in the monitoring and maintenance of wildlife mortality 

mitigation measures on Irish roads? 

 What are the best tools available for assessing critical road sections for wildlife mortality? 

 How can these tools help prioritise road sections for planning and allocation of funding for 

maintenance? 

 What are the most recommendable actions going forward in the monitoring and maintenance 

of mitigation measures on Irish roads? 

1.2.3 Research Objectives 

 To present a thorough background and history to the impacts of transport infrastructure on 

wildlife and the mitigation measures used. To present the current status of mitigation measures 

in Ireland. 

 To present an overview of what tools are being used to implement and maintain mitigation 

measures for WVCs. 

 To, using the M3 as a case study, investigate and compare different methods of prioritising 

critical road sections in an Irish context. 

 To use temporal data to assess annual roadkill patterns and critical times of year for roadkill. 

 To make a recommendation as to which methods are most useful as well as what future steps 

should be taken in the maintenance of mitigation measures. 

1.2.4 Thesis Structure 

This thesis follows the structure of introduction, background, methodology, results, discussion and 

analysis, recommendations and conclusion. Chapter 2, the background chapter, gives some context to 

the problems identified in the introduction by providing a background to transport infrastructure and its 

impact on wildlife. It also gives a background to what is being done globally to combat these issues in 



terms of policy and legislation, mitigation measures and tools and software. As well as this it provides 

a background to transport, wildlife and mitigation measures in the study area, Ireland. Chapter 3 

contains the methodology as well as a description of the study area and how the data was collected. The 

results are then presented in Chapter 4 and discussed in greater depth in Chapter 5. The final chapter 

provides recommendations for the future of this study and how it can be utilised. 

  



2 Background 

2.1 Transport Infrastructure and Wildlife 

2.1.1 The Effects of Transport Infrastructure on Wildlife 

The consequences for wildlife of constructing transport infrastructure include traffic mortality, habitat 

loss and degradation, the barrier effect, pollution, altered microclimate and hydrological conditions and 

increased human activity in adjacent areas (Seiler, 2003, Watson, 2005). 

Transport infrastructure causes loss of habitat but the negative impact of a road extends far beyond the 

road itself and (Ibisch, et al., 2016). The effect of linear infrastructure is disproportionate to the land it 

occupies (Jackson, 2000). While the US road network covers less than 1% of the country, an estimated 

15-20% of the US is ecologically impacted by roads (Forman, 2000). These zones of effect vary 

depending on the species. A 2009 study by Eigenbrod, et al. found road effect zones of 250-1000m for 

several frog and toad species in Ontario, Canada while another study conducted in 2011 on moose in 

Alaska found road effect zones of 500m-1000m for males and >1000m for females (Shanley & Sanjay, 

2011). The way in which roads effect animals also varies greatly from species to species. A study on an 

endangered vole species in Portugal found that voles living near roads had significantly less activity 

during the day than voles living away from the road. This lead to the conclusion that roads negatively 

impact the space use and movement of the voles (Fernandes, et al., 2018). A study of road effects on 

Brazilian maned wolf populations by Barbosa, et al., (2018) also found altered space ranges as well as 

severe population declines. Conversely, when focusing road effect zones for small mammal 

communities in a desert region in Utah, Bissonette & Rosa (2009) found that habitat adjacent to the 

road was similar if not favourable for 11 out of the 13 species studied. 

Habitat fragmentation is said to be one of the biggest threats to wildlife and their conservation today 

(Iuell, et al., 2003). Across the world human activity such as roads, rail, electricity and telephone 

networks, pipelines and canals are continuously fragmenting natural areas (Iuell, et al., 2003). This can 

have many different effects on wildlife. The barrier effect and avoidance of roads leads to issues such 

as the isolation of populations or species resulting in problems with genetic diversity and inbreeding as 

well as extinction (Watson, 2005). This isolation can also lead to increased predation and competition 

for resources. Habitat fragmentation is hugely disruptive to a species’ nutritional needs as it can separate 

a population from their food source (Watson, 2005). If a road bisects a habitat too severely, the patches 

of land left may be too small for many animals which are sensitive to habitat size and cannot survive 

on road edges (Forman, 2004). Some animals, the other hand, display an attraction to the road. This can 

lead to high road mortality numbers such as the case of barn owls in Ireland. Barn owls are attracted to 

road verges for foraging and the numbers of barn owls being killed on Irish roads is thus increasing 

(Lusby, et al., 2018). Larger mammals are often attracted to small roads as corridors for movement 

(Seiler, 2003). 



Degraded habitats next to roads are also commonplace. Degradation occurs as transport infrastructure 

affects aspects of the surrounding area such as soil quality, microclimate and groundwater. Changes can 

also include the type and quality of vegetation in the area which can lead to nutritional issues for species 

(Watson, 2005). Hydrological changes can cause major issues for riparian areas and wetlands while 

forest areas are very sensitive to changes in microclimate, in particular temperature and humidity. 

Changes in microclimate in forests have been observed up to 30m from the road (Seiler, 2003). As well 

as physical changes there are also chemical disturbances associated with transport infrastructure. 

Pollutants such as fertiliser, heavy metals, salt and other toxins can effect large distances of land next 

to roads. Pollution from roads can also come in the form of light and noise (Seiler, 2003). 

Perhaps the most prevalent issue associated with transport infrastructure and wildlife is wildlife-vehicle 

collisions (WVCs). This is as a result of habitat fragmentation as wildlife attempt to migrate between 

patches of habitat for food sources and to mate. Road mortality can cause faster population declines 

compared to other impacts, such as connectivity reduction (Jaeger & Fahrig, 2003). Medium to large 

mammals which have lower reproduction rates and need larger areas to survive are often the most 

affected (Ascensao, et al., 2017). WVCs can severely impact population viability particularly in the 

case of large predators which cannot reproduce fast enough to recover (Forman, 2004) such as the case 

of the Florida panther (Jackson, 2000). A study by Huijser & Bergers (2000) found that roads and traffic 

had the potential to reduce hedgehog populations by 30%. Roads are also credited with the decline of 

other mammals such as badgers in Great Britain and the Netherlands (Seilier, et al., 2004) and the koala 

population on Philip’s Island in Australia (Jackson, 2000). Herpetofauna are particularly vulnerable to 

WVCs and a study of the Angelina National Forest in Texas showed that snake populations near the 

road were reduced by half. It also theorised that snake populations throughout Texas may be declining 

due to transport Infrastructure (Jackson, 2000). 

WVCs are also affecting wildlife from an evolutionary perspective. Older roads can experience less 

roadkill as animals become habituated in attempt to avoid being hit. A study on the Snowy Mountain 

Highway Australia by Ramp et al. (2005) found that roads that were travelled infrequently but at high 

speed were often more vulnerable to WVCs as the animals did not appear to become habituated to the 

presence of vehicles. One example of this observed habituation is the cliff swallow which was found to 

have shorter wings evolved for vertical take offs to avoid collisions with vehicles (Brady & Richardson, 

2017). This study also poses the question: are faster individuals favoured in the natural selection process 

of transport infrastructure? 

Aside from the ecological costs, there are also economic costs. WVCs are an issue which incur huge 

annual costs to a country. In the United States it is estimated that there are over one million wildlife 

vehicle collisions per year with an associated cost of $8,388,000,000 (U.S. Department of 

Transportation, 2008). This is an increase from an estimated 500,000 WVC in the early 1900’s (Nelli, 

et al., 2018). In Sweden, the cost of wild-boar vehicle collisions alone is between 9 and 12 million euro 

per year (Jägerbrand & Gren, 2018). In the case of larger mammals, especially ungulates such as deer, 

the cost can also be human lives. Nelli, et al. (2018) states that in the UK between 2000 and 2005 there 

were 12 human fatalities associated with deer on the roads. In the United States from 2002-2004 there 

were 187 recorded deaths associated with wildlife-vehicle collisions (Langley, et al., 2006). 



In recent years the awareness of the negative impacts of transport infrastructure on nature has increased 

substantially. In Europe, for instance, many countries are grouping together to find integrated solutions 

(Conference of European Directors of Roads, 2017). Therefore, studies which aim to mitigate these 

issues are of great importance and value. An understanding of the patterns and processes related to 

WVCs is essential to guide policies in mitigating impacts (Gunsen & Zimmermann Teixeira, 2015, 

Gonçalves, et al., 2018). Studies have shown that using roadkill data can help find hotspots for WVC 

so that mitigation measures can be appropriately placed (Malo, et al., 2004, Clevenger, et al., 2006, 

Gomes, et al., 2009, Diaz-Varela, et al., 2011, Clevenger & Barrueto, 2014, Gunsen & Zimmermann 

Teixeira, 2015, Bíl, et al., 2015, Ascensao, et al., 2017, Bíl, et al., 2017, Favilli, et al., 2018). Focusing 

on WVCs not only helps to mitigate the impacts of roadkill but can also indicate crossing points for 

wildlife so that connectivity can be increased and the barrier effect reduced. This will help gene flow in 

populations and increase landscape permeability as well as reduce road deaths. Once hotspots are 

located, predictive modelling can then be used to find out what local factors influence hotspots (Malo, 

et al., 2004, Ramp, et al., 2005, Ascensao, et al., 2017). 

2.1.2 Factors Affecting Wildlife-Vehicle Collisions 

Wildlife-vehicle collisions are the most prevalent issue associated with roads and wildlife (Forman, et 

al., 2003). WVCs are affected by a number of both local and global factors. Local factors are tied to a 

place and time (e.g. topography, traffic speed and traffic volume) whereas global factors apply 

everywhere (e,g. time of day and weather) (Favilli, et al., 2018). An understanding of these factors is 

vital for actors involved in the planning, maintenance and monitoring of mitigation measures (Gunsen 

& Zimmermann Teixeira, 2015). 

2.1.2.1 Local Factors 

The topography of the surrounding area of a road can greatly impact the number of WVCs that occur. 

Many studies use habitat type to build predictive models to assess critical road sections (Malo, et al., 

2004, Snow, et al., 2014, Ascensao, et al., 2017, Nelli, et al., 2018). Some areas are known to be prone 

to roadkill such as riparian strips which serve as crossing points for many species (Ascensao, et al., 

2017). The presence of riparian strips should always be taken into consideration during and after road 

construction. Certain habitat types are species specific such as forest areas which serve as protection 

for grazing animals from predators. The presence of a forest will likely lead to an increase in ungulate-

vehicle collisions in an area (Nelli, et al., 2018).  

Another strong local factor is road class, traffic volume and speed. The 2003 study by Seiler examined 

the relationship between traffic speed and proportion of wildlife vehicle collisions and found that it was 

not linear. It was shown that WVCs peaked at a speed of 80-90km/hr after which they decreased 

indicating that intermediate roads were more vulnerable to WVCs than minor or major roads. 

Conversely, Ramp et al. (2005) stated that roads that were infrequently travelled but at high speed 

showed more vulnerability to WVCs. The relationship between traffic speed and proportion of WVCs 

could be attributed to the decrease in vision and increase in braking distance. However, it is also 

acknowledged that there are other factors which affect this. For instance, speed limits below 80km/hr 



are generally in urban areas which means lower wildlife populations. Despite this, a study carried out 

by Visintin et al. (2018) in Victoria, Australia found that reducing train speed at peak times in areas 

with a high population of eastern grey kangaroo reduced wildlife-train collisions. The results of this 

study were found to also be transferrable to other vehicles and countries. Seiler et al. (2003) and Huijser 

et al. (2008) also recommend that limiting speed in critical areas is an effective mitigation measure for 

WVCs.  

There is a strong relationship between WVCs and traffic volume (Müller & Berthoud, 1997, Seiler, 

2003, Huijser, et al., 2008). As with speed, the relationship is not generally linear. A 1997 model by 

Müller & Berthoud states that WVCs will increase with traffic volume up to a point where animals are 

detered by the noise and traffic presence of the road (the barrier effect). This model proposes five 

catagories of road as shown in Table 2-1. 

Table 2-1: Theoretical model by Müller & Berthoud showing the relationship between the barrier effect and traffic intensity 

(Adapted from Seiler 2003) 

Road type AADT Barrier effect 

Local access 

and service 

roads 

Infrequent Limited barrier effect. Smaller animals and invertebrates may be deterred 

from crossing but larger animals have the potential to benefit by using the 

roads as a corridor. 

Railways and 

minor public 

roads 

<1,000 Incidental road mortality but still frequent crossings. Potential to have a 

strong barrier or avoidance impact on smaller animals. 

Intermediate 

link roads 

<5,000 Could be a serious barrier to certain species. Likely to have a major deterrent 

effect on small animals and some larger mammals. Roadkills are high. 

Arterial roads  5,000-

10,000 

Serves as a barrier to a large number of species but as there is a strong 

repellent effect from traffic, the number of roadkill stays relatively constant. 

Roadkill and traffic safety are two major problems in this category. 

Motorways and 

highways 

>10,000 Creates an impermeable barrier to almost all species. Animals which attempt 

a crossing are more than likely killed and the rest are deterred from 

approaching by the dense traffic.  

According to Huijser et al. (2008), over half of WVCs occur on roads with fewer than 5000 average 

daily traffic which further solidifies this relationship. The width of the road is also something to take 

into account as many studies have shown  that smaller animals are more likely to attempt to cross small 

roads while wide roads often inhibit movement completely (Seiler, 2003). Note that some species such 

as amphibians are not responsive to these trends and a linear relationship is observed between the 

increase in AVC and traffic volume (Seiler, 2003).  

A study conducted on the effect of noise on animals near crossings founds a similar relationship. If 

roads were quiet the animals were more likely to risk using the road instead of the crossing while if 

roads were too loud the crossings were avoided altogether. Thus a unimodal distribution occurred 

(Shilling, et al., 2018). Light from roads and cars is also an important local factor which affects wildlife 

populations (Spoelstra, et al., 2017). 



2.1.2.2 Global Factors 

Global factors such as precipitation, temperature and time have a significant impact on the likelihood 

of WVCs occurring (Gundersen & Andreassen, 1998). For instance, most WVCs occur when the 

weather is dry. This could be attributed to the lack of movement of animals on rainy days (Huijser, et 

al., 2008). In terms of snow, a 2015 study by Olson, et al. investigated how snow can cause deer to 

change their elevation during winter periods. The deer were observed to move from more isolated high 

elevation areas with more snow to lower elevation areas nearer to roads. At lower elevations the 

presence of transport infrastructure increased. If the deer were pushed towards roads with high traffic 

volume there was a significant reduction in survival rates (Olson, et al., 2015).Accumulations of snow 

caused by ploughing can also often trap animals on the road. This is another example of how 

precipitation and weather patterns can affect the likelihood of WVCs through altering the movement 

patterns of animals.  

Another factor which influences WVCs is time of day. WVCs are most likely to occur at dawn or dusk 

when animal activity is highest (Huijser, et al., 2008). Animals which are known to be more active at 

these times are called crepuscular species. Deer are an example of a largely crepuscular species (de 

Vries, 2015). These hours are often coincident with the times when people are travelling to work. Roads 

with lower traffic volumes and high speeds will be particularly vulnerable at these times (Ramp, et al., 

2005). Badgers and foxes are nocturnal creatures meaning they are active at times when both driver 

visibility and traffic volume is very low. This makes them more vulnerable to being hit. Diurnal animals 

are more likely to be deterred by road presence as traffic volumes will be higher. Some studies are now 

speculating that human behaviour is causing more diurnal animals to switch to a nocturnal lifestyle 

(Gaynor, et al., 2018). 

Time of year is also a strong factor in the movement patterns of animals (Seiler, 2003, Huijser, et al., 

2008, Nelli, et al., 2018). For instance many animals will hibernate or store up food reserves for winter 

and therefore be less active at these times. Other times that are less active for mammals may be during 

pregnancy. Mating season often correlates with an increase in roadkills as animals are much more 

mobile (Davies, et al., 1987). The same can be said for when it is time for young animals to leave and 

go in search of new territories (Seiler, 2003). Patterns such as these are crucial for the planning and 

maintenance of mitigation measures. Speed reduction and traffic calming measures at certain times of 

the year are ways in which knowledge of these factors can be used to reduce roadkill (Huijser, et al., 

2008). As well as this, maintenance can be timed to be carried out before critical months so that 

mitigation measures are prepared for the increase in movement. 

2.1.3 Policy and Legislation for Road Planning 

The founding of the EU has brought about strict requirements for the inclusion of environmental 

protection measures in policy and legislation. Since the 1970’s there have been a number of conventions 

and agreements, policies and legislation which affect how roads are planned and constructed. Policies 

such as the EU Biodiversity Strategy mean that biodiversity loss must be avoided in the construction of 

new road projects. Green Infrastructure (GI) is a policy which can be used to encourage road authorities 



in Europe to incorporate ecological networks to transport infrastructure in order to mitigate the negative 

impacts transport has on biodiversity (Conference of European Directors of Roads, 2017). Ecosystem 

services are also emphasised. 

There have also been several conventions and agreements which have affected road planning since the 

1970’s such as agreements on the conservation of wetlands, European wildlife and natural habitats, 

migratory species of wild animals, and bats (Conference of European Directors of Roads, 2017). The 

European Agreement on Main International Traffic Arteries (AGR) refers to road planning having to 

protect animals and keep them from traffic. It also mentions that road authorities should consider the 

environment in planning stages, avoid any harm where possible and mitigate where harm is unavoidable 

(Conference of European Directors of Roads, 2017). This agreement took place in 1975. 

The Habitats Directive (HD), Birds Directive (BD), Environmental Impact Assessment (EIA) Directive, 

Environmental Liability Directive (ELD), the Bonn Convention (on wildlife migration), the Bern 

convention (on wild flora, fauna and their habitats) and the AGR cover the key issues related to the 

impact of roads on wildlife (Conference of European Directors of Roads, 2017). The EU Directive on 

the Conservation of Habitats, Flora and Fauna (92/43/EEC), commonly known as “the Habitats 

Directive”, was adopted in 1992, came into force in 1994 and was transposed into Irish law in 1997 

(National Parks & WIldlife Service, n.d.). The Habitats Directive requires all Member States to protect 

natural habitats and species through both maintenance and restoration. Every six years, each Member 

State must submit a report on the species and habitats on the list and their conservation status in that 

country (European Commission, 2017). There are also strict procedures such as Strategic 

Environmental Assessment (SEA), Environmental Impact Assessment (EIA) and Appropriate 

Assessment (AA) in place for the construction of a road. Road construction is obliged to go through an 

initial SEA to assess at the planning stage whether or not the road will cause environmental impacts. At 

the project stage an EIA is then done which covers all areas of impact such as flora, fauna, water and 

soil. An AA assesses the potential impacts of plans or projects on European Sites based on the 

Precautionary Principle  (Conference of European Directors of Roads, 2017). 

2.1.4 Mitigation Measures for Roads 

There are many solutions currently being implemented to combat habitat fragmentation and wildlife 

vehicle collisions. Some measures such wildlife signs, fencing and speed reduction are cheap and easy 

to implement while others such as wildlife crossings can be more time consuming and expensive. A 

wildlife crossing is any bridge, tunnel or overpass designed to allow the safe passage of wildlife over 

or under an obstruction (Fairbank, 2014). This is intended reduce wildlife vehicle collisions and mitigate 

the impacts of habitat fragmentation by allowing animals to move safely between isolated patches of 

habitat. 

The success of different mitigation measures for road mortality and habitat fragmentation has been the 

subject of many studies. Some methods, such as wildlife warning reflectors and wildlife warning signs, 

have been proven to be ineffective (Benton, et al., 2018). Wildlife warning signs in particular are 

susceptible to being removed and falling down. Other measures have been proven to be effective some 

ways but restrictive in others. This is the case for mammal resistant fencing which aids in reducing 



roadkill but also cause issues with mobility (Jaeger & Fahrig, 2003). As well as this, depending on the 

mesh gauge of the fencing it can cause mortality in amphibians and smaller animals which attempt to 

escape over or through the mesh (Milburn-Rodríguez, et al., 2018). Odour repellents have been shown 

to reduce road mortality by 26-43% (Bíl, et al., 2018) while a study on virtual fencing by Moser (2007) 

found a 93.6% reduction in deer-vehicle collisions. Virtual fencing is activated by oncoming vehicles 

and produces a sound and light signal which deters animals from the road (de Vries, 2015). In the case 

of low traffic volume, this is preferable to physical fencing as it does not create a permanent barrier for 

wildlife resulting in isolated populations. Overall studies which look at the effectiveness of various 

mitigation measures show that wildlife crossings in conjunction with wildlife resistant fencing are the 

best way to combat road mortality and improve landscape permeability (Clevenger & Barrueto, 2014, 

Rytwinski, et al., 2016).  

It is important to remember, however, that there is no one-size-fits all solution. Mitigation measures 

must implemented based on the characteristics and species of an area. Many countries such as the 

Netherlands, Denmark and the US have a set of guidelines which cover various species, terrain types 

and scenarios and which mitigation measure works best. The Conference of European Directors of 

Roads (CEDR) also provide a set of guidelines for transport infrastructure and wildlife (Conference of 

European Directors of Roads, 2017). The CEDR guidelines are a checklist so that all issues are 

addressed including steps such as identification of road impacts, identification of mitigation goals, 

stakeholder engagement, use of effective and sustainable measures and economic benefits of road 

mitigation. The CEDR found that fencing is best to reduce roadkill while crossings are best when 

landscape permeability is the issue. Therefore, as in Clevenger & Barrueto, (2014) and Rytwinski, et 

al., (2016), the use of wildlife crossings structures with fencing is considered best practice. 

The CEDR has broken up mitigation measures into recommendable, potentially effective and not 

recommendable, shown in Table 2-2. 

Table 2-2: Mitigation measures based on recommendations from the Conference of European Directors of Roads (CEDR) 

(From CEDR 2015) 

Recommendable Potentially Effective Not Recommendable 

Fencing in combination with 

wildlife crossing 

Reducing the attractiveness of 

road verges to certain animals 
Wildlife mirrors and reflectors 

Animal detection systems 
Increasing attractiveness of areas 

away from the road 
Olfactory repellents 

Cross-walks Virtual fencing (sound, light) Acoustic deterrents 

Traffic Calming Modifications of road lighting 
Wildlife crossing structures 

without fencing 

Speed Reduction  
Frequent mowing of roadside 

vegetation to increase visibility 
 

 
In-vehicle warnings through 

navigation systems 
 

 Chemical repellents  

 

Warning lights for drivers 

triggered by animal activity on 

roadsides, wildlife signalling 

system with speed sign triggered 

by movement 

 



2.1.5 Methods for the Prioritisation of Road Sections for Mitigation Measures 

Once the type of mitigation measures needed for an area have been assessed, locations for mitigation 

measures must be decided. There are many different options for choosing locations for mitigation 

measures. Critical road sections can be narrowed down by identifying species and habitats which are 

most vulnerable to WVCs. For instance by prioritising migratory species, species with large foraging 

areas, species with low reproduction rates and species with protected status. Ecologically significant 

areas, for example areas listed under the Habitats Directive, can also be prioritised (Ministry of 

Agriculture, Food and Environment, Spain, 2016).  

Another way in which road sections can be prioritised for mitigation measures is through the use of 

roadkill data. There are many local and global factors attributed to wildlife-vehicle collisions. As a 

result, their distribution along a road network as well as their temporal distribution tends to be non-

random. Hotspot analysis is therefore commonly used to identify road sections which are experiencing 

higher numbers of roadkill (Malo, et al., 2004, Clevenger, et al., 2006, Gomes, et al., 2009, Diaz-Varela, 

et al., 2011, Clevenger & Barrueto, 2014, Gunsen & Zimmermann Teixeira, 2015, Bíl, et al., 2015, 

Ascensao, et al., 2017, Bíl, et al., 2017, Favilli, et al., 2018). Hotspot analysis can be carried out using 

many different techniques. Often, a hotspot is described as a road section which exhibits higher numbers 

of roadkill than an expected random situation. The method carried out in the 2004 study by Malo, et al., 

named Malo’s method henceforth, compares roadkill dsitributions with a poisson distribution to test for 

randomness. This is a commonly replicated technique in literature (Gomes, et al., 2009, Santos, et al., 

2015, Ascensao, et al., 2017,Santos, et al. 2017). Siriema road mortality software is commonly used in 

literature (Coelho, et al., 2012, Teixeira, et al., 2013) and has a 2D hotspot analysis feature which also 

calculates hotspots by assessing their deviation from a random situation (Coelho, et al., 2015). 

Another way in which hotspots can be estimated is by using probability density functions. Spatial 

Analysis Along Networks (SANET) (Okabe & Sugihara, 2012) and KDE+ (Bíl, et al., 2015) are 

examples of softwares commonly cited which use kernel density estimation to examine which road 

sections are experiencing denser concentrations of roadkill. Ripley’s K-functions, which describe the 

distribution of a variable across different scales (Dixon, 2002), are often used in conjunction with 

hotspot analysis (Clevenger, et al., 2006, Coelho, et al., 2012). This reveals whether or not roadkill is 

significantly aggregated or dispersed along a road. If no aggregation or dispersion is observed (a random 

distribution), hotspot analysis is not recommended. One software that is commonly used to carry out 

this analysis is Siriema road mortality software (Coelho, et al., 2015). 

In cases where roadkill data is not readily available, predictive models can also be used to assess where 

WVCs are most likely to occur (Malo, et al., 2004, Snow, et al., 2014, Ascensao, et al., 2017, Nelli, et 

al., 2018). This can be done using factors such as habitat and species distribution and may be a more 

economic option than conducting site visits. 

  



2.2 Transport Infrastructure and Wildlife in Ireland 

2.2.1 Transport and Roads in Ireland 

The history of roads in Ireland can be traced back to prehistoric times (Joyce, 1906). These early roads 

were built by the Celts who are now credited with building many of the roads previously thought to be 

Roman (Isaac, 2017). Despite Ireland’s long history with road building, it is only recently that Irish road 

networks have undergone rapid expansion. The 2007-2013 National Development Plan brought about 

526km of new roads, 173km of which was motorway. Previous to this there were no city to city 

motorways (Anon., 2007). The current Irish road network can be seen in Figure 2-1 and consists of 

916km of motorway. Roads are of great benefit to society but can be detrimental to biodiversity and 

wildlife conservation (Watson, 2005). Therefore, they need to be planned and managed properly. 

Ireland’s main mode of transport is the private car and the number of registered vehicles on Irish roads 

is increasing annually (Department of Transport, Tourism and Sport, 2017). As well as this, the 

percentage of Ireland’s road network which is classified as motorway has increased to 17.3% of national 

level roads (Department of Transport, Tourism and Sport, 2017). These trends are concerning when it 

comes to wildlife vehicle collisions as the increase of road networks correlate directly with the increase 

of WVCs (Müller & Berthoud 1997, Forman, et al., 2003).  

 

Figure 2-1: The Irish National Road Network 



Due to the popularity of the private car, public transport in Ireland is less widely used than many other 

European countries. Before the introduction of the car a series of, firstly horse drawn and later electric, 

tramlines traversed the capitol, Dublin (Johnston, 1951). Dublin also lays claim to the oldest suburban 

railway in the world (Murray, 1981). However, in the 1960’s the city started to lose money from public 

transport as a result of the increasing popularity of the motorcar. As well as this, the introduction of 

buses provided a cheaper alternative and more flexibility of routes. Tramlines at this time simply could 

no longer compete and were subsequently torn down (Johnston, 1951). They were not again 

reintroduced until 2004. Today there are only two tramlines which serve the city centre, green (south) 

and red (north). Since their introduction the number of passengers using them daily has increased by 

25% resulting in a greater demand than supply (O'Regan, 2018). A recent survey revealed that 4% of 

passengers on a daily basis and 9% on a weekly basis cannot get on the tram during rush hour as it is 

too full. 62% of passengers reported that they never get a seat and 31% said they almost never got a 

seat (Richmond, 2017). These results show that people are attracted to public transport options but that 

the supply is not there, meaning they revert back to the private car. In terms of trains, the Dublin Area 

Rapid Transit (DART) train serves the coastal areas of Dublin while a few other train lines serve some 

of the more isolated Dublin suburbs. The rest of the country is served by bus and a small number of 

train lines. 

What has been outlined above points to the fact that Ireland is in a situation where it is not desirable or 

often possible to get around without a car. The latest data taken by the Department of Transport, 

Tourism and Sport in 2017 shows that the percentage of motorway, total kilometres driven and new 

vehicles registered are all on the rise in the country. As well as this, active modes of transport such as 

cycling and walking are only increasing in Dublin while the rest of the country remains completely 

reliant on the private car (Department of Transport, Tourism and Sport, 2017). Thus, a rising population 

means traffic will continue to increase and new roads will continue to be built. The strain this will place 

on nature will be enormous. Greater numbers of cars will mean more WVCs while greater number of 

roads will mean increased habitat fragmentation. This is consistent with the theoretical model by Müller 

and Berthoud (1997) which discovered that with increasing traffic roadkill numbers will rise up to a 

point beyond which noise and vehicle movements deter animals from crossing the roads. If, due to poor 

public transport infrastructure the vast majority of the population use cars daily, a rising population 

means that WVC will continue to increase. It is clear that serious action must be taken in policy and 

legislation in order for the damage done habitats to be halted and eventually reversed. 

2.2.2 Wildlife in Ireland 

A large proportion of Ireland’s flora and fauna is listed in the directive meaning Ireland has a great 

responsibility to protect and restore biodiversity (Department of Arts, Heritage and the Gaeltacht, 2013). 

However, according to a recent assessment of the status of EU protected habitats and species in Ireland, 

over 90% habitats are ‘bad’ or ‘inadequate’. The report listed transport infrastructure as one of the main 

factors in the decline of habitats. However, it was noted that pressures from transport had decreased 

since the previous report from 2001 to 2006 (Department of Arts, Heritage and the Gaeltacht, 2013). 



Ireland is home to around 50 species of both land and sea mammals, 400 of birds and 12,000 of insect 

(Lucey & Doris, 2001). Many of these are also on the European Red List, a list of species which are 

considered threatened at the European Level (IUCN, 2015). Despite most protected habitats being 

deemed bad or inadequate in the 2013 report, 52% of species had favourable status while 32% were 

assessed as bad or inadequate and 16% as unknown (Department of Arts, Heritage and the Gaeltacht, 

2013).  

There are approximately 400 bird species in Ireland. The most commonly seen and well recognised 

birds are chaffinch, robin, wren, blackbird, great and blue tit, rook and starling. Barn and long-eared 

owls are seen all year round while snowy and short-eared owls are more rare visitors to the island. There 

are also many species of sea and aquatic birds (Lucey & Doris, 2001). Reptiles and amphibians are 

much less commonly found, in fact there are only three species of amphibian and two land reptiles. 

Amphibian species include the natterjack toad, smooth newt and common European brown frog. The 

only native land reptile to Ireland is the viviparous lizard. Slowworms are an introduced reptile species 

which can also be found (Lucey & Doris, 2001, The Herpetological Society of Ireland, n.d.).  

The majority of land mammals in Ireland are small to medium in size. There are also very little land 

mammals due to Ireland’s early isolation from mainland Europe after the Ice Age (Edwards & Brooks, 

2008). Rodents such as squirrels, mice and rats are commonly seen as well as other small mammals 

such as shrews, moles and hedgehogs. There are also many species of bat native to Ireland. Slightly 

larger mammals found are rabbits, hares, foxes, stoats and otters. Red foxes adapt well to urban living 

and are a common sight throughout the country (Lucey & Doris, 2001). One of the most controversial 

mammals in Ireland is the badger Meles meles. No study on badger abundance in Ireland has been done 

since Smal, (1995). At this time, it was estimated that there were 200,000 badgers in the republic of 

Ireland and a further 50,000 in the North. This was one of the highest abundances of badgers in Europe 

alongside the UK and Sweden. In 1989 Irish badgers were linked to the spread of bovine TB. This lead 

to 30 years of culling with an estimated 100,000 badgers killed in the past 30 years (Irish Wildlife Trust, 

2018). It is only now that studies are starting to shed doubt on the badgers’ role in the spread of the 

disease. A study by the Zoological Society of London (2018) stated that, thus far, there was no evidence 

to suggest that culling practices have consistently reduced bovine TB. With high numbers of badgers 

killed on roads there is now concern about the viability of badger populations in Ireland. Other solutions 

such as vaccination are now being put forward (Zoological Society of London, 2018). 

Deer are the only ungulates found in Ireland There are currently four species of deer found in the wild: 

fallow deer, red deer, sika deer and muntjac deer. Of these four, the fallow deer, muntjac deer and sika 

deer have been introduced to the country by humans while it is unknown whether red deer is native or 

was introduced also (Carden, et al., 2010). According to a report written for the Department of 

Agriculture, Food and the Marine and the Department of Arts, Heritage and the Gaeltacht (Annett, 

2015) in the last decade the geographic distribution of deer in Ireland has increased for all four species. 

This is due to increased awareness for afforestation and habitat protection. 



2.2.3 Mitigation Measures in Ireland 

When it comes to mitigation measures, as well as following EU standards, there are also Irish guidelines 

in place for road construction. In 2004, the National Roads Authority produced a document which 

provides guidance on assessing the impacts of national road schemes n the natural environment in the 

planning and design phase (National Roads Authority, 2004). There are also species-specific guidelines 

in place for the treatment of otters, badgers and bats. These documents cover the design of mitigation 

measures such as underpasses and mammal resistant fencing as well as surveying techniques and 

exclusion methodologies (Transport Infrastructure Ireland, n.d.). The design of an underpass is depicted 

in Figure 2-2 and the design of mammal resistant fencing is depicted in Figure 2-3. 

 

Figure 2-2: Guidelines for the design of a mammal underpass on national road schemes in Ireland (From O'Malley 2015) 

 

Figure 2-3: Guidelines for the design of mammal resistant fencing (From O'Malley 2015) 



 

In Ireland, current mitigation measures being used on National Road Schemes are badger culverts, 

mammal resistant fencing, otter underpasses, mammal ledges, farm underpasses, watercourse culverts, 

river bridges and overbridges. An example of a well-constructed mammal underpass is depicted in 

Figure 2-4. In 2017, Ireland also completed its first ever green bridge. The bridge, which is located on 

the new M17/18 motorway in Galway, is designed for the safe passage of bats and includes flight paths, 

feeding areas and roosts (Orr, 2017). 

 
Figure 2-4: Example of a well-constructed mammal underpass (From O'Malley 2015) 

  



3 Methodology 

This study was carried out in collaboration with the Environmental Policy & Compliance department 

at Transport Infrastructure Ireland (TII), a state agency in Ireland responsible for national road and 

public transport infrastructure. Dr. Vincent O’Malley, head of Environmental Policy and Compliance 

and Dr. Sarah-Jane Phelan, an ecologist from Environmental Policy and Compliance are key informants 

to the project. They have had direct involvement with several research projects in relation to the study 

of wildlife crossings both in Ireland and across Europe through work with the CEDR (Conference of 

European Directors of Roads) Transnational Research Programmes. The CEDR’s aim is to promote co-

operation between European road administrations. They have also produced a report in 2017 focusing 

on roads and wildlife which will be a key document in this study.  

3.1 Study Area 

Ireland was chosen as a study area as its motorways are newly built and have mitigation measures 

already in place. A study by Santos, et al. (2015) showed that sampling frequency was a major factor 

in the accuracy of hotspot analysis. Daily sampling was recommended as false negatives and positives 

were more likely to occur when longer sampling times were used. The M3 motorway, Figure 3-1, was 

chosen as a case study as, since its opening in 2010, mitigation measures have been in operation and 

roadkill finds have been recorded on a daily basis by road maintenance teams. Therefore, this was the 

most through and consistent database available in Ireland for this study.  

The M3 links the capital city, Dublin to the northwest of Ireland. It connects Dublin to 4 towns in 

County Meath: Dunboyne, Dunshaughlin, Navan and Kells. Navan is the largest settlement along the 

study area with a population of around 30,000 making it the 5th largest town in Ireland. The construction 

of the M3 was important as, due to the expanding population of Dublin, many people commute to work 

in Dublin from Meath. Despite this the M3 caused considerable amount of controversy and protests due 

to its proximity to the historically significant Hill of Tara (Reynolds, 2005).  

The topography of the area surrounding the M3 is mainly low-lying pastures and hedgerows with an 

elevation of 200-400m. The M3 crosses a river or stream at 6 different points including the historic river 

Boyne. This means that there are riparian habitats along the study route which are known crossing points 

and more vulnerable to wildlife-vehicle collisions. Ireland can be described as having a temperate 

oceanic climate using the Köppen climate classification (Kottek, et al., 2006). It does not experience 

climate or temperature extremes and experiences abundant rainfall. 

https://en.wikipedia.org/wiki/K%C3%B6ppen_climate_classification


 

Figure 3-1: The M3 motorway (left), mitigation measures along the M3 (right) 

The M3 is a stretch of motorway approximately 50km managed by Eurolink Motorway M3 Operation 

Ltd. Its construction began in 2007 and was completed in 2010. In Ireland, motorways are the highest 

road category. The M3 is a two-lane dual carriageway with a crash barrier between the north and south 

bound lanes. The presence of the crash barrier means that it is not possible for smaller animals to make 

a successful crossing. The M3 has 7 grade separated junctions numbered 4 through 10. The width of 

the road is approximately 14m. The speed limit on all motorways in Ireland, including the study area, 

is 120km. 

Table 3-1 shows the average annual daily traffic (AADT) counts since the opening of the M3 in 2010. 

2013 is not available as the method for collecting data changed this year. Traffic count records are 

available from 2006 on TII’s website.  

  



Table 3-1: Traffic cont records for the M3 from 2010 to 2018 (note complete records were not available for 2013) (From 

Transport Infrastructure Ireland, n.d.) 

Junction 2018 2017 2016 2015 2014 2013 2012 2011 2010 

J04-J05 39488 37998 33016 34087 32473  30661 30649 28241 

J05 to J06 20633 19458 18064 16700 15382  13999 14084 12677 

J06 to J07 19871 18949 17699 16441 15223  14090 14139 12985 

J07 to J08 19084 17941 16630 15511 13918  12680 12957 12194 

J08 to J09 17093 16055 14347 13097 11884  10169 10206 9235 

J09 to J10 12469 11942 10795 10095 9129  8169 8419 7728 

J10 to J11 13013 12331 11402 10510 9571  8784 8913 7964 

Table 3-1 shows a consistent increase in traffic volumes across all sections of the M3. According to the 

model by (Müller & Berthoud, 1997), the M3 falls into the fifth and final category: motorways and 

highways with traffic above 10,000 vehicles per day. This means that the M3 poses an impermeable 

barrier to almost all wildlife. In this category, most species will be deterred from the road and those 

which attempt a crossing will be most likely killed. Thus, wildlife crossings and mitigation measures 

are vital for maintaining connectivity. The M3 has been constructed with over 140 wildlife crossings, 

Figure 3-1, and >96km of mammal resistant fencing. The locations of these mitigation measures were 

chosen prior to construction based on site visits by ecologists. 

3.2 Data Collection 

The M3 is managed by a PPP, Eurolink Motorway M3 Operation Ltd. Since its opening in June 2010, 

Eurolink Motorway M3 Operation Ltd.’s maintenance teams have carried out daily surveying of this 

length of road. All roadkills are recorded in excel. The dataset used for this project consists of daily 

roadkill data from June 2010 to April 2018, see Table 3-2. Locations of the roadkill were recorded using 

marker plates placed every 50m along the road. Using this linear referrencing system, the data was 

easily transferred to and visualised in ArcGIS.  

A study by Boyle, et al. (2017) recommends that road surveys are the best way to identify optimal 

locations for mitigation measures when compared with circuit theory (modelling). A French study 

which compared surveying by maintenance teams with surveying by a trained ecologist found that 

maintenance teams were more likely to find larger animals while a survey by an ecologist is more useful 

where small species are involved (Guinard, et al., 2018). As this study is not attempting to focus on a 

particular, small species a survey by road maintenance teams is sufficient for providing information on 

the effectiveness of mitigation measures. 

One limitation of this method of collection, however, is location accuracy. The locations in this dataset 

are based on a linear referencing system using markers plates placed every 50m along the road. As well 

as marker plates, junction names are also used. According to Gunsen & Zimmermann Teixeira, (2015) 

spatial error can be an issue with this kind of surveying. This will be something to take into 



consideration when recommending mitigation measures. The solution to this is the introduction of a 

roadkill app in 2016. Many other countries and regions such as Czech Republic, South Africa, Alberta, 

Canada, Flanders in Belgium and California, are also using this technology. The app was created for 

use by road maintenance teams on all motorways in Ireland. The introduction of the app and use of GPS 

technology now means that location information can be immediately uploaded which leaves much less 

room for error. One issue with having multiple sources of roadkill data is that there is no one centralised 

database yet (Gunsen & Zimmermann Teixeira, 2015). The app will allows for a standardised method 

of collecting data which is comparable on a national level. The app will not be used in this study as it 

is still in the early stages of use. 



Table 3-2:Roadkill data taken daily on the M3 from June 2010 to April 2018 

Species 

(June) 

2010  2011 2012 2013 2014 2015 2016 2017 

2018 

(April) TOTAL 

Mean/ 

year 

Standard 

Deviation 

Mammal             

Fox (Vulpes vulpes) 19 48 50 53 61 40 48 47 16 382 49.57143 5.924698 

Badger (Meles meles) 11 21 34 16 15 11 20 10 8 146 18.14286 7.51054 

Rabbit (Oryctolagus cuniculus) 16 43 9 10 26 12 7 8 3 134 16.42857 12.38498 

Hedgehog (Erinaceus europaeus) 0 0 1 3 2 9 8 4 0 27 3.857143 3.18158 

Hare (Lepus sp.) 3 6 0 1 1 0 0 0 0 11 1.142857 2.03038 

Deer (Cervidae) 0 1 0 0 0 0 1 0 0 2 0.285714 0.45175 

Stoat (Mustela ermine Hibernica) 0 0 0 0 0 0 0 1 0 1 0.142857 0.34993 

Bird             

Unidentified 43 105 78 40 30 19 31 32 5 383 47.85714 29.08818 

Pheasant (Phasianus colchicus) 7 15 0 0 0 10 0 0 0 32 3.571429 5.80289 

Crow (Corvus sp.) 0 0 0 0 0 0 3 0 0 3 0.428571 1.04978 

Duck (Anas platyrhynchos) 0 0 0 0 0 0 0 1 0 1 0.142857 0.34993 

TOTAL 99 239 172 123 135 101 118 103 32 1122   
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3.3 Analysis of Roadkill Data 

3.3.1 Species Analysis 

An important first step in any analysis of roadkills is to choose between grouping species and focusing 

on individual species. This is because different species have different preferences when it comes to 

crossing structures. In a study identifying whether or not roadkill hotspots were coincident among 

different vertebrate groups, Teixeira, et al., (2013) found that hotspots did differ between groups 

especially at smaller scales. It was recommended that general hotspot anaylsis should be carried out for 

large scales followed by species specific hotspot analysis at smaller scales. Another study by Ascensao, 

et al., (2017) also found that less than 2% of the hotspots found were hotspots for more than one species. 

Thus, it was decided in this thesis that a general species hotspot analysis was not the best approach as 

the study area is relatively small. The first step taken, therefore, was to find which species were most 

vulnerable by looking at the mean number of each species killed per year on the M3. Whether or not 

the species use the crossing structures was also taken into account. The most vulnerable species were 

then chosen to be analysed further. 

3.3.2 Spatial Analysis 

Based on the literature overview, it was decided to carry out a spatial analysis of the study area in two 

parts: a Ripley’s K-statistic Analysis and a hotspot analysis. The two parts supplement each other as the 

Ripley’s K-statistic analysis shows whether or not the road shows significant aggregation or dispersion 

of roadkill while the hotspot analysis determines which sections are most vulnerable to roadkill. 

3.3.2.1 Ripley’s K-statistic Analysis 

Siriema is a free software which was developed in response to the rising problem of transport 

infrastructure and wildlife (Coelho, et al., 2015). Siriema was chosen as it was found to be commonly 

used in literature to perform Ripley’s K-statistic analyses. In Siriema, the M3 road and roadkill data 

were inputted as text files. The road and roadkill data were defined using marker plates, placed at 50m 

intervals along the road, and their corresponding ITM (Irish Transverse Mercator) co-ordinates. The 

results are outputted as a text file which can then be analysed using excel. 

Once the species were chosen, the next thing to be determined was the spatial distribution of the roadkill 

events on the M3. This found whether the roadkill was significantly aggregated or dispersed along the 

road or whether the distribution was random. The significance of this step is that a spatial distribution 

with no clustering or dispersion shows that there are not sections of the road with higher mortality than 

others (Coelho, et al., 2015). In this case, mitigation measures can be placed anywhere along the road 

with the same effect. It is therefore not recommended that hotspot analysis is used in this situation as 

sections with higher numbers of roadkill may just be random occurrences from a uniform distribution. 

Ripley’s K function describes the dispersion of data across a scale (Dixon, 2002). It is calculated at 

multiple distances showing how distribution changes with scale. 
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For this study, a modified 2D Ripley’s K-statistic Analysis was performed using the Siriema software. 

A 2D Ripley’s K-statistic analysis was chosen over a Linear Ripley’s K-statistic analysis as the road 

chosen is not straight and linearising does not account for points which are close to one another along 

a curve (Coelho, et al., 2015). Siriema computes the K-function of each point using Equation 3-1. 

𝐾(𝑟) =
𝐷

𝑛(𝑛 − 1)
∑ 2𝑟/(𝐶𝑖(𝑟) ∑ 𝑓𝑖𝑗 

𝑗≠𝑖

𝑛

𝑖=1

 
(Eq. 3-1) 

where: K(r)= value of K statistics for scale r; D =road length; n = number of roadkill events; r =radius; 

i = roadkill event; j = another roadkill event; Ci(r) = road length inside the circle with r radius centred 

on roadkill i; fij = index equal 0 if j is outside the circle with r radius and centred in i, or equal 1 if j is 

within this area (Coelho, et al., 2015). 

The radius, r, is defined by the user and should correspond to the scale at which mitigation measures 

can be effective (Teixeira, et al., 2013). In this study, an initial radius of 500m was chosen and steps of 

500m. This was chosen based on literature, the length of the road and also the fact that 500m is a 

reasonable scale at which mitigation measures could be implemented. 

𝐾(𝑟) is then compared with the expected K-statistic if the situation was random. This random situation 

is simulated a number of times (defined by the user) using Monte Carlo simulations. 1000 Monte Carlo 

Simulations were chosen. The expected K-statistic is then compared with the actual K-statistic to find 

𝐿(𝑟) as in Equation 3-2, (Coelho, et al., 2015). 

𝐿(𝑟) = 𝐾(𝑟) − 𝐾𝑠(𝑟) (Eq. 3-2) 

Intervals with significant clustering/dispersion are found when 𝐿(𝑟) is above/below the confidence 

limits. Confidence limits were defined as 95%. 

The limitations of using Siriema to perfom the Ripley’s K-statistic analysis is that the software only 

allows the user to assess one stretch of road at a time.  

3.3.2.2 Hotspot Analysis 

A hotspot analysis of the M3 will be carried out using four different commonly used methods. The 

locations of the hotspots found by each method will be compared and the pros and cons discussed. In 

this way a decision can be made as to which method is the most recommendable. Teixeira, et al., (2017) 

found that for new roads, roadkill hotspots can be useful to indicate appropriate sites for mitigation. On 

older roads, road-kill hotspots may not indicate the best sites for road mitigation due to population 

decline caused by the road. The M3 has been in operation for 8 years, therefore this method was deemed 

appropriate. 

3.3.2.2.1 Malo’s Method 

According to a study by Malo, et al., (2004), which has since been replicated multiple times (Gomes, et 

al., 2009, Santos, et al., 2015, Ascensao, et al., 2017,Santos, et al. 2017), road sections with high 

collision rates can be detected by comparing the actual spatial pattern of roadkills with the expected 
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spatial pattern if it were random. In other words, if it were to show a poisson distribution. This method 

was chosen as it was simple to replicate and was shown in literature to perform well against other 

hotspot identification techniques (Gomes, et al., 2009, Santos, et al., 2015). 

The inputs for this method are the daily sampling of roadkill on the M3 from June 2010 to April 2018. 

The results are based on marker plates placed every 50m along the road. All calculations were 

performed in excel. 

For this method sections of length 500m were chosen and the average number of collisions per 500m 

in this period was calculated. Intervals of 500m, as opposed to 50m or 100m were chosen based on the 

results of a study by Santos, et al., (2017). This study utilised this same method and found that larger 

intervals resulted in less error. The length of road in the study by Santos, et al. (2017) was 114km and 

the study found that using sections of 1 or 2km found less error than 500m. In this study the section of 

road is approximately 48km therefore 500m sections were deemed appropriate. 500m is also a 

reasonable scale at which mitigation measures can be implemented. This also corresponds to similar 

studies such as Gomes, et al., (2009) which used sections of 500m on a road of a similar length and 

Coelho, et al., (2012) which used sections of 50m on a road of length 4.4km (approximately 10 times 

shorter). It is also consisent with the radius chosen for the Ripley’s K-statistic analysis. 

If roadkills were randomly distributed, given a mean number of collisions per km the probability of a 

section of road of length 500m having 𝑥 collisions could be described by Equation 3-3. 

𝑝(𝑥) =
𝜆𝑥

𝑥! 𝑒𝜆
 

(Eq. 3-3) 

Where x=the number of collisions per interval and 𝜆=the mean number of collisions per interval (Malo, 

et al., 2004). 

Gomes, et al., (2009) defined a threshold of 0.98 for the identification of a hotspot, i.e. where the 

probability of occurrence in a random situation was below 2%. In this study, as in Santos, et al. (2017) 

and Santos, et al., (2015), a high collision area was defined as 𝑝(𝑥) > 0.95 and a low collision area as 

𝑝(𝑥) < 0.05. A study by Spanowicz, et al., (2017) recommends that fencing should be concentrated at 

hotspots at the 95% confidence while crossings should be focused on hotspots at the 99% confidence 

limit. In other words, confidence intervals were used to prioritise hotspots. For this reason 0.01 <

𝑝(𝑥) > 0.99 was also investigated. 

The first approach in analysing the data was to plot it in excel. To begin with, the 6 years were graphed 

in excel as number of roadkill per 500m. Following this the mean roadkill per 500m was put into 

Equation 3-3 to find the threshold (where 𝑝(𝑥) > 0.95) to determine high collision areas. This threshold 

was then plotted against the dataset. Road sections were plotted as polylines in ArcGIS and ranked 

based on the thresholds found at the 95 and 99% confidence limits.  

The limitations of this method are that it is more labour-intensive than other methods as it involves 

doing calculations manually rather than inputting files into a programme. This method can also only 

assess one road section at a time so would not be recommendable for analysing the entire Irish road 

network. 
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3.3.2.2.2 Siriema Road Mortality Software 

The second method involved performing a 2D Hotspot Identification using the Siriema road mortality 

software (Coelho, et al., 2015). As in the Ripley’s K-statistic analysis, Siriema takes the inputs in the 

form of text files. Both the road and roadkill file are described using xy co-ordinates. The output of this 

method is a text file which can then be analysed using excel. 

In order to identify the hotspots, the user defines how many equal segments the road is split into. 

Segments of 500m were chosen. As in method 1, the radius, r, was also chosen to be 500m. A circle 

with radius r travels along each segment summing all of the points. This value is then multiplied by a 

correction factor to account for road length. Thus, an aggregation value 𝐻𝑖(𝑟), Equation 3-4, is 

calculated for each segment. Simulated aggregation values for each interval of a random distribution 

are also calculated. The real and simulated values are then subtracted to find 𝑁𝑒𝑣𝑒𝑛𝑡𝑠 − 𝑁𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑. If 

this value is above or below the confidence limits this signifies a hotspot. 

𝐻𝑖(𝑟) = 2𝑟/𝐶𝐼(𝑟) ∑ 𝑓𝑖𝑗

𝑛

𝑖=1

 
(Eq. 3-4) 

where: H (r) = aggregation value for point i considering r scale; n = number of roadkill events; r = i 

defined radius; i = point on road; j = roadkill event; Ci(r) = road length inside the circle with r radius 

centered on i point; fij = index equal 0 if j is outside the circle with r radius centered on i, or equal Z 

value if j is inside the circle area (Coelho, et al., 2015). 

As mentioned previously, a limitation of the Siriema software is that it only allows the user to assess 

one stretch of road at a time. A limitation of using the 2D Hotspot Identification feature in Siriema is 

that the confidence intervals are dynamic not static which can make interpreting and visualising the 

results more difficult. 

3.3.2.2.3 Spatial Analysis along Networks (SANET) Software 

Spatial Analysis along Networks (SANET) is a free software and extension to ArcGIS and QGIS 

(Okabe, et al., 2015). It takes into account that network events cannot be accurately analysed assuming 

Euclidean distance. Instead, SANET uses shortest-path distance on networks. SANET can be used for 

any type of network event and it is frequently used in literature for spatial analysis of roadkill (Coelho, 

et al., 2012). 

The inputs of SANET are two shapefiles; one point file containing the locations of the roadkills and 

one line file containing the road described as a single continuous line. In this study, the software was 

used to perform a kernel density estimation of roadkill events along the M3. Kernel density estimation 

(KDE) estimates the probability function of a random variable (Okabe & Sugihara, 2012). This 

technique identifies hotspots by finding dense concentrations of roadkill. Other studies which have used 

kernel density estimation techniques to find mortality hotspots include Ramp, et al., (2005), Gomes, et 

al., (2009), Coelho, et al., (2012), Gunsen & Zimmermann Teixeira, (2015) and Bíl, et al., (2017). 

SANET, for a given set of points on a network, estimates the density of the points and allows the results 

to be visualised as points or polylines in ArcGIS or QGIS. The bandwidth is defined by the user and 
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was chosen to be 500m in accordance with Method 1 and 2. The larger the bandwidth, the smoother the 

cumulative density function (Ramp, et al., 2005). In this study, the results will be presented as polylines 

where the value of a line segment is defined by taking the mean of the kernel density values at each 

vertex of the line segment. 

The limitations of this software are that it does not allow for the ranking or prioritisation of more critical 

clusters. This is because the threshold is not known. A map can be created by classifying the densities 

into high medium and low but it up to the user to define what is classified as high. To combat this the 

Jenks natural breaks optimisation method was used in GIS. This data clustering method classifies values 

by minimising the variance between values within a class. This ensures that the closest values are 

grouped together in the same colour (Jenks, 1967). Three classes were used low, medium and high. 

Despite this, the statistical significance of clusters is not known. 

3.3.2.2.4 KDE+ 

The KDE+ software is a freestanding Java script written by Bíl et al., (2015). The software applies a 

clustering method to detect critical road sections. Clustering occurs where roadkill patterns are non-

random. The software uses the kernel density estimation (KDE) in conjunction with statistical 

significance testing which allows the user to rank clusters. Statistically signficant clusters are identified 

using Monte Carlo simulations at a 95% confidence level. This method takes into consideration that 

there are two causes to traffic accidents: local factors and global factors (Favilli, et al., 2018). 

Statistically significant clusters occur due to local factors. Other roadkill events may just be as a result 

of global factors such as time of day and weather patterns. Another benefit of this software is that it has 

been shown that even if up to 50% of data is missing results can still be accurate (Bíl, et al., 2015). 

When this method was applied to the entire Czech road netowrk the most significant clusters made up 

33.3% of all WVCs and only 0.71% of the road network. This means that by focusing on just 0.71% of 

the road network, roadkills could potentially be reduced by a third (Bíl, et al., 2015). When it comes to 

limited funding for maintenance of mitigation measures, this is an important factor. 

The inputs of the KDE+ methods are two shapefiles, one containing the road as a single polyline split 

into segments and one containing the locations of the roadkill events in relation to their corresponding 

line segment. The road was equally split into segments of approximately 500m in accordance with 

methods 1-3. The output of the programme is a .csv file containing information such as the ID of the 

line segment containing the cluster, the number of points within the cluster, the number of points within 

the line segment where the cluster is located and the relative position of the start and end of the cluster. 

When it comes to ranking the clusters, the individual risk of a cluster (cluster strength) is measured by 

the degree of violation from a uniform distribution of roadkills along a section while the collective risk 

of a cluster takes into account not only the cluster strength but also the density of points within a cluster 

per 100m as described by Equation 3-5, (Bíl, et al., 2015). Therefore it is up to the user to decide what 

their priorities are when it comes to risk. As in (Favilli, et al., 2018), collective risk was used in this 

case. 

𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑣𝑒 𝑟𝑖𝑠𝑘 = (𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ ∗ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦)2 (Eq. 3-5) 



37 

 

3.3.3 Temporal Analysis 

Both general and species specific yearly and monthly distributions were assessed for the study area. 

Yearly distributions were examined in order to assess whether or not roadkill incidents were increasing 

or decreasing on the M3. These results can be also used to compare to factors such as traffic volumes 

to examine their relationship. 

Monthly distributions can aid planning and mitigation as they follow the behavioural patterns of a 

species. For instance, a species which hibernates is unlikely to be at risk of a collision in winter. This 

knowledge can be used by maintenance teams to carry out site visits before higher risk months to ensure 

mitigation measures are not blocked or damaged. It can also be passed on to drivers to take extra care 

at these times. This kind of analysis was carried out by (Favilli, et al., 2018) who recommended that a 

combination of spatial and temporal analysis was key to finding critical areas for WVC. A limitation of 

this part of the study was that time of day was not included in the dataset. The literature overview found 

that this was an important global factor influencing WVCs as different species are more active at certain 

times of the day (Diaz-Varela, et al., 2011, Nelli, et al., 2018). 
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4 Results 

4.1 Species Analysis 

The mean number of roadkills per year was calculated and plotted in Figure 4-1 using the data provided 

by TII. This analysis shows that foxes, birds, badgers and rabbits make up 93% of all roadkill found 

since the opening of the M3. While foxes are the most prevalent species found, badgers are the most 

abundant protected species. Badgers are also notably sensitive to roadkill due to their slow population 

growth rate making them a good indicator of mitigation measure effectiveness. Most of the birds found 

were unidentified therefore very little species specific information can be drawn from that dataset. As 

well as this, there are no mitigation measures in place designed specifically to protect birds therefore a 

bird hotspot would not indicate issues with pre-existing mitigation measures. Hedgehogs are a 

vulnerable species which are present yearly although their numbers might be too low to draw significant 

conclusion. This may be due to a lower carcass persistence time or a reduced likelihood of being 

recorded due to their size. Rabbits were also left out for this reason. 

 

Figure 4-1: Mean annual roadkill by species on the M3 from 2011-2017 

Taking this information into account and the fact that they utilise the underpasses present on the M3, 

badgers and foxes were chosen to be analysed further. Note that 2010 and 2018 were not included as 

the surveying began halfway through 2010 and ended in April 2018. 

4.2 Spatial Analysis 

4.2.1 Ripley’s K-statistic Analysis 

The results of the Ripley’s K-statistic Analysis are shown in Figure 4-2 and Figure 4-3. The confidence 

intervals are depicted in grey while 𝐿(𝑟), the difference between the observed K-statistic and the 
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simulated K-statistic, is shown in black. When 𝐿(𝑟) is above the upper confidence limit, the points are 

aggregated at that scale. When 𝐿(𝑟) is lower than the lower confidence limit, the points are dispersed. 

A dataset which remains within the confidence limits indicates a random distribution. 

 

Figure 4-2: Ripley's K-statistic Analysis of badger roadkills on the M3 

Figure 4-2 shows that badger kills are slightly clustered between approximately 40 and 41km. This 

means that there are significant aggregations at larger distances but at smaller distances the deaths are 

randomly distributed. This may impact the accuracy of the hotspot analysis as calculations were 

performed using intervals of 500m. There is no significant dispersion observed.  

 

Figure 4-3: Ripley's K-statistic Analysis of fox roadkills on the M3 

Figure 4-3 shows that, for foxes, clustering occurs between 0.5 and 6.9km, 10.1 and 18.1km, 29.3 and 

38.9km and 41 and 43.7km. This means that there are significant aggregations multiple different scales. 
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A hotspot analysis is highly recommendable in a case such as this as fox kills show a distribution which 

is not random. There is no significant dispersion. 

4.2.2 Hotspot Analysis 

4.2.2.1 Malo’s Method 

Given a mean number of collisions per 500m the probability of a section of road between two marker 

plates was described by Equation 3-6. 

𝑝(𝑥) =
𝜆𝑥

𝑥! 𝑒𝜆
 

(Eq. 3-6) 

Where x=the number of collisions per interval and 𝜆=the mean number of collisions per interval (Malo, 

et al., 2004). 

The stretch of road is approximately 49km long therefore the mean number of badger roadkills per km 

can be calculated in Equation 3-7. 

𝜆 =
146

49
= 2.979592 

(Eq. 3-7) 

Therefore the probability of x incidents happening per km in the study period can be calculated by 

Equation 3-8. 

𝑝(𝑥) =
2.979592𝑥

𝑥! 𝑒2.979592
 

(Eq. 3-8) 

Using Equation 3-8, it was found that p(x)>0.95 when x=3 and p(x)>0.99 when x=4. Therefore, 

stretches of road with greater than 3 badger roadkills were defined as high collision areas or hotspots. 

The results are visualised in Figure 4-4. 

Following this, foxes were then analysed using the same method and scale. Fox hotspots were defined 

as intervals with greater than 6 kills at a 95% confidence limit and 8 kills at a 99% confidence limit. 

The results are shown in Figures 4-5. 
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Figure 4-4: Hotspot analysis of badger roadkills on the M3 using Malo's method 

The results in Figure 4-4 show hotspots between 14.5 and 16.5 km and at 21, 30, 33, 49 and 54.5km. 

The most significant hotspots (at the 99% confidence) are between 14.5 and 16.5km, 21km and 30km. 

These are hotspots could potentially be prioritised in the case of limited resources. 

 

Figure 4-5: Hotspot analysis of fox roadkills on the M3 using Malo's method 

The findings of the hotspot analysis, as shown in Figure 4-5, show hotspots at between 29 and 30km 

and 53.5 and 54km. There are also hotspots at 20, 37.5, 39 and 49km. The most significant hotspots are 

at 20, 29-30 and 53.5-54km. These are priority hotspots. It can be noted that, in accordance with the 

Ripley’s K-statistic analysis, the hotspots found in Figure 4-5 are much more prominent than Figure 4-

4. There is a much greater variance between the number of roadkill in each section. 
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The results of this method can also be easily visualised in ArcGis, Figure 4-6, with hotspots at the 95% 

confidence level in orange and 99% confidence level in red. When visualised in map form it is easy to 

see how badger hotspots are more scattered while there are 3 clear significant hotspots for foxes.  
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Figure 4-6: Visualisation of hotspot analysis of badger (left) and fox (right) roadkills on the M3 using Malo's method 
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4.2.2.2 Siriema Road Mortality Software, 2D Hotspot Identification 

The results achieved using the Siriema 2D Hotspot Analysis tool (Coelho, et al., 2015), are shown in 

Figures 4-7 and 4-8 using excel. 𝐻(𝑠) represents the difference in the observed aggregation values and 

the simulated aggregation values. When this value is outside of the confidence limits this indicates a 

hot or cold spot. 

 

Figure 4-7: Hotspot analysis of badger roadkills on the M3 using Siriema 2D hotspot identification 

The results shown in Figure 4-7 correspond well to the results achieved in Method 1. Hotspots were 

identified at 14.5, 15-16, 21-22 and 30-31km. These correspond to the values found at the 99% 

confidence limit which further supports that these areas are priority. However, the results are not as 

consistent with Method 1 as that of the fox analysis, Figure 4-8. This is probably due to the lack of 

significant clustering at smaller scales which makes it harder to predict where priority areas are. 
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Figure 4-8: Hotspot analysis of fox roadkills on the M3 using Siriema 2D hotspot identificaiton 

The results from the 2D Hotspot Analysis shown in Figure 4-8 compliment the results found in method 

1. Significant hotspots were located at 20-21.5km, 29-30.5km and 53.5-54.5km. There were also less 

significant hotspots at 39.5 and 43.5 found which correspond to the hotspots found by Malo’s method 

at the 95% confidence interval. The results show a large amount of variance between aggregation 

constants. There are also cold spots observed. 

The results were also visualised in ArcGIS in Figure 4-9. The red sections represent the areas where the 

aggregation values, 𝐻(𝑟) go above the confidence intervals (hotspots). One issue with determining this 

value is that the confidence limits are not a continuous value and therefore a rough estimate must be 

used for visualisation in GIS. The value which determined a hotspot was chosen as 3.1 for badgers and 

5 for foxes. The lower threshold, depicted in yellow, was chosen to be -2 for badgers and -4 for foxes. 

Values within the confidence intervals were shown in orange. 
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Figure 4-9: Visualisation of hotspot analysis of badger (left) and fox (right) roadkills on the M3 using Siriema 2D hotspot identification 
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4.2.2.3 Spatial Analysis Along Networks (SANET), Kernel Density Estimation 

The results of the kernel density analysis performed using the SANET software are shown in Figure 4-

10. The results for fox kills had a much larger range of probability density values and 3 prominent 

hotspots which were very consistent with the results of method 1 and 2. The results for the badger 

analysis, however, showed much less consistent results with method 1 and 2. As mentioned previously, 

this could be contributed to the results of the Ripley’s K-statistic analysis which showed a random 

distribution for badger kills at smaller scales. The results shown are the average of the probability 

density function of each vertex of a segment of road. These values were then categorised into low 

(yellow), medium (orange) and high (red) using Jenks natural breaks. 
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Figure 4-10: Visualisation of hotspot analysis of badger (left) and fox (right) roadkills on the M3 using kernel density estimation, SANET 
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4.2.2.4 KDE+ 

146 roadkills of badger and 382 roadkills for foxes over a 7 year period were analysed using the KDE+ 

method. For badgers, 22 clusters were found making up 4% of the study area. This 4% contained 39% 

of all badger kills on the M3 during the study period. When the clusters were ranked based on collective 

risk, it was found that approximately 30% of all kills were located within the top 10 most dangerous 

clusters. These clusters made up 2% of the road network.  

In the case of the fox dataset, 50 clusters were identified using the KDE+ software. These clusters made 

up 6% of the road length and contained 44% of all roadkill events. When ranked using collective risk it 

was found that 12% of roadkills were located within the top 10 most dangerous clusters while 20% were 

located in the top 20. These made up 1.8% and 3% of the road network respectively.  

The results for the attribute collective risk were displayed, once again, in ArcGIS. The KDE+ software 

allows the user to immediately eliminate sections of the road in which no clustering occurs. Clusters 

can then be ranked from low to high priority using Jenks natural breaks as in Method 3. It was found 

that using the density attribute similar results to method 1-3 were found but using collective risk these 

results varied slightly. This shows how prioritising different factors can lead to different hotspots. The 

ability to choose which factors to prioritise makes the KDE+ software very useful. Collective risk was 

chosen as it combines both density and individual risk. 

The results are depicted in Figure 4-11 and show that 3 sections for badgers and 2 sections for foxes 

had a large variance from the other values. This means that their collective risk was considerably higher 

than the rest of the clusters. 
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Figure 4-11: Visualisation of hotspot analysis of badger (left) and fox (right) roadkills on the M3 using KDE+
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4.3 Temporal Analysis 

4.3.1.1 Yearly Distribution 

Figure 4-12 represents the total number of roadkill per year from 2011 to 2017 as calculated from the 

raw data. As data collection began in June 2010, 2010 was not plotted as a full year. Data from 2018 

was also excluded. 

 

Figure 4-12: Annual number of roadkills on the M3 from 2011 to 2017 

A decline in the number of roadkill per year is being observed on the M3 with 2011 experiencing almost 

150 more deaths than 2017.  

 

Figure 4-13: Annual number of badger roadkills on the M3 from 2011 to 2017 
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As well as a decline in overall species, there has also been a decline in badger kills on the M3, Figure 

4-13. 

 

Figure 4-14: Annual number of fox roadkills on the M3 from 2011 to 2017 

Fox kills, unlike badger are not experiencing a decline and have stayed relatively steady in the 6 year 

study period, Figure 4-14. 

4.3.1.2 Monthly Distribution 

The data was also used to visualise the monthly distribution of badgers and foxes on the M3. This was 

achieved by calculating the mean number of deaths per month from 2011 to 2017. In this way, it can be 

seen in which months are each species most vulnerable to collisions. The calculations are visualised in 

Figure 14-15 and Figure 14-16.  

 

Figure 4-15: Mean number of badger roadkills per month on the M3 from 2011 to 2017 
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A peak in badger deaths is observed in February and March in Figure 14-15. The months in which 

collisions are least likely to occur with badgers are August and November. 

 

Figure 4-16: Mean number of fox roadkills per month on the M3 from 2011 to 2017 

As with badgers there are certain months in which collisions with foxes are more likely to occur. Figure 

4-16 shows a peaks in fox roadkills in February. Collisions then decrease until July when an increase is 

observed. Another peak is observed in November. 

4.4 Summary of Results 

The first section of results found that birds, foxes, badgers and rabbits were the most abundant species 

found on the M3, making up 93% of all species. Foxes and badgers were chosen for further analysis as 

they are known to use the underpasses present on the M3 and are found in greater numbers than other 

underpass users.  

A spatial analysis was carried out. To begin with a Ripley’s K-statistic analysis of badger kills on the 

M3 found that clustering occurred at scales of 41-42km. At smaller scales, there was no aggregation or 

dispersion shown. Foxes, on the other hand showed significant clustering at both small and large scales. 

This indicates a pattern of roadkills which deviates greatly from an expected random situation. No 

significant dispersion was observed for either dataset. 

A hotspot analysis was then conducted on both badger and fox kills on the M3. Four separate methods 

were used in this section. The results of these four methods will be summarised in Figure 4-17. Each 

box represents a stretch of 500m starting at 0km and ending at 49km (the length of the study area). The 

orange represents the hotspots found by each method. It can be seen that, despite some differences in 

hotspot location, overall there is a consistency between the methods.  
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The temporal analysis investigated the yearly and monthly distributions of fox and badger kills. A yearly 

analysis found that roadkill per annum has been decreasing in the 7 year data collection period. Badger 

kills were also found to be decreasing. A monthly assessment of roadkill by species found that badgers 

were more likely to be killed during their mating season in February and March while the most fox kills 

occurred in February (during the mating period where females are searching for a safe place to give 

birth) and November (peak dispersal period for young foxes). 
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Figure 4-17: Summary of results of hotspot analysis using Malo's method, Siriema, SANET and KDE+. Each box represents a 500m segment. Hotspots are depicted in orange 
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5 Discussion 

This thesis was based on the knowledge that, following implementation, many mitigation measures on 

Irish roads were of inadequate standard. In some cases mitigation measures were also incorrectly placed 

or not put in at all. The study investigated how spatial and temporal analysis could be used to prioritise 

critical road sections and times to maintain road mortality mitigation measures. The findings indicated 

that, despite the implementation of a large number underpasses as well as consistent mammal resistant 

fencing, there were still statistically significant clusters of roadkill on the M3. This information 

confirmed that hotspot analysis could be used to identify which road sections may have inadequate 

mitigation measures and thus be experiencing higher incidents of wildlife road mortality. The findings 

also showed that temporal analysis could provide important information on critical times for 

maintenance as well as indicate increases or decreases in roadkill numbers over time. Both the results 

of the spatial and temporal analysis highlighted the importance of the continuous daily sampling of 

roadkill data even after mitigation measures are put in place. 

Comparison of hotspot analysis methods 

In order to ascertain the best tools available, four methods were presented and compared, namely Malo’s 

method (Malo, et al., 2004), Siriema road mortality software (Coelho, et al., 2015), SANET software 

(Okabe, et al., 2015) and KDE+ software (Bíl, et al., 2015). Of the four methods Malo’s method was 

the most labour intensive as it requires the user to perform calculations manually. Siriema, SANET and 

KDE+ on the other hand only required preparation of the input files. Since the roadkill data had been 

inputted to ArcGIS at the beginning of the study, SANET and KDE+ were desirable methods as they 

allowed the user to input shapefiles. SANET and KDE+ were also capable of analysing a network of 

roads while Malo’s method and Siriema were only able to analyse one stretch of road at a time. This is 

an important factor as this study aims to make recommendations which can be applied to the entire Irish 

road network. 

A difficulty experienced using SANET was the inability to determine the statistical significance of 

hotspots. This was also the case with the Siriema road mortality software. While Malo’s method allows 

the user to calculate a specific threshold value at various confidence intervals, Siriema outputs a 

dynamic threshold which can make the interpretation of results more difficult. As well as this, 

visualisation in ArcGIS required an estimation of threshold in order to categorise road segments by 

aggregation value, 𝐻(𝑟). KDE+, on the other hand, uses statistical significance testing to detect clusters. 

It then calculates the collective and individual risk of each cluster. These values can be used to rank 

clusters. If a large variance between values for individual and collective risk is observed, this is an 

indication that certain sections are considerably more critical than others. Another benefit of the KDE+ 

software is that the Ripley’s K-statistic analysis is not a necessary step. This is because KDE+ applies 

a clustering method and performs statistical significance testing in conjunction with kernel density 

estimation. The use of the Ripley’s K-function is recommendable in all other cases as it cannot 

otherwise be known if hotspots are a result of random occurrences. 
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The methods were also compared with regard to the locations of the hotspots found. The results of the 

first three methods were quite consistent with one another and found hotspots in generally the same 

sections. The KDE+ method however found some different results for which road sections were most 

critical. This may be because this method uses different techniques for calculating hotspots. For 

instance, Malo’s method and Siriema use deviation from a random distribution as their measure for 

hotpot while SANET uses probability density functions. The KDE+ technique takes a combination of 

these two methods and incorporates a measure of the degree of violation from the normal distribution 

as well as the density of points. In this way, it may give slightly different results but is likely to be more 

comprehensive in prioritising and ranking sections than the other two methods.  

The comparison found that the KDE+ software was the most comprehensive and easy to use. It provided 

the ability to analyse a large network of roads simultaneously. It also had the unique ability to rank the 

clusters based on collective or individual strength. The use of the KDE+ software showed the 

importance of spatial analysis as it was able deduce that a large percentage of WVCS were occurring 

in a small percentage of the road network. For example, just 2% of the M3 contained 30% of badger 

kills meaning prioritisation of these critical sites has the potential to reduce badger collisions by almost 

a third. Although the KDE+ performed best based on the chosen indicators in this thesis, it must also 

be noted that the presentation of the methods allows the reader to be able to decide what is the best tool 

based on their dataset and ability.  

Relevance of the study 

Currently, there are many studies available which look into the use of spatial and temporal analysis to 

aid in the planning and implementation of mitigation measures, however, research into how these 

mitigation measures can be monitored and maintained is less available. No studies were found using a 

case study with pre-existing mitigation measures and it is therefore difficult to compare the results of 

the spatial analysis with literature. The spatial analysis showed that both datasets exhibited clustering 

and deviation from a normal distribution. The clustering observed is consistent with studies carried out 

on roads with no mitigation measures as WVCs tend to follow a non-random distribution. It was also 

observed that fox and badgers shared some hotspots which is consistent with studies that examine 

grouping taxa for hotspot analysis (Ascensao, et al., 2017, Teixeira, et al., 2013). It is not 

recommendable to group different animals together for a small scale analysis such as this as the 

difference in their movements and behaviours may lead to a variation in hotspots (Teixeira, et al., 2013). 

However, as badger and fox share many commonalities it is unsurprising that an overlap in hotspots 

was observed.  

Via the temporal analysis performed in this thesis, it was found that overall, roadkill has reduced on the 

M3 since its opening in 2010. These findings fit well with the existing literature as a reduction in roadkill 

could be as a result of the steady, annual increase in traffic volume as in (Müller & Berthoud, 1997, 

Seiler, 2003, Huijser, et al., 2008). The results are also consistent with the possible habituation of some 

animals to the presence of the road since its opening (Ramp, et al., 2005, Brady & Richardson, 2017). 

The decrease could also indicate a decline in some populations due to the presence of the road (Jackson, 

2000). This roadkill decline was also observed in the badger dataset. In the case of badgers, it could be 
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that the population and subsequent roadkill decline was as a result of badger culling practices in Ireland 

and not the road. This may make sense as there was no decline observed in fox kills in this period. It 

could also be a combination of both factors as well as habitat loss due to increased human activity in 

the region. The reason for the lack of decline in fox kills could be as a result of their ability to jump 

over mammal resistant fencing and bypass underpasses. Foxes also adapt better to urban living than 

badgers. 

The analysis of the monthly distribution of roadkills corresponds very well to literature on both animal’s 

seasonal behaviour. Badgers show a significant peak in roadkill in February and March. Badger cubs 

are mainly born in February, which is also the beginning of the mating season. March therefore is the 

month where badgers are known to be most active which reflects the peak in roadkills seen. Equally, it 

can be seen that January experiences very low numbers of badger kills, this corresponds to the time 

when food sources are low and badgers are living off fat reserves. Sows are also pregnant at this time. 

Badger kills continue to decline until September and October when they start to increase again, this can 

be explained by the dispersal of young males and badgers foraging for nuts and berries to build up their 

fat reserves for winter. Another decline is experienced in November as there is little activity for badgers 

at this time and during the winter months badgers spend more time underground (Dixon, 2015). A 1987 

study by Davies, et al., (1987) on the monthly distribution of badger roadkills in the South of England 

found the similar peaks in spring and late summer. 

Such trends can also be observed in foxes. Peaks in January and February can be attributed to the mating 

period (which occurs in January) and females searching for potential den sites to give birth (February). 

Cubs are usually born in March and, as in the case of badgers, a decline in kills is observed after this 

time. The rise in kills in July can be explained by adults starting to encourage cubs to explore outside 

the den, often competing with them for food. This continues in August as cubs struggle to look for food 

and find their feet. Another rise in October marks the dispersal period which continues on into 

November and December. Fighting over food is very common at this time (National Fox Welfare 

Society, n.d.).  

Study limitations 

The study also has some limitations that one should be aware of when interpreting the findings. For 

example, the data used for this study is only available for motorways in Ireland. Such surveying is not 

yet carried out on roads of a smaller class. The background research revealed that WVCs occur just as, 

if not more, frequently on intermediate roads as they do motorways (Müller & Berthoud, 1997, Huijser, 

et al., 2008, Seiler, 2003). Thus, by focusing on a motorway the numbers in the dataset might be lower 

than if the study area was a smaller road. It may be more reasonable to use a lower road class for this 

study, however, a Master’s thesis does not allow the time needed to do the daily, weekly or monthly 

surveying needed to collect enough data to carry out this kind of analysis. Due to this, data from other 

sources must be used. This may also slightly affect the reliability of the data as it was not collected by 

the author themselves. In the future, this could be overcome by carrying out a long term study. 

It must also be noted that the data is collected by non-experts. A study by Abra, et al. (2018) examining 

the likelihood of non-experts to identify species correctly states that data accuracy for common species 
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is greater than 90%. They examined this by viewing all the images associated with data collected by 

road maintenance personnel as well as conducting an identification test. They found that lesser known 

species could be mixed up often especially if they look similar to other species. The solution to combat 

this is by holding training days to increase the knowledge and enthusiasm of road maintenance teams 

(Abra, et al., 2018). The species analysed in this study are common and it is therefore unlikely that there 

is much inaccuracy in the data. However, this kind of surveying can lead to bias as a result of carcass 

persistence time. Medium to large animals are much more likely to be identified and recorded than 

smaller animals with a low persistence time (Barrientos, et al., 2018). Spatial error can also be an issue 

with surveying (Teixeira, et al., 2017) and this must be accounted for when carrying out hotspot 

analysis. In the future, this will be overcome by the use of the app which uses GPS co-ordinates rather 

than a linear referencing system. 

As well as data collection, there are also some limitations to the datasets. The datasets available for this 

study were quite small in comparison to similar studies found in the literature overview. For instance, 

in Lithuania, a study by Kučas & Balčiauskas (2018) on road mortality hotspots calculated hotspots for 

each year then checked which hotspots were reoccurring. They found that only 6% of hotspots occurred 

in the same location every year. Unfortunately, the yearly numbers are too small to replicate this study. 

In the future, this could be overcome by expanding the study area to the entire Irish road network. It 

might therefore be useful to also compare the data with a country of a similar size. 

Implications and future studies 

Aside from WVCs, this study addresses many issues related to roads and wildlife. An understanding of 

where and when WVCs occur not only helps to reduce collisions but also to increase connectivity and 

combat habitat fragmentation. The problems associated with habitat loss and fragmentation due to 

infrastructure are extensive. The upkeep and maintenance of mitigation measures will mean that the 

negative impacts of fragmentation such as genetic diversity, increased predation, loss of food sources 

and increased competition will be reduced. Wildlife crossings are also a way in which humans can 

factor animals into the planning of infrastructure in order to reduce their impact on and live more 

harmoniously with nature. This is paramount with expanding cities and road networks due to the 

increase in the world’s population currently being observed. 

The major implication of the findings from this thesis is the importance of continuous monitoring and 

maintenance for mitigation measures in Ireland. The study shows that even when mitigation measures 

are in place they can often be easily damaged, flooded, inadequately built or placed in the wrong 

location. The analysis performed using roadkill data provided a deep insight into where and when 

roadkill was occurring in the study area. This has important practical implications for the future of 

maintaining mitigation measures as it provides an easy and cost effective way for funding and resources 

to be allocated to the most critical road sections. 

Although the study reveals how best to locate where critical road sections are it does not reveal why 

hotspots occur where they do. For this reason, future studies should also be carried out on the best 

methods for assessing what local and global factors contribute to hotspots in Ireland. In this way, 

predictive modelling can be carried out in areas where roadkill data is not available. A study by Snow, 
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et al. (2014) revealed that underreporting of WVCs did not hinder predictive models for large ungulates. 

In this study the authors randomly took out reports to compare to WVC data that was fully reported and 

found similar results. This could indicate that even though Ireland’s dataset may be small, models can 

still help to predict mortality hotspots. This method may also be preferable in the case of studies on 

smaller animals such as hedgehogs where a lower carcass persistence time may be contributing to a lack 

of available data.  
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6 Conclusion and Recommendations 

6.1 Recommendations 

This study highlights the need for a standard protocol, comparable on a national level, for dealing with 

the maintenance of mitigation measures for road mortality in Ireland. In British Colombia, for example, 

there is a five point plan in place for dealing with WVCs (British Columbia Conservation Foundation, 

2016). This plan involves identifying hotspots and hot moments, conducting site visits to hotspots, 

assessing current mitigation measures and either improving or fixing them or implementing new ones 

if needed. Hence, I would recommend that the KDE+ software, in conjunction with the app be standard 

practice for identifying road sections in need of maintenance in Ireland. The app should be used to 

ensure greater location accuracy when recording the locations of roadkill found. As well as this, it 

provides a standardised method of data collection (Olson, et al., 2014). It is recommended that the app 

and KDE+ software are combined so that when data is inputted daily, hotspots can be calculated 

automatically at chosen intervals. Continuously updating hotspots can account for changes in mitigation 

measures such as flooding and broken. As well as this, once mitigation measures are repaired, hotspots 

will then update to highlight new problem areas. 

It is also recommended that the app be expanded for use on smaller class roads and rail. One issue with 

using maintenance teams is that the app is currently only being used on motorways. Studies have shown 

that roadkill is more likely to occur on roads with lower speeds and traffic volumes than motorways. 

As well as this, the high speed and low volume of trains make rail potentially more likely to experience 

collisions than roads, as is the case with ungulate collisions in Sweden (Seiler & Olsson, 2017). In 

Belgium, the app is a citizen science project open to the public (Vercayie & Herremans, 2015). Some 

problems such as incorrect identification of species and duplicates being recorded can arise with this 

method. This is combatted by having volunteers to validate the data. The phone number of each person 

is also recorded in the app meaning an incorrect identification can be clarified with the person that made 

the mistake. That way app users are learning continuously. This may benefit in the case of smaller 

animals with lower carcass persistence time as they will be more likely to be recorded. Another 

recommendation from Barrientos, et al., (2018) was the use of dogs in searches. This could be an 

efficient solution for making sure that records aren’t missed. The Czech Republic use data from police 

and hunters (Bíl, et al., 2017). Santos, et al., (2015) recommends that the frequency of surveys should 

be as high as possible. The scenarios presented above give options for expanding roadkill data collection 

where road maintenance teams are not a possibility. 

Public awareness is also of great importance. This was a large part of the trans-Canada highway research 

project which spanned 17 years (Clevenger & Barrueto, 2014). 1/3 of the funding for the project went 

into communications. This money contributed to showing that mitigation measures were effective and 

worth tax payer’s money. They achieved this through public engagement such as exhibits. In the Czech 

Republic the app was also used for education in schools (Bíl, et al., 2017). It is therefore recommended 
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that more focus be placed on engaging the public in Ireland to understanding the importance of 

mitigation measures for road mortality. 

Another way in which the public can be involved is by using temporal and spatial data to warn drivers 

about dangerous times and areas. For instance, from the results, it is known that badger kills are more 

likely to happen around February and March. More public awareness can mean that people are prepared 

on roads to be more careful at these times. As well as this GPS systems can alert drivers in these months. 

In terms of the results of the spatial analysis GPS systems can also be used to alert drivers when they 

are entering a known hotspot. In the future, self-driving vehicles could be implemented with technology 

that allows them to recognise the presence of an animal on or near the road. This means that the findings 

of this thesis have the potential to keep drivers safer. 

6.2 Conclusion 

Transport infrastructure can have a devastating impact on wildlife populations. For this reason it is 

imperative that mitigation measures are implemented to reduce wildlife-vehicle collisions and increase 

habitat connectivity. Following implementation, mitigation measures should be closely monitored and 

maintained as they can encounter many issues such as flooding, incorrect placement and broken fencing. 

In Ireland, there are many mitigation measures implemented currently on national road schemes, 

however, a large proportion of these have temporary or permanent issues. It is recommended that 

roadkill records are continuously kept and analysed to aid in the monitoring and maintenance of 

mitigation measures. These records can be used to provide valuable information on where, when and 

why wildlife-vehicle collisions are occurring in the network. Hotspot analysis can be used to narrow 

down road networks to critical sections where WVCs are occurring most frequently. These road sections 

can then be used as an indicator that mitigation measures are not adequately functioning in that area. 

The most preferable tool found for performing hotspot analyses was KDE+, a free java script software 

developed in the Czech Republic. This software allows the user to not only identify and map clusters 

but also to rank them easily in terms of both collective and individual risk, something which is of high 

value where resources are limited. Temporal data also provides valuable information as to when WVCs 

are occurring most frequently. It allows for monitoring whether roadkill is increasing or decreasing 

annually as well as what months are most dangerous for each species. Through the use of these analyses, 

site visits can then prioritise critical road sections as well as critical times of the year for maintenance. 

If these methods are implemented a reduction in roadkill should be observed on major roads in Ireland.  
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