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Figure 9. Sample segment of study area showing one (of three) chosen facility denoted as a blue 

square. The particular facility shown would connect 8982 total patches of suitable bobcat habitat 

if constructed. 

 

4.3 Results 

The MCLP was solved for p=3 and a 250m network search distance. The facilities chosen here 

represent the maximum coverage configuration available within a 250m search distance in terms 

of total connected patches by combining NCP values across roads. Recall that during 
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construction of the candidate sites dataset, dissolved roadway segment midpoints were used 

where roadway segments exceeded 800m in length. Setting the MCLP search distance to 250m 

in this case is meant as an arbitrarily small search distance aimed at forcing selection of a top 3 

set of sites in the study area without consideration of search distance overlap or site interaction. 

The sites chosen were as follows, in north-to-south order: Site 1 is located 1.5 miles northwest of 

Waterbury, VT on US route 2 northwest of the state route 100 intersection. Facility coverage if 

constructed could service wildlife in the Camel’s Hump and Little River state parks, each located 

on opposite sides of US 2. Site 2 is located on the Mad River northeast of Waitsfield, VT on state 

road 100. If constructed, this site could service wildlife crossing from the nearby Roxbury State 

Forest. Site 3 is located on VT state road 113 in Vershire, VT. While no state or national forests 

exist in the immediate area surrounding this site, there is very little development present in the 

area and if constructed it could serve the local wildlife population. These three locations are 

illustrated in (Figure 10). 

The bobcat data provided by the state of Vermont did not have explicit spatial locations 

for bobcat kills. Recall that in exploratory data analysis bobcat kill sites were located by plotting 

their associated linear referencing system segment, representing a general length of road where 

the kill occurred. Facility 1 is located on a bobcat kill segment. Facility 2 is 9 miles from the 

nearest known kill segment. Facility 3 is 14.75 miles from the nearest known bobcat kill segment 

(Figure 11). 
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CHAPTER 5 

 

A TIME GEOGRAPHIC APPROACH TO WILDLIFE-ROAD INTERACTIONS 

 

5.1 Introduction 

Addressing the effects of roadway presence on wildlife movement is a growing concern in both 

conservation and transportation planning. As previously mentioned, not only do roads directly 

impact gene dispersal from a metapopulation perspective, but they also limit the physical 

movement of the individual animal by presenting an artificial barrier between one area of viable 

habitat and another (Cameron et al. 1995, Clark et al. 2001, de Maynadier and Hunter 2000). The 

last two chapters examined this issue from a habitat fragmentation perspective; however, another 

common effect of road presence is collisions between vehicles and animals resulting in direct 

mortality if an animal attempts to cross the road (Clevenger et al. 2003, Ford and Fahrig 2007, 

Orlowski and Nowak 2006). This problem may then be contextualized as an issue of animal 

mobility. 

 While previous habitat approaches looked at where these encounters might occur in 

efforts to prevent the negative consequences associated with these interactions, the approach 

leaves out components of when and how often animals move across roads. Investigating when 

and how often animals move across roads can provide invaluable information for planning 

purposes. As such, quantifying these wildlife-road interactions more accurately could lead to 

development of better methods for mitigating wildlife-road conflicts. One method proposed in 

this research is to treat wildlife movement across roads as a time-geographic problem. 
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Time geography is rooted in the notion that movement for any entity from point A to 

another point B in space will take a certain amount of time, depending on the entity’s trajectory 

and speed. Analyses using time geography, based on this notion, have found utility in a wide 

range of applications including: urban research (Widener et al. 2013), transportation analysis 

(Kwan 2000, Horner et al. 2012), social (Miller 2005b) and environmental science (Downs et al. 

2011, Kernohan et al. 2001). First conceptualized by Hagerstrand (1970) as a basis for 

identifying space-time constraints on human activity, recent years have seen the notion extended 

towards other more rigorous analytical works in time geographic measurement (Downs et. al. 

2011, Winter and Yin 2010). Additionally, recent advancements in data collection, including 

Global Positioning Systems (GPS) and other location based services, have made it possible to 

measure objects/points in space and time within Geographic Information Systems (GIS) 

environments (Miller 2009). The high availability of location data for moving objects has opened 

the door to a massive application potential in time geography. 

Computational representations of simple time geographic concepts include control points, 

the space-time path, and the space-time prism (Miller 2005a). Control points (n) are observed 

locations of a moving object sequentially ordered at a given place in time. This is usually 

obtained by radio, satellite, or GPS-tracking methods and contain two critical pieces of 

information; a spatial location (c) at a given occurrence in time (t). A space-time path (s) is a 

straight line representation of a mobile objects approximate route between two sequential control 

points. A fundamental assumption is this path is based on a fixed velocity; it considers location 

but not time. A space-time prism, or geo-ellipse (g) as it’s represented in two dimensional space, 

is derived from the space-time path. This describes all locations for all occurrences in time where 

the object could have been positioned at that particular time stamp based on the spatial locations 
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of the control points, the elapsed time between points, and the object's maximum velocity. 

Space-time prisms delineates all potential locations for an object at any time given those 

constraints. For further reference, illustrations of a sample space-time prism can be found in 

Downs and Horner (2012). Mathematical formulations of these elements can be found in (Miller 

2005). 

In the environmental context, time geographic concepts have been implemented as Time 

Geographic Density Estimation (TGDE) routines for use in home range analysis (Downs 2011) 

and more recently, as voxel-based space time prisms for modelling animal movement patterns 

(Downs et al. 2014c). While TGDE models quantify potential locations of moving objects, they 

do not look at the occupied space probabilistically. Probabilistic space-time prisms extend 

probabilities to all potential locations for an entity’s location at every given space in time. 

Voxels, or cubic volume elements, are a three dimensional representation of space-time prisms in 

a raster format and represented in two dimensional space as space-time disks. Because animal 

interactions with roads can be identified by movement between habitat types and can be 

considered alongside the probability of these interactions, this study will utilize probabilistic 

voxel-based space-time prisms to examine animal-roadway interactions. 

 

5.1.1 Voxel-Based Probabilistic Space-Time Prisms 

The principal goal behind probabilistic space-time prisms is to better understand the movements 

and activities of animals at fine temporal and spatial scales (Downs et al. 2014a). In research 

developed by Downs et al. (2014c) a voxel-based geocomputational approach was used to 

generate probabilistic space-time prisms. Probabilistic voxel based space-time prisms evaluate 

which locations are most probable for an entity’s location (Figure 12). These prisms were used to 
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quantify animal habitat interactions of Muscovy ducks based on their location probability within 

a specific space at a given time. Then, probabilities were overlaid with a detailed habitat map to 

quantify the duck’s habitat usage on a daily basis. Currently this method has only been used to 

look at wildlife habitat usage. However, this research proposes the method can be extended to 

quantify interaction probabilities for wildlife interactions with consideration of roadway 

influences, down to the individual animal. 

 

Figure 12. Based on the standard voxel based method, each voxel/distance prism/disk is 

assigned a probability. This is done by applying a distance weighting function to each disk which 

is then used to weight probabilities in the disk. Each disk is shaded based on a quantile 

classification scheme; darker colors represent higher probabilities the object was located at that 

particular space at that particular time. Each probabilistic disk is intersected with the potential 

space-time path and stacked sequentially to quantify the probability of where an object was at 

any time. 

 

Following the research presented in Downs et al. (2014c), construction of the 

probabilistic space time prisms three dimensional volumetric rasters (voxels) records the 

probability that an animal was located at a particular location A, relative to location B, creating 

space time “disks”. Disks are composed of voxels representing the same time step and are used 

to reveal whether or not an individual animal was present (1) or not present (0) at a particular 

location based on spatial position (X,Y) at a given time (Z). Prism construction is based on two 

conditions, both of which must be met on a point by point basis: (1) the distance between 
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tracking point A and the centroid of each voxel is less than or equal to the maximum distance 

based on its maximum velocity and time, and (2) the distance between tracking point B and 

voxel centroid is less than or equal to the maximum distance based on its velocity and known 

remaining time. The equations for these calculations are found in Downs et al. (2014c).  Each 

calculation is applied per cell to compute each raster cell’s recorded probability. This 

formulation can be found in Downs et al. 2014c and Equation 2 below. 

 

Equation 2. Mathematical formulation of a probabilistic space-time disk: this formula is derived 

from calculating (a) 1 divided by the distance between the voxel and the intersection point and 

(b) dividing that value by the sum of all distance-weighted values for all voxels in the same 

space-time disk.  

 

5.2 Methods 

Building upon groundwork presented in Downs (2014c), this chapter extends the voxel based 

time geographic space-time prism technique by creating a new way to quantify wildlife 

interaction probabilities using roads as a critical input instead of habitat usage. These 

probabilistic space-time prisms were used to quantify interaction probabilities of wildlife and 

roads. Instead of inferring which habitats an animal prefers, as addressed in Chapters 3 and 4, 

this technique can be used to determine when an animal actually comes in contact with a road 

based on movement patterns by measuring when and how often an animal’s projected movement 

intersects a road on a short temporal scale. This method enables practical application of the 

probabilistic space-time prisms approach described in this chapter for quantifying roadway 

interaction probability on the individual level of a given species. 
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5.2.1 Study Area and Sample Data 

The probabilistic space-time prism approach described in this chapter enables practical 

application of quantifying roadway interaction probability on the individual level of a given 

species. The probabilistic space-time prism method centers on the use of animal movement 

information provided by tracking data, as opposed to the habitat approach described in chapter 2. 

This chapter demonstrates the utility of probabilistic space-time prisms by using radio collar data 

collected for a given species exhibiting frequent contact with a road. For purposes of this 

analysis, the method is demonstrated using fisher (Martes pennanti) movement datasets, since it 

is evident by the data that this species comes in frequent contact with a road. 

Fisher movement datasets used for this analysis are hosted and available on 

www.movebank.org; they have been made available through a study completed by LaPoint et al. 

(2013). The dataset provided on movebank.org includes 32904 GPS-captured points across 8 

fisher individuals tracked, distributed as CSV files. Timestamps (yyyy-mm-dd hh:mm:ss) for 

these GPS coordinate fixes reflect capture times between 2/11/2009 to 5/28/2011 with some 

tracking periods overlapping between individual fishers (hereafter, the ‘LaPoint Dataset’). In 

total, the LaPoint dataset represents some 250 animal-days of GPS tracking effort. Fishers were 

tracked on a daily basis on an average of 10-12 minute time interval between points during these 

times in the Schenectady and Pittstown areas of New York State (Figure 13) as fisher-road 

interactions are not only known but common in this area. Additionally, roadway centerlines data 

for the state of New York were downloaded from NYDOT 

(https://gis.ny.gov/gisdata/inventories/results.cfm?themeIDs=21), representing vector roadway 

centerlines for the state of New York. 
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Figure 13. Four Fishers (2 males/2 females) were tracked on a daily basis between 2/11/2009 to 

5/28/2011 in the Schenectady and Pittstown areas of New York State. This figure shows the 

location of the GPS coordinate fixes for these individuals in relation to roads. 

 

First, the LaPoint dataset was imported into ArcGIS 10.2 from the CSV file format and 

projected as a UTM point feature class. An identifier was present in the data and allowed for 

splitting the feature class into a set of one feature class per individual fisher. For each individual 

fisher feature class, the time difference in seconds between all ordered points was calculated 

using ArcPy and Python datetime libraries. For example, the time difference in seconds between 

“Male 2, Point A” and “Male 2, Point B” was calculated in terms of seconds, and the returned 

result was written to the data record for “Male 2, Point A”. This way, information-poor or 

temporally inconsistent periods among the individuals’ data could be identified and discarded. 

Additionally, as it is a needed parameter for calculating space-time prisms, a velocity value in 
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meters-per-second was calculated and written to each record in the same manner. A distance-to-

roadway value in meters (against NYDOT roadway centerlines) was written to each record as 

well. Given the time difference in seconds and distance-to-roadway values per record, summary 

statistics on these variables were prepared, by-animal-by-day. After reviewing the summary 

statistics in context with the distribution of points in GIS, it was apparent that a roughly 10 

minute GPS fix interval was ideal in terms of data contained in the LaPoint dataset. Other 

individuals had inconsistent or much longer GPS fix intervals, so these individuals were 

discarded. This could be an artifact of depleted battery packs on GPS collars or difficulties in 

fixing locations arising from poor weather conditions or terrain obstructions. The individuals 

selected for analysis displayed consistent 10-minute GPS fix intervals and included: Female 2 

(3004 total GPS Fixes), Female 3 (1501 total GPS Fixes), Male 2 (1638 total GPS Fixes), and 

Male 4 (8958 total GPS Fixes).  

 

5.2.2 Quantifying Wildlife-Road Interactions Using Space-Time Prisms 

A custom python programming script tool was used to construct the space-time prisms.  The tool 

was written by David Lamb and is described in Downs et al. (2014c).  The tool is designed for 

use with ArcGIS and utilizes input tracking data in the form of a geodatabase.  The tool reads in 

the x,y coordinates of the tracking points along with their timestamps, generates a grid of voxels, 

and calculates the probability at each voxel using equation 2.  Probabilities are exported in both 

raster and vector (point) formats, with sets of voxels comprising individual space-time disks 

stored as separate layers. The tool is sensitive to the bounding extent of input data and the user 

choice of output prism cell resolution, both of which influence the number of voxels it needs to 

compute. Memory limitations in computer hardware associated with the bounding extent 
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necessitated the prisms process be executed in a divide-and-conquer manner.  Fisher input data 

for prisms calculation was sectioned into manageable sets of 50 points before proceeding. All 

information from the fisher individuals selected for analysis (F2, F3, M2, M4) and the ordering 

of points by ascending date and time collected were preserved for each fisher during this process. 

ArcPy functionality was used to call the prisms tool iteratively over each individual.  Results 

were organized in a tree structure matching that of the sectionalized inputs. The parameters used 

were the same for all prism tool runs: a 1.5 velocity multiplier with a 60-second prism interval, 

written to a 5 meter cell size prism raster result were used to adequately reflect fisher movement 

probabilities. Usage of the 1.5 velocity multiplier factor is warranted as a means to compensate 

for uncertainty in the GPS fix data and to provide for a better representation of the maximum 

velocity achieved by the animal. This way, the maximum-movement case for each GPS fix pair 

is modeled, for the individual without over or underestimating the prism size. In terms of 

estimating animal movement, a velocity multiplier factor of 1.0 assumes the GPS fix information 

represents animal movement at the maximum speed the animal can move, or that the animal 

proceeds directly to its destination as fast as it can in a direct, straight line. A multiplier of 1.5 

allows for headroom in the calculations (50% larger than the minimum possible speed) and 

therefore provides a more realistic understanding of animal’s speed—slower when successive 

points are located closer together and faster when they are located further apart, assuming equal 

time intervals. The iterative process returned several thousand prism rasters during this effort, 

weighing more than 100 GB of spatial data layers in total. Next, the prisms results were 

processed into a meaningful summary of roadway interaction probability. 

 As each raster records the probability of position for the fisher at a particular 60-second 

timestep, the probability that the animal interacted with the road at that time can be calculated by 
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summing the individual probabilities for those cells that intersect roads.  The summed 

probabilities will range from 0.0 (no cells in the space-time disk intersect a road) to 1.0 (all cells 

in the space-time disk intersect a road), with intermediate values reflecting the likelihood the 

animal was on the road.  To accomplish this, a 15m roadway buffer raster was used as a mask to 

filter the cell values. A 15 m buffer distance was chosen to correspond roughly to roadway 

widths. The buffer was calculated from NYDOT roadway centerlines and converted to a binary 

raster of 5m cellular resolution.  After extracting the cells that intersected roadways, the 

remaining nonzero cell values were summed to represent the total roadway interaction 

probability for the individual at a given time step. To achieve this effect, ArcPy, Python CSV 

module, and NumPy functionalities were used to automate the post-processing and recording of 

the prism rasters information into useful output CSV files, reflecting the sum of roadway 

interaction probability at each time step. 

 To enable the CSV summary output, the following actions were completed on a per-

prism basis. First, ArcPy Raster objects were used to multiply the prism raster by the binary 15m 

roadway mask raster, eliminating prism cell values occurring outside the minimum proximity to 

roadways (outside of consideration for total). Then, prism raster objects were converted to 

NumPy array objects. Functionality included in the NumPy array object allowed for summation 

of the nonzero cells in the masked prism raster. ArcPy and Python CSV module functions 

handled the alignment and writing of roadway interaction probability sums to CSV format. Each 

resulting CSV (per individual) reflects 1440 rows constituting a full 24 day, with each additional 

column representing the roadway interaction probability sums through a given day. Daily road 

interaction graphs were created to summarize each individual interaction probabilities. 
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5.3 Results 

The goal of this analysis is to represent the probability of roadway interaction for an individual 

fisher based on GPS fixes tracking data, processed through a probabilistic space time prisms 

methodology where prism results are compared in the context of roadway corridors. The end 

result set is capable of summarizing roadway interaction probability on a 60 second interval 

throughout each 24-hour day the individual was tracked. ArcPy, Python CSV module, and 

NumPy functionalities were used to automate the post-processing and recording of the prism 

rasters information into useful CSV files; reflecting the sum of roadway interaction probability at 

each time step. The resulting graphs visualize the probabilistic pattern of how often or how likely 

a fisher is to contact a road; the graphs shown plot probability of crossing a road (Y) by time of 

day (X) representing an individual fisher’s daily movement probabilities (Figures 14-17).  

Figures 14-17 indicate the total roadway interaction probability for individuals on a daily 

basis. Days tracked per individual ranged from 5 to 20.  Recall that probability totals reflected 

here are sums derived from portions of probabilistic space time prisms which fell within a 15 m 

distance of roadways. The raw result of this process yielded the total roadway interaction 

probability for an individual, for each tracked minute of a tracked day. In other words, where 

source GPS fix data was available for an individual, the space-time prisms methodology was 

employed to produce a probabilistic indication of the animal’s position at a 60-second interval 

during the tracking durations. 

Female 3 provided the most comprehensive and consistent source GPS data, and 

therefore exhibited the most complete results set. It is notable that most of the roadway 

interaction probability for Female 3 occurred between the hours of 4am and 12pm for the 20 

days tracked. This pattern is consistent with the pattern expressed by Male 4, although for fewer 
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days tracked. For Male 2 and Female 2, input data sets were less comprehensive, or less exposed 

to roadways. The visualizations for Male 2 and Female 2 reflect the sparseness of their input 

data. It should be noted that an outlier day is present in Female 3, 12/21/2010. This odd day 

reflecting high roadway interaction probability for several long periods in the day is believed to 

be either the result of the animal taking refuge under an overpass, or perhaps a malfunction in the 

GPS collar unit attached to Female 3. These results, as a whole, demonstrate fishers interaction 

with roads, however the approach is intended to be usable for other species as well.  Depending 

on the type of road and traffic flows, this approach offers how likely individual animal 

movement may come in contact with roads on a daily basis. 

 

5.4 Discussion 

The time geographic analysis approach explained in this chapter characterizes the probability of 

roadway interaction for an individual fisher, given snapshots of their movement behaviors in the 

form of GPS fixes data. Wildlife-road interactions can be calculated for any location at any given 

time and summarized by individual time steps. While the previous approach used habitat 

approach, it only identified where these encounters may occur. This problem is now addressed as 

an issue of animal mobility. The time geographic approach identifies when and how often 

animals are likely to move across roads by pinpointing the potential space the animal could have 

occupied at each time step. This approach may be used to address and prevent potential 

collisions between vehicles and animals resulting in direct mortality if an animal attempts to 

cross the road. 
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Figure 14. The resulting graph summarizes and visualizes the probabilistic pattern of how often or how likely a fisher female 2 was to 

contact a road. The graphs shown plot probability of crossing a road (Y) by time of day (X) representing Female 2 daily movement 

probabilities
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Figure 15. The resulting graph summarizes and visualizes the probabilistic pattern of how often or how likely a fisher female 3 was to 

contact a road. The graphs shown plot probability of crossing a road (Y) by time of day (X) representing Female 3 daily movement 

probabilities
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Figure 16. The resulting graph summarizes and visualizes the probabilistic pattern of how often or how likely a fisher male 2 was to 

contact a road. The graphs shown plot probability of crossing a road (Y) by time of day (X) representing male 2 daily movement 

probabilities 
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Figure 17. The resulting graph summarizes and visualizes the probabilistic pattern of how often or how likely a fisher male 4 was to 

contact a road. The graphs shown plot probability of crossing a road (Y) by time of day (X) representing male 4 daily movement 

probabilities 



 

69 
 

Subsets of the movement data used were relatively consistent in terms of temporal 

coverage and exhibit spatial association with roadways, making the fisher a useful species for 

demonstrative purposes. In the case of the four fishers examined in this chapter, this method 

revealed spatial and temporal interaction patterns on a per minute basis for each day tracked. If 

this was performed using more individuals or over a longer period of time, the results could be 

used to develop a better understanding of species interaction with roads in a population 

behavioral sense, which could ultimately lead to a developing better methods for mitigating 

animal-roadway conflicts. Additionally, if seasonal movement or areas of higher traffic volume 

are of concern, those may be considered in future studies on a species by species basis. 

One advantage to using the voxel based space-time prims is the results are probabilistic. 

Previous methods identify where wildlife-road interactions have occurred in the past (such as 

road kill studies). However, these do not divulge how likely interactions are to occur or how 

often they may occur in the future. The time geographic approach demonstrated here expresses 

an understanding of animal position in terms of the probability that an animal was present at a 

given location, for each time step evaluated. Summaries derived from these probabilistic results 

allow for researchers to evaluate roadway interactions on the basis of animal movement behavior 

rather than a static position at sighting or death. In this way, the set of results generated by the 

voxel-based space-time prisms method is a representation accounting for the uncertainty in an 

animal’s position between locations reported at GPS fixes. Evaluating animal movements 

probabilistically suggests characteristics of a live animal’s behavior and allows for analysis of 

areas with the highest chances of interaction. Additionally, this method extends the voxel based 

space-time prism to network space. 
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Methods employed here are meant to offer a new way to quantify wildlife-road 

interactions; however they are not without limitations. The review process as applied to the input 

data involved two interdependent approaches; an analysis of temporal consistency/tracked 

individual overlap, and an analysis of association with roadways. The temporal consistency 

presented the most challenges when it became apparent that setting reasonable minimum and 

maximum allowable time gaps between GPS fixes in the data was necessary to proceed with sub 

setting the LaPoint dataset. This is both a positive strategy for selecting representative subsets in 

the data, as well as a means to reduce the space for error in terms of using the prisms tool. 

Consistent data capture helps to yield consistent results, as “known” points are more frequent as 

prisms are generated to fill in the gaps between these “knowns.”  

Parameter selection for prism tool runs exacts a significant impact on prisms results 

rasters. Specifically, parameter selections surrounding temporal resolution, spatial resolution, 

and estimated animal maximum velocity are highly sensitive in their action on tool results. There 

is a trade-off relationship at work in terms of the spatial and temporal resolution choices 

available to users of the prisms tool. A high temporal resolution choice (in other words, a small 

value for temporal interval, for example 60 seconds) will result in a high number of result rasters 

produced, as one raster will be created for each interval, given the minimum and maximum 

timestamp recorded in the input GPS fix points information. For example, a prisms tool run at a 

60-second interval across 24 hours of GPS Fix data will yield 1440 resulting rasters. The user 

should be aware of any storage concerns arising out of this volume of output information. 

Additionally, the rasters produced at interval will each have a storage size determined by the 

spatial resolution choice versus the extent of the input point pattern; a higher spatial resolution 

necessitates storage of a higher number of output raster cell values. Indeed, system memory 
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concerns can and will arise due to user selection of a fine spatial resolution. Intermediate NumPy 

array objects used by the prisms tool are stored in memory. Size of these arrays can 

exponentially grow as a result of high-resolution user choice of prism tool input parameters, 

causing a memory overflow crash in the prisms tool. It is important that the user be aware of 

these concerns and that a high performance machine is available for prisms tool runs.  

Finally, the user choice of maximum velocity requires careful consideration. The 

maximum velocity parameter provides the prism tool with an understanding of the tracked 

animal’s maximum velocity. This affects the extent or spread of positional probabilities across 

the output prism surface. It is important that the user understands the maximum velocity input 

value as a representation of how quickly and animal can move rather than how fast the GPS fix 

information showed the animal did move. For example, a maximum velocity value of 1.0 x the 

minimum calculated velocity assumes the animal moved in a straight-line between GPS fixes. 

Similarly, a maximum velocity value of 2.0 x the minimum assumes the animal moved 

predominantly at its slowest speed, or at a faster speed but greater distance then it actually could 

have travelled. The chosen 1.5 times the minimum velocity allows greater uncertainty about 

where it was and how fast it was going. If the user chooses a value too small the possible 

locations may be underestimated and exclude potential occupied areas. If the user chooses a 

value to big it could overestimate the potential occupied area and less precisely map the animal’s 

movements.  A parameter value choice of 1.5 was used in this case to flexibly estimate each 

animal’s velocity over the course of the day. However, having a better understanding of the 

animal’s speed patterns would be helpful in applying the appropriate velocity values in practice. 

Future studies should consider these patterns in selecting an appropriate velocity multiplier.    
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CHAPTER 6 

 

SPATIAL OPTIMIZATION OF PROBABILISTIC WILDLIFE-ROAD INTERACTION 

SPACE-TIME PRISMS 

 

6.1 Introduction 

There is a growing need to address the effects of roadway presence on wildlife movement. Not 

only do roads directly impact gene dispersal from a metapopulation perspective, but they also 

limit the physical movement of the individual animal by presenting an artificial barrier between 

one area of viable habitat and another (Cameron et al. 1995, Clark et al. 2001, de Maynadier and 

Hunter 2000). In the best case, the area of viable habitat for a species is reduced (Bienen 2007, 

Cameron et al. 1995), whereas in extreme cases road presence can directly hinder animal 

movement and lead to collisions between vehicles and animals resulting in direct mortality if an 

animal attempts to cross the road (Clevenger et al. 2003, Ford and Fahrig 2007, Orlowski and 

Nowak 2006). As transportation networks continue to grow, so do associated ecological impacts 

on wildlife, generating a need to create more effective methods for reducing the negative effects 

of these encounters.  

Crossing structures are an effective method for mitigating wildlife-vehicle collisions 

(Downs et al. 2012b, Foster and Humphrey 1995, Lotz et al. 1997, Onorato et al. 2010). These 

pathways are usually erected in the form of an overpass bridge or an underpass tunnel 

reconnecting previously fragmented habitat (Cramer et al. 2006). While other deterrents are 

sometimes used, such as warning signs, crossing structures specifically provide animals with a 

way to cross roadways safely and are the favored solution since they directly address habitat 



 

73 
 

fragmentation and roadway mortality (Cramer and Bissonette 2005, Kintsch et al. 2006) 

especially when used in conjunction with fencing, increasing the coverage area for the structure 

(Mata et al. 2005). Fencing can effectively increase the covered area and usage of a crossing 

structure. This is an economical alternative to constructing multiple crossing structures providing 

overlapping coverage (Downs et al. 2014b). 

Incidence of roadway kills is prevalent in many large species of wildlife (Braden et al. 

2008, Waller and Servheen 2005), because animals encounter roads often during traversal of 

their large habitat areas. This movement over roads sometimes results in collision with oncoming 

traffic and is of particular concern for already at risk species (Braden et al. 2008, Jackson and 

Griffin 2010). Crossing structures are often the favored mitigation practice to reduce these 

wildlife-vehicle collisions since they provide safe access across a road, (Kintsch et al. 2006) yet 

is difficult to place an abundance of these structures given funding limitations (Downs and 

Horner 2012, Onorato et al. 2010). Typically, they are placed in areas of known habitat 

disconnect or collision hotspots based on road kill incidence (Clevenger 2003, Downs et al. 

2012a). However, this information offers little insight into the living population home range. 

Since the intent of crossing structures is to be used by the remaining living population, 

identifying areas of high wildlife-road interactions can aid in targeting the placement of these 

structures since it is based on habitat utilization of the living population, not the found locations 

of dead individuals. Treating the movement of the population as a whole dynamic system could 

yield a more accurate representation of the likelihood of an animal-road interaction occurring 

across the study area. 

 Time-geographic analysis records instances in time when two objects are potentially co-

located (Hagerstrand 1970, Miller 2005, Winter and Yin 2010, Yu and Shaw 2008). In the 
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context of preventing vehicle collisions, this chapter suggests looking for when animals and 

roads were co-located as a means of quantifying home range overlap with roads more precisely. 

This approach is employed to better locate areas of high potential for crossing use. In research 

developed by Downs et al. (2014c) a voxel-based geocomputational approach was used to 

generate probabilistic space-time prisms evaluating which locations are most probable for an 

entity’s location. While previously used to study habitat utilization (Downs et al. 2014c), these 

prisms can be used to quantify animal-road interactions probabilistically and are demonstrated 

using radio telemetry data collected for Florida panthers, representing a potentially improved 

indicator of home range utilization and movement for a given population. 

As applicable in a range of planning scenarios, location modelling sites facility locations 

and aids decision makers in calculating the optimal placement of facilities in relation to how 

close they are to other features of interest in the existing built environment (Church et al. 1996, 

Lim et al. 2011, Rahman and Smith 1995). By optimizing an objective function subject to 

specific constraints such as distance, network route, cost distance or other concerns, the method 

offers insight contributing to informed allocations and the best possible use of the available space 

and resources (Erdemir et al. 2010). Downs and Horner (2012) suggested that location modeling 

can offer one approach for strategically siting wildlife crossing structures based on road-kill 

density. Alternatively, this chapter looks at the living population home range using a time-

geographic approach and recommends treatment of areas with high road interaction probability 

as potential sites for wildlife crossing structures, yielding a more accurate indicator of expected 

structure usage by animals. The organization of the paper is as follows. Section 2 outlines the 

interaction probability method used to determine an animal population’s contact with roads. 

Section 3 applies the maximal covering location problem to locate crossing structures while 
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section 4 discusses the limitations and how the approach may be used in future conservation 

planning studies.  

 

6.2 Methods 

The following sections detail data preparation, analysis methodologies and results storage for 

optimizing wildlife crossing structure placement across measures generated using a probabilistic 

space-time approach. 

 

6.2.1 Study Area and Data 

Florida panthers (Puma concolor coryi) are a federally endangered big cat species with 

approximately 100-160 individuals remaining in the population (FWC 2010). Population 

declines are associated with the species’ requirement of a large home range. In Florida this home 

range area is consistently fragmented by roads and is routinely subjected to habitat loss driven by 

sprawling development (Bender et al. 1998, Land et al. 2008, Onorato et al. 2010). Because 

traffic collisions are a significant contributor to direct mortality for individuals in this population, 

Florida panthers are excellent candidates for wildlife crossing structures as a means for reducing 

this mortality (Taylor et al. 2002). Previous studies show these crossings to be beneficial at 

reducing collisions however implementation is expensive (Onorato et al. 2010). Downs et al. 

(2014b) previously suggested using the maximal covering approach to site wildlife crossings. 

The method was useful where researchers had access to mortality data and historical tracking 

data. Downs et al. (2014b) suggests an alternative method rooted in time geography to quantify 

animal-road interactions at the population level, demonstrated here using panther tracking data 

obtained from the Florida Geographic Data Library (FGDL) (http://www.fgdl.org) across two 
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counties, Collier and Hendry, for siting crossing structures. The approach discussed here uses a 

new probabilistic time geographic approach that extends probabilistic space-time prisms for 

individuals to generate a population probability surface. This surface is used to optimize crossing 

structure placement. 

 

6.2.2 Population Probability Surface 

Space-time prisms have been used for studying the movements of mobile objects such as people 

and animals, by identifying key areas where mobile objects possibly could have been at a given 

time step (Kuijpers and Othman 2009, Kwan 1999, 2000, Neutens et al. 2008, 2012). More 

recently, voxel based space-time prisms have been leveraged to measure and infer object 

movement probabilistically. Probabilistic voxel based space time prisms are used to evaluate 

which locations are most probable for an entity’s location at a given time (Downs et al. 2014c). 

Following the research presented in Downs et al. (2014c) and chapter 4 of this dissertation, 

probabilistic space time prisms, three dimensional volumetric rasters (voxels) were used to 

record the probability that a panther was located at a particular location A, relative to location B, 

and then summarized for the panther population as a whole. This process of creating a population 

probability surface and extracting probabilities associated with roads requires the following 

steps: (1) use tracking data to generate probabilistic space-time prisms for each individual, (2) 

combine the space-time disks for each individual to generate a single probability map for each 

individual, (3) combine the probability maps of all individuals to create a single population 

probability surface, and (4) extract values from population probability surface to roads. 

First, individual probabilistic space-time prisms were generated using ArcGIS 10.1 for 8 

individual panthers from radio telemetry tracking data taken between the years 2006-2007 using 
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the methodology presented in the previous chapter (see pages 59-61). These eight individuals 

were not necessarily chosen to be representative of the entire panther population but were chosen 

arbitrarily simply to demonstrate the method. These prisms were constructed using a custom 

Python programming script implementing the voxel space-time prism formula described in 

chapter 5 with time step width set for 3 hours, an output raster resolution of 50 meters, and a 

spatial extent encompassing a 5000 m buffer around the minimum enclosing rectangle for the 

data points. Values chosen for these parameters reflect consideration of the collection interval for 

input panther radio telemetry fixes data, the spread of radio telemetry fix data across the study 

area, and the desired level of result detail. The minimum velocity input values for each time step 

were calculated using Microsoft Excel by extracting the associated tabular information from the 

radio telemetry points. A Euclidean distance was taken between each ordered pair of radio 

telemetry points and was used to find a meters per second value representing the minimum time 

necessary to traverse a straight-line distance between them. These calculated minimum velocities 

used a 1.5 multiplier in the actual prism formulation as an approximation for actual velocity for 

the same reasons mentioned in the discussion of Chapter 5. Parameters were selected to 

encompass the entire space-time paths of each panther while remaining small enough to not 

overestimate the general home range of each individual.  

Second, a separate probability map was constructed for each individual using the 

probability equation published in Downs et al. (2014c). Individual space-time disks for each 

panther was converted to a single raster layer, representing the corresponding probability at each 

time step. Each of the raster layers for all individuals were then overlapped to build a population 

range movement map by multiplying the voxels at each location. These voxels were visualized in 

three dimensions using centroids in ESRI ArcScene 10.1 (Figure 18a). The prisms were used to 
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generate a comprehensive raster probability surface depicting the overall location probability of 

the animal tracked by sequentially combining the prisms for each time step using raster math 

functions (Figure 18b) which are equivalent to an OR probability equation.  In other words, the 

probability map for each individual records, for each raster cell, the probability that the animal 

was located at the cell at time 1 OR time 2 OR time 3…time N. To accomplish this calculation, 

space-time disks derived for each time step were stored in individual raster layers, and the 

comprehensive location probability for each panther was then calculated using the following 

routine which is calculated for overlapping cells in the relevant layers: The time step one raster 

(T1) was added to the time two raster (T2). Then, the product of T1 and T2 was subtracted from 

the result. Moving forward, the result raster of this first set of operations was fed back into the 

routine in place of T1, continuing with T3 in place of T2, and so on until all rasters were used. 

The final raster represents the combined probability surface for a single panther: 

T1 + T2 – (T1 * T2) = Result 1 

Result 1 + T3 – (Result 1 * T3) = Result 2 

… 

Result N-1 + TN-1  = Result N-2 

Values in the final probability maps for the individuals range from 0.0 to 1.0. 

 Third, the eight comprehensive individual-level probability raster layers resulting from 

this process (one raster per panther individual) were then added together to construct a 

comprehensive population level probability surface map. The result at each raster cell of this 

final layer represents the total magnitude of animal presence probability, where the population of 

tracked animals is considered as a whole.  The theoretical maximum value of a given raster cell 

is 8.0 in this case, since there are 8 individuals included in the dataset. 
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Fourth, the next step was to relate the location probabilities to any overlapping road 

segments. A 50 meter buffer was applied to the roads layer and converted to raster layer with a 

50 meter cell size. The buffer was constructed to be consistent with the 50 meter cell size used in 

the prism calculations, and it also roughly matches roadway corridor widths present in the study 

area. Centroid points were taken for each roadway-raster cell and then the comprehensive 

probability surface was overlaid to imprint each roadway-cell-centroid point with the 

corresponding probability value (Figure 18c). The probability-loaded centroid points were 

snapped to their nearest network location using editing tools available in ArcGIS 10.1 which 

resulted in a point every 50 meters along the road (Figure 18d). A network datatset containing a 

base roadway network for study area counties, and the loaded centroid points as network node 

locations was constructed; the final surface shows the average probability if finding a panther at 

each road location. 

 

6.2.3 Maximal Covering Location Problem 

As first presented in chapter 4, the Maximal Covering Location Problem (MCLP) represents a 

location problem where the objective function is “the maximization of covered demand;” it is 

formulated to select the best possible facility sites given this objective and a service radii 

defining the applicable range of any possible facility (Pirkul and Schilling 1991). MCLP is a 

linear integer programming problem and the formulation is previously detailed in Equation 1 of 

this manuscript, on page 40. MCLP was leveraged to determine the optimal spatial locations 

where these panther-road interactions were most likely to occur; treating the probability of 

panther presence at each demand node (roadway-cell-centroid-points) as a continuous demand 

value. 
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Figure 18. (a) sample sequential prisms overlapped for two individual panthers and visualized in 

ESRI ArcScene 10.1, (b) comprehensive raster probability surface for one panther, (c) sample 

section of road, buffered and probability values associated with centroid points, (d) facility and 

demand nodes derived from centroids along the road network where a sample facility site would 

be selected. 

 

As most management practices are conducted at a species or population level (Gerrard et 

al. 1997, Kautz et al. 2006, Langen et al. 2007), not individual, the intent for this approach is to 

develop the probabilistic interaction results from use as a predictor of individual movement 

towards use as a tool for advising conservation efforts for the population as a whole. Careful 

consideration of crossing structure placement is essential because it determines wildlife usage 

(Ruediger 2001). Time-geographic approach results leveraged as inputs to MCLP allows for 
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locating structures that maximize crossing effectiveness. Placing crossing structures in areas with 

high roadway-wildlife interaction probabilities and therefore higher probability of usage by the 

living population. With this approach, individuals are aggregated as a whole and potential 

crossing sites are identified by combining the probability surface map values with the MCLP 

formulation. Fencing used in conjunction with crossing structures often increases utilization by 

extending the covered area (Mata et al. 2005) and are a less expensive option to building 

additional new structures.  Incorporating the length of fencing into crossing design increases the 

chances of wildlife using the structure and should be incorporated into the planning approach.  

Since the average fencing implemented in existing structures for Florida panthers is 

1000m (Downs et al. 2014b), the MCLP was solved using a range of possible coverage 

distances, ranging from 500m to 2000m to simulate different potential fence lengths. Network 

Analyst functionality used to solve for MCLP in this research includes the Location-Allocation 

analysis layer object. This layer and its sublayers are loaded with candidate and demand sites and 

are set to solve for “Maximize Coverage” at varied P facility choices and network search 

distances. A range of location-allocation analysis types are supported; each with adjustable 

parameters specific to the inputs of each formulation. Functionality described here requires the 

Network Analyst License for ArcGIS.  Results are visualized as a final map set depicting several 

scenarios where crossing locations are placed at locations exhibiting high numbers of individuals 

having a high probability of crossing roads. The result visualizations characterize different 

coverage distances to simulate a variety of fencing usage designs.   
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6.3 Results 

The optimum is achieved where the maximum total probability treated as demand is satisfied by 

the optimal placement of crossing structures. This way, the structure placement suggested by this 

analysis provides the best possible siting in terms of providing for animal safety at the most 

probable road crossing locations. For each distance value (or simulated fencing length), the 

MCLP results for siting crossing structures for the Florida panther are summarized in Figure 19, 

showing the total probability covered for each added crossing. This figure can be used to assist 

conservation planners in deciding the appropriate number of structures to be built by clarifying 

which coverage distances for fencing best meet conservation goals within a defined budget. If a 

budget allows for only a few crossings to be constructed, the figure can be examined to assist in 

selecting the most feasible build scenario.  

 

Figure 19. The graph shows the total probability of p values 1-10 are plotted for each of four   

distance values. The higher the total probability, the more likely a panther is to come in contact 

with a road at that coverage location. 
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 The results indicate fencing coverage distance is a significant factor in the effectiveness 

of located crossing facilities. For example (Figure 19), if budget allows for 5 crossings then a 

fencing distance of 2000m would be more effective in covering roadway interaction-prone areas 

for panthers than a structure having a 1000m fence. However, 4 crossings cover a higher total 

probability at a distance of 1500m than 5 crossings would cover with fencing of 1000m. While 

construction of only one structure at any distance value yields a relatively similar coverage of 

demand, this fencing trend is true across all p value results (or number of potential facilities 

sited) and consistently shows more coverage as crossing structures are added. The dynamic 

between number of facilities sited, fencing distance, and total covered demand is illustrated in 

Figure 19. While siting or constructing ever larger numbers of short-fencing range crossings may 

present consistent increases in covered demand, similar effects might be achieved with fewer, 

long-fencing range structures. However, long-fencing range structures are constructed at a higher 

cost. Final build decisions in terms of number of sites, locations, and fencing ranges would be 

subject to concerns outside the current method as it was applied, such as property costs and 

construction horizons for new or anticipated development. 

 

6.4 Discussion and Conclusions 

As transportation networks become more prevalent in the natural landscape, animal movement is 

restricted. This necessitates creative methods for analyzing the negative ecological effects 

resulting from wildlife-vehicle collisions and habitat fragmentation while restoring habitat 

connectivity and mobility. Many large species operate over large spatial areas.   
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Figure 20. Final map of study area showing a cumulative probability surface for the sample 

panther population. Selected crossing locations for one scenario of choice (p=5 at 2000m) are 

shown 
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As more spatial ecological data such as GPS and radio telemetry animal tracking become 

available, it is increasingly important to incorporate both spatial and temporal elements into 

analyzing animal movement and planning conservation efforts. 

This research provides a novel method for leveraging animal tracking data by using 

probabilistic space-time prisms in conjunction with location modelling to site wildlife crossing 

structures.  Following the suggestion by Downs et al. (2012a), this approach illustrates a way for 

researchers to site wildlife crossing structures using the MCLP approach. As previously stated, 

the advantage to using the MCLP approach is that the results clearly pinpoint the best locations 

for crossing structures for different coverage scenarios. However, this study provides an 

alternative method for siting structures using animal tracking data based on the living population 

rather than conventional road kill surveys and a focal approach as suggested by Downs et al. 

(2012a). For ecological purposes, this approach considers when and how often a living 

population is likely to come in contact with roads, to better identify areas of high crossing use. 

The results of this study are demonstrated using the Florida panther as an example and shows 

this methodology is applicable to other species where tracking data is available and locating 

crossing structures is a suggested mitigation method.  

In the case of the Florida panther, this methodology used tracking data from 8 individuals 

of the living population to identify which areas are most likely to have high panther-road contact. 

The advantage to using radio telemetry points from living population in conjunction with MCLP 

rather than road kill points of dead panthers is that researchers can look at which areas along the 

road network have high likelihood of panther contact rather than single isolated incidents as 

shown by individual points representing a static point in time. A time geographic approach 

allows us to quantify how often panthers and roads were co-located, thus evaluate more 
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effectively whether there is potential for a physical interaction at the population level rather than 

an isolated incident of one unfortunate individual. Additionally, unlike the approach offered by 

Downs et. al. (2014b), the time-geographic approach allows managers to measure where 

panthers were likely to come in contact or crossed a road, not just be in close proximity.  

 Crossing structures are documented as an effective means to reducing traffic mortality 

and enhancing animal movements in areas of high contact with roads. Previous studies show that 

fencing is critical to panther crossing usage (Lotz et al. 2007, Meegan and Maehr 2002). The 

results of this study show that using a time geographic method is helpful as installing more 

fencing may be cheaper than building a new crossing structure. In light of this, for this research 

the MCLP was formulated such that site selections are predicated on roadway network distances, 

rather than straight-line Euclidean distances. Demand for crossing structures was defined in 

terms of panther-roadway interaction probability. The reasoning for this network distance choice 

centers on the character of the phenomenon studied. In this case, processes of panther-roadway 

interaction and road kills are tightly coupled to the presence and configuration of roadways. As 

stated previously, fencing length is associated with how often the crossing structure will be used. 

Ecologically it helps to direct movement towards the structure by providing a barrier between 

area of suitable habitat and the road while economically it costs less to install more fencing than 

it would to install more crossing structures. For this reason, coverage offered by crossing 

facilities located is considered in terms of covered interaction probability collected along a 

roadway distance, in other words, some measure of roadway length serviced, or “made safe” for 

panthers in the neighborhood of a sited crossing. However, excessive fencing can also prevent 

movement between areas of suitable habitat which is why several fencing lengths were 

considered for each coverage scenario. 
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These results show that while several new structures can be built to cover more panther-

road areas of contact for 8 individuals.  However, for future studies it would be necessary to 

include a much larger sample of individuals that is more representative of the whole population. 

Similarly, a more effective strategy for planners would be to look carefully at the amount of 

fencing incorporated into each new crossing structure. Existing crossing structure and fencing 

information was not included in the GIS database used and therefore was not reflected in the 

scenario results; coverage was treated as if there was no existing structures or fencing and all 

fencing would be newly constructed. Additionally, since panthers were used as an example (a 

demonstration), not an actual application, and fencing is of known importance, the results did not 

incorporate existing crossing structures but rather only showed suggestions as if the study area 

had no crossings, using the new time-geographic method. Where possibly incorporated in future 

extensions to this method, existing fencing and crossing structure locations could be considered 

and weighted either favorably or adversely for site selection, depending on species-specific 

needs and the objectives of planners. The probabilistic space-time prisms offer an alternative 

method that represents wildlife-road interactions by treating the likelihood of interactions at the 

living population scale rather than individual isolated events at death. 

In conclusion, as shown in this paper as well as Downs et al. (2014b) the maximal 

covering approach lets planners quantitatively locate the best sites for new crossing structures 

and assess the effectiveness of building each new facility. However, this paper shows that MCLP 

used in conjunction with a time geographic approach more accurately portrays the movement of 

living populations in areas with roads than road kill surveys by accounting for animal usage and 

movements in the a population as a whole, as opposed to working with the locations of isolated 

incidents. This approach can be used to aid planners and decision makers in selecting crossing 
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sites that yield the greatest possible conservation benefit where animal tracking data is available, 

by incorporating live animal movement patterns.  
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CHAPTER 7 

 

SUMMARY AND CONCLUSIONS 

 

7.1 Overview 

Roadway presence can have a significant impact on wildlife populations. Roads limit the 

movement of an individual animal by breaking continuous habitat into smaller disjointed parcels, 

which can lead to vehicle-animal collisions if an animal attempts to cross from one area of viable 

habitat to another that is separated by a road. Studying these effects from a habitat connectivity 

and animal mobility standpoint, specifically how, where, and when these encounters might 

occur, can provide actionable information towards minimizing the negative effects of 

transportation networks on animal populations. This dissertation offers alternative methodologies 

from both habitat and mobility perspectives and creates two different approaches to this problem 

using techniques found in time geography and landscape ecology. 

 First, this problem was addressed from a habitat fragmentation perspective, specifically 

quantifying habitat fragmentation and wildlife interactions in the presence of roads using 

landuse/landcover data. Chapter 2 created an original ArcGIS toolbox to extend and apply one 

road-based landscape metric on a real world data set. The NCP landscape metric is a simple 

measurement of habitat connectivity (patch isolation). Its utility is tested against multiple 

scenarios for patch, class, and landscape scale studies. This study demonstrated the utility of this 

road-based metric as a means of quantifying habitat fragmentation in landscapes where roadways 

are present. Chapter 3 extended the NCP landscape metric by leveraging optimization techniques 

to strategically locate wildlife crossing structures in efforts to reduce habitat fragmentation 



 

90 
 

caused by roads. The focal species used for this demonstration was the Bobcat, drawing from 

suitable habitat patch data for Vermont. The results show how this technique can be applicable to 

other target species in the future for mitigating the effects of roads where only habitat data is 

available. 

 Second, this problem was addressed from a wildlife movement perspective, specifically 

quantifying wildlife interaction with roadways more directly by analyzing how often and how 

likely an animal is to come in contact with a road using tracking data. Chapter 4 developed a 

method using voxel based probabilistic space-time prisms to quantify wildlife interactions with 

roads from a wildlife movement perspective. Probabilistic space-time prisms track an animal’s 

movement as a series of estimates meant to effectively capture or describe the uncertainty in an 

animal’s position between GPS fixes. These probabilistic space-time prisms were used to 

quantify interaction probabilities between fishers and roads by determining when an individual 

comes in contact with a road based on movement patterns. This study demonstrated how to 

identify not only where an animal came in contact with a road but also when and how often an 

animal’s projected movement intersects a road on a short temporal scale. Chapter 5 extended the 

probabilistic time-geographic strategy by first identifying locations where wildlife frequently 

cross roads, then using spatial optimization techniques to site wildlife crossing structures in south 

Florida for Florida panther conservation efforts. Moving from an individual-level understanding 

of animal movement to the population-level, the Maximal Covering Location Problem (MCLP) 

was leveraged to determine the optimal spatial locations for crossing structures. These optimal 

locations are where wildlife-road interactions are most likely to occur; or where the most benefit 

would be supplied to the panther population as a whole. The results show how this technique can 
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be applicable to other target species in the future to alleviate the effects of roads where tracking 

data is readily available.  

 

7.2 Research Implications 

Two methodologies for treating wildlife-road interactions have been presented in this 

dissertation: a habitat-based approach in chapters 2 and 3 then a wildlife movement-based 

approach in chapters 4 and 5.  The results demonstrate options for how a researcher may proceed 

given the available data for a particular species at risk of interacting with a road. The approach 

chosen is determined by the availability of habitat/landcover data or movement/tracking data 

respectively. Both methods present a way to determine where an individual may come in contact 

with a road however there are limitations to each approach.  

 The habitat fragmentation approach is rooted in theories and practices hailing from 

landscape ecology. By presenting an original landscape metric sensitive to the presence of roads, 

this dissertation enables researchers to determine the impact roads have on a particular species 

habitat area. Habitat data is relatively easy to obtain given the volume of freely available and 

paid landcover data published; this combined with available behavioral observations of animal 

habitat usage has made it easier to determine which areas are at risk for roadway impacts. While 

the habitat-based methods presented here offer an alternative method in consideration of roads,  

these still represent indirect measurements for a species. The habitat-based methods suggest 

where roadway interactions are possible but not necessarily where they occur exactly.  

The wildlife movement approach provides an alternative method to quantify wildlife-road 

interaction using tracking data. While tracking data may be more difficult to obtain than 

landcover data, related analysis products are more accurate in terms of describing animal-
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roadway interaction than results returned by habitat-based approaches. This is because the 

probabilistic methods show how often and how likely an animal may come in contact with a 

road, rather than only showing where it is possible (but not necessarily going to interact) for 

wildlife to interact with a road. While this method may be preferable to the habitat approach, 

data availability can limit its use since it requires tracking a significant part of the population. 

Both chapters 4 and 5 demonstrate utility of the movement approach however only using 

between 4-8 individuals. In an ideal sense, this approach is more suitable for species with a 

significant amount of tracking data available.  

Both methods have demonstrated utility for conservation efforts of real-world scope by 

leveraging optimization techniques to locate wildlife crossing structures, a known, mainstream 

mitigation practice for wildlife in the presence of roads. For ease of comparison between the two 

approaches, the Maximal Covering Location Problem was employed both times by locating the 

most probable road crossing locations for animals. MCLP selects crossings facilities from a set 

of candidate sites by maximizing the total amount of covered demand given a search distance. 

Candidate sites (in both cases were potential crossing structures locations) were evaluated to 

determine the total amount of demand they would cover, provided only P number of facilities 

were to be chosen, each effective to a search distance specified along the network. The scope of 

this dissertation was to demonstrate the techniques using habitat and movement probability as 

separate inputs. Once a configuration selecting p sites having maximal coverage was found, the 

results were returned for each scenario; the steps may be repeated for multiple scenarios varying 

in p values and search distances as shown in chapter 5 but in the future this may be explored 

using the method described in chapter 3. 
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Lastly, the results and conclusions presented in this dissertation represent a positive 

contribution to the fields of wildlife ecology, road ecology, landscape ecology, and time 

geographic studies. This dissertation provides an introductory set of methods addressing the 

impacts of roads on wildlife movement; these produce an alternative approach to existing 

methods which fail to consider the placement of roads in their formulations. In addition to 

contributing to the literature, this research also developed an ArcGIS 10.1 extension toolset for 

use by the academic and professional community of wildlife researchers and managers. It is the 

intention of the author to continue work in developing more tools to expand on this extension in 

the future, but is out of scope for this dissertation.  
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