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ABSTRACT 

Habitat fragmentation and destruction caused by linear infrastructure, including roads, 

railways, and power line corridors, are recognized as major threats to biodiversity around the 

world. Roads can act as barriers by impeding animal movement and restricting animal space use. 

An understanding of factors that influence barrier effects is important to discern the impacts of 

habitat fragmentation and to develop appropriate mitigation. The barrier effects of roads are 

driven by several distinct but not mutually exclusive mechanisms that include traffic, edge, and 

gap avoidance. We used an endangered forest obligate, the Mount Graham red squirrel 

(Tamiasciurus hudsonicus grahamensis), as our study organism to assess effects of traffic noise 

on animal occurrence and demonstrated that traffic noise had spatially extensive and negative 

effects on site occupancy after accounting for effects of distance from roads and the environment. 

We investigated barrier effects of forest roads and assessed effects of traffic, road edges, and 

canopy gaps on space use of Mt. Graham red squirrels and compared to the response of 

introduced, edge-tolerant Abert’s squirrels (Sciurus aberti). Forest roads acted as partial barriers 

for red squirrels regardless of traffic volume likely due to avoidance of canopy gap created by 

roads, whereas Abert’s squirrels showed no avoidance of roads. Therefore, roads restricted 

movement and space use of a native forest-dependent species while creating habitat preferred by 

an introduced, edge-tolerated species. Through a meta-analysis of studies that quantified road 

crossing behavior by mammals, we found that all types of roads, from major highways to narrow 

forest roads, can impede movement for certain species of mammals. Magnitude of barrier effects 

of roads decreased as species body mass increased, and was affected positively by increasing 

road width. We suggest that the species-specific magnitude of barrier effects of roads may be 
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anticipated with basic information from life history traits and road characteristics that are readily 

accessed through open resources or easily measured. 
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INTRODUCTION 

Global biodiversity is threatened by human-induced changes in the environment 

(Vitousek 1994; Millennium Ecosystem Assessment 2005). Habitat fragmentation and 

destruction caused by linear infrastructure, including roads, railways, and power line corridors 

around the world are recognized as major threats to biodiversity and pose great challenges to 

reconcile the pursuit of economic growth with the protection of ecological integrity of wildlife 

habitats (Czech et al. 2000; Fahrig 2003; Laurance et al. 2009; Laurance & Balmford 2013). 

Measuring nearly 65 million km in length, world road networks represent one of the most 

significant human impacts on nature and wildlife, and a spatially extensive source of 

anthropogenic disturbance (Forman & Alexander 1998; Central Intelligence Agency 2014). 

Ecological effects of roads are diverse and substantial. Road construction not only causes 

destruction and loss of habitat but also facilitates deforestation and landscape fragmentation 

(Trombulak & Frissell 2000). Roads and traffic influence wildlife populations directly through 

mortality due to wildlife-vehicle collisions, and indirectly by changing animal behavior not only 

via visual and auditory disturbances but also through altering environment (Fahrig & Rytwinski 

2009; Barber et al. 2010). Furthermore, roads facilitate human access, hunting and poaching as 

well as introduction and establishment of exotic species (Forman & Alexander 1998; Trombulak 

& Frissell 2000; Laurance et al. 2009). Animal abundance and richness are reduced near roads 

and impacts of roads on population density and community structure can extend several 

kilometers from the road (Fuentes-Montemayor et al. 2009; Benítez-López et al. 2010). 

To maintain habitat connectivity, genetic variability, and population persistence, the 

facilitation of movement of animals through landscapes is critical (Hanski & Gilpin 1991; 

Frankham 1996). Roads and traffic can serve as barriers that impede animal movement, decrease 
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accessibility of resources such as food, shelter or mates, lead to reduction in reproductive success 

and gene flow, and ultimately threaten population persistence (Bennett 1991; Trombulak & 

Frissell 2000; Strasburg 2006; Holderegger & Di Giulio 2010). Magnitude of barrier effects of 

roads likely varies considerably across species. Animals show preference or avoidance of roads 

depending on life history characteristics (Bissonette & Rosa 2009; Rytwinski & Fahrig 2012). 

For some taxa, roads and traffic present as barriers and decrease accessibility of resources, but 

facilitate movement and increase foraging habitat of others (Trombulak & Frissell 2000). Barrier 

effects of roads have been documented in a diversity of terrestrial fauna, including insects, 

reptiles, amphibians, birds and mammals (Burnett 1992; Bhattacharya et al. 2003; Laurance 2004; 

Marsh et al. 2005; Shepard 2008), yet the causes and mechanisms of road avoidance are not fully 

understood (Roedenbeck et al. 2007; Bissonette & Rosa 2009; Chen & Koprowski 2013). The 

barrier effects of roads are driven by several distinct but not mutually exclusive mechanisms that 

include traffic, edge, and gap avoidance (Greenberg 1989; Forman et al. 2003; Laurance et al. 

2004; Jaeger et al. 2005; Barber et al. 2010). Traffic avoidance includes avoidance of vehicles 

and traffic disturbance that arises from vehicular noise, movement, vibration, exhaust fumes, 

dust, headlight illumination and human presence (Goosem 2002; Barber et al. 2010). Both 

avoidance of vehicles and avoidance of traffic disturbance result in a decreased rate of road 

crossings, but avoidance of traffic disturbance can also lead to reduction in animal abundance at 

roadside areas (Forman & Alexander 1998; Jaeger et al. 2005). Previous research on barrier 

effects has focused on one or two of these potential mechanisms contributing to road avoidance 

(e.g. Rondinini & Doncaster 2002; Rico et al. 2007; McGregor et al. 2008). However, to 

comprehensively understand barrier effects of roads and develop appropriate mitigation, studies 

that simultaneously address the relative importance of these different mechanisms are needed.  
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One fundamental question in road ecology is “what is the relative importance of the 

different mechanisms by which roads affect population persistence?” (Roedenbeck et al. 2007). 

Effects of roads on animal populations depend on species life history traits as well as behavioral 

responses to roads (Jaeger et al. 2005; Benítez-López et al. 2010; Rytwinski & Fahrig 2012). 

Herein, we present a study that tested the influence of traffic noise on animal occurrence, and 

examined effects of roads and traffic on animal movement and space use to assess the 

importance of gap, edge and traffic effects. We evaluated how human disturbances may affect 

effects of exotic species on native species by comparing their responses to roads. To determine if 

interspecific variation in barrier effects of roads can be predicted from life history traits and road 

characteristics for mammals, we conducted a meta-analysis to assess influences of body size and 

road width on probability of road crossing.  
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PRESENT STUDY 

My dissertation is comprised of four manuscripts. The first manuscript, intended for 

submission to Biological Conservation (Appendix A), “Landscape of anthropogenic noise 

influences animal occurrence and space use” tests influences of distance to roads, environmental 

characteristics, and traffic noise level on animal occurrence and space use. The second 

manuscript, intended for submission to Conservation Biology (Appendix B), “Barrier effects of 

roads on an endangered forest obligate: impacts of traffic, edge, and gap” investigates barrier 

effects of forest roads and assesses effects of traffic, road edges, and canopy gaps on space use of 

endangered, endemic Mount Graham red squirrels (Tamiasciurus hudsonicus grahamensis). The 

third manuscript, intended for submission to PLOS ONE (Appendix C), “Differential effects of 

roads and traffic on space use and movement of native forest-dependent and introduced edge-

tolerant species” compares effects of roads and traffic on space use and movement between 

Mount Graham red squirrels and introduced, edge-tolerant Abert’s squirrels (Sciurus aberti). The 

fourth manuscript, intended for submission to Biological Conservation (Appendix D), 

“Influences of body size and road width on barrier effects of roads in mammals: a meta-analysis” 

reviews literature that quantified road crossing behavior by mammals and examines the 

influences of body size and road characteristics on barrier effects of roads across different 

species and roads. The methods, results, and conclusions of this study are presented in the 

manuscripts appended to this dissertation.  The following is a summary of the most important 

findings in this document.   

We used data of animal presence or absence, radio-telemetric monitoring of space use, 

and remotely sensed habitat characteristics with occupancy modeling and spatial analysis to 

assess influences of distance from roads, habitat characteristics, and traffic noise level on site 
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occupancy and space use of Mt. Graham red squirrels. Our results support the hypothesis that 

traffic noise is the major driver of reduced animal abundance near roads. Traffic noise level 

influenced occupancy more than distance from roads and the surrounding environment, and had 

spatially extensive and negative effects on animal occurrence. We integrated long term 

demographic data, telemetry data on animal movement, and environmental characteristics to 

investigate barrier effects of forest roads and assessed effects of traffic, road edges, and canopy 

gaps on space use of red squirrels. Forest roads acted as partial barriers for red squirrels 

regardless of traffic volume and the greatest barrier effects were evident in winter. Red squirrels 

did not avoid entering roadside areas, and probability of crossing linear features in forest was not 

affected by distance to roads. In contrast, greater canopy cover increased probability of crossing, 

and gaps in canopy impeded animal movement. Higher likelihood of road crossing was 

associated with more variable tree height and mating activity. We demonstrated that even narrow 

forest roads with low traffic volume were barriers for forest-dependent species, and suggest that 

gap avoidance inhibits road crossings. We compared effects of roads and traffic on space use and 

movement of red squirrels and Abert’s squirrels. We found that species with similar body size 

category (< 1 kg) but different habitat preference and foraging strategy responded to roads 

differently and demonstrated that behavior and ecology are important when considering effects 

of roads on wildlife. Red squirrels avoided roads and may perceive traffic disturbance as a threat 

similar to risk of predation, whereas Abert’s squirrels appeared little affected by roads and traffic. 

Our results indicate that roads restricted movement and space use of a native forest-dependent 

species while creating habitat preferred by an introduced, edge-tolerant species. We conducted a 

meta-analysis with data from 35 studies that quantified road crossing behavior by mammals to 

determine influences of body size and road width on barrier effects of roads. All types of roads, 
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from major highways to narrow forest roads, can impede movement for certain species of 

mammals. The barrier effects of roads obtained by different methods vary considerably. Animals 

were more likely to cross roads after translocation and capture-recapture methods tended to 

detect a lower rate of road crossing compared to tracking methods. For data collected by 

observation, body mass, road width, road surface, and data collecting methods explained 54% of 

heterogeneity among data. Effect size decreased as species body mass increased, and was 

affected positively by increasing road width. We showed that interspecific variation in barrier 

effects of roads can be explained by road width and body size for mammals and suggest that the 

species-specific magnitude of barrier effects of roads may be anticipated with basic information 

from life history traits and road characteristics that are readily accessed through open resources 

or easily measured.  
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Landscape of anthropogenic noise influences animal occurrence and space use 

Hsiang Ling Chen
1*

, John L. Koprowski
1
  

1
School of Natural Resources and the Environment, The University of Arizona, Biological 

Sciences East, Room 325, 1311 East 4th Street, Tucson, AZ 85721, USA.  

* Corresponding author   

E-mail: cherlene@email.arizona.edu  

Tel: +1 520-465-0436 

Abstract  

Habitat fragmentation, destruction, and disturbance are major threats to biodiversity. Global road 

networks represent one of the most significant human impacts on ecosystems, and a spatially 

extensive source of anthropogenic disturbance and noise. We developed a novel approach by 

combining traffic monitoring with noise mapping on the basis of a standardized traffic-noise 

stimulus generated by controlled vehicle operation to investigate temporal and spatial 

heterogeneity of traffic noise. We used animal presence or absence, radio-telemetric monitoring 

of space use, and remotely sensed habitat characteristics with occupancy modeling and spatial 

analysis to assess influences of distance from roads, habitat characteristics, and traffic noise level 

on site occupancy and space use of Mt. Graham red squirrels (Tamiasciurus hudsonicus 

grahamensis). Traffic noise level influenced occupancy more than distance from roads and the 

surrounding environment <100 m from the sites, and had spatially extensive and negative effects 

on site occupancy. Traffic noise levels in animal core home ranges were lower than noise levels 

within total home ranges. Our study disentangled effects of traffic noise from confounding 

environmental characteristics and demonstrated the chronic impacts on animal distribution. We 

mailto:cherlene@email.arizona.edu
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highlight the importance of incorporating spatial and temporal heterogeneity of traffic noise at 

local scale when investigating effects of anthropogenic noise on wildlife. 

Keywords: road ecology; traffic noise; tree squirrels; mammals; site occupancy; forest roads; 

Arizona 

1. Introduction 

Habitat fragmentation, destruction, and disturbance are major threats to biodiversity 

(Millennium Ecosystem Assessment, 2005). Impact of anthropogenic noise is of concern due to 

an increasing human population, expanding infrastructure and energy development, and growth 

in air travel as well as motorized recreation in natural areas (Miller, 2008; United Nations, 2011). 

Noise that arises from infrastructure such as oil compressors can affect animal communication 

and behavior, reduce reproductive success and further influence habitat quality and animal 

distribution (Barber et al., 2010; Bayne et al., 2008; Francis and Barber, 2013).  

Measuring nearly 65 million km in length, road networks across the world represent one 

of the most significant human impacts on nature and wildlife, and a spatially extensive source of 

anthropogenic disturbance and noise (Central Intelligence Agency, 2014; Forman and Alexander, 

1998). Animal abundance and richness are reduced near roads and impacts of roads on 

population density and community structure can extend several kilometers from the road 

(Benítez-López et al., 2010; Fuentes-Montemayor et al., 2009). Vehicles cause wildlife mortality 

and introduce disturbance including vehicular noise, movement, vibration, exhaust fumes, dust, 

headlight illumination and human presence (Trombulak and Frissell, 2000). Traffic noise is often 

related to animal avoidance of areas adjacent to roads (Barber et al., 2010). However, few studies 

separate effects of traffic noise from other confounding environmental factors or forces related to 

distance from roads. Environmental changes associated with edges created by roads may affect 
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habitat quality and further influence animal populations and distribution (Murcia, 1995). 

Coincidence between increase in richness or abundance with increasing distance from roads, and 

the negative relationship between traffic noise and distance from roads, have been taken as 

evidence that traffic noise affects diversity (Barber et al., 2010; Fahrig and Rytwinski, 2009; 

Summers et al., 2011). Recently, acute effects of traffic noise on species richness of migratory 

birds were demonstrated by introducing traffic noise to roadless areas through playback 

experiments (McClure et al., 2013). Nevertheless, studies and evidence of chronic impacts of 

traffic noise on habitat quality and animal occurrence are scarce. To better understand how 

habitat fragmentation and human disturbance affect animal populations and to inform 

management and mitigation for expanding anthropogenic disturbance, it is important to 

disentangle effects of traffic noise from distance to roads and environmental characteristics.  

In this study, we used an endangered forest obligate, the Mount Graham red squirrel 

(Tamiasciurus hudsonicus grahamensis), as our study organism to test hypotheses to explain 

negative effects of roads on animal occurrence. We developed a novel approach to investigate 

temporal and spatial heterogeneity of traffic noise by combining traffic monitoring with noise 

mapping on the basis of a standardized traffic-noise stimulus generated by controlled vehicle 

operation. We used animal presence or absence, radio-telemetric monitoring of movement, and 

three-dimensional remote sensing (LiDAR, Light detection and ranging) to quantify 

environmental characteristics in combination with site occupancy models and spatial analysis to 

assess influences of distance to roads, environmental characteristics, and traffic noise level on 

animal occurrence and space use.  
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2. Material and methods 

2.1 Study area and study species 

The southwestern United States represents one of the most important regions for 

biodiversity in North America (Stein, 2002) and the isolated montane forests known as sky 

islands are refugia for many species. However, continued expansion of the human population 

and associated infrastructure development (Arizona Department of Transportation, 2006) along 

with long term projections of significant redistribution and fragmentation of forests due to 

climate change (Opdam and Wascher, 2004; Weiss and Overpeck, 2005) threaten survival of 

endemic species and exacerbate levels of isolation in the region. Our study was conducted in 

149.5  ha of mixed-conifer forest >3 000 m elevation atop Mt. Graham, an isolated, 3 267-m 

peak located in the Pinaleño Mountains, Graham County, Arizona, USA 

( 32° 42′ 06″ N, 109° 52′ 17″ W), and home to critically endangered Mt. Graham red squirrels.  

The North American red squirrel is a small (<300 g), diurnal tree squirrel with a wide-

ranging distribution in Canada and the United States (Steele, 1998). The species relies on cone 

scale piles known as middens to store food for winter survival (Hurly and Lourie, 1997; Steele, 

1998). Middens are typically located in forests with dense canopy and understory cover and 

provide a cool and moist microclimate that prevents cones from opening and releasing seeds 

(Merrick et al., 2007; Smith and Mannan, 1994; Zugmeyer and Koprowski, 2009). The Mt. 

Graham red squirrel is a subspecies that is isolated and endemic to high elevation forests (>2 000 

m) of the Pinaleño Mountains, and represents the southernmost population of red squirrels 

(Brown, 1984; Steele, 1998). Because of geographic isolation, low population numbers (~ 300 

individuals, Sanderson and Koprowski, 2009), and habitat destruction, Mt. Graham red squirrels 

were listed as federally endangered in 1987 (U.S. Fish and Wildlife Service, 1987). In addition to 
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habitat loss, severe fire, and insect damage, a potential threat to Mt. Graham red squirrels is 

human disturbance from recreation, road traffic, and habitat modification associated with road 

improvement (Buenau and Gerber, 2004; U.S. Fish and Wildlife Service, 2011; Zugmeyer and 

Koprowski, 2009).  

We focused on 3.7 km along 3 graded dirt roads: Arizona State Highway 366 also known 

as Swift Trail (6 to13-m wide, annual average daily traffic [AADT]: 50 vehicles, hereafter, high 

traffic), the Bible Camp Road (4 to 9-m wide, AADT: 25 vehicles, hereafter, medium traffic), 

and Soldier Trail (3 to 24-m wide, AADT: 7 vehicles, hereafter, low traffic). Speed limit was 40 

km/h. Roads were closed to the public from 15 November to 15 April annually due to snow. The 

forest was dominated by Douglas-fir (Pseudotsuga menziesii), southwestern white pine (Pinus 

strobiformis), and corkbark fir (Abies lasiocarpa var. arizonica) interspersed with Engelmann 

spruce (Picea engelmanii), aspen (Populus tremuloides) and ponderosa pine (Pinus ponderosa, 

Sanderson and Koprowski, 2009).  

2.2 Quantify traffic noise and background sound level   

The landscape of noise is complicated by spatial and temporal variation. Transmission of 

traffic noise is affected by road condition, vegetation, vehicle types, traffic load and traffic speed 

(Garg and Maji, 2014). Noise playback experiments have been used to control these factors, but 

the full frequency spectrum of traffic noise and temporal aspects of noise source cannot be 

generated by this approach (Pater et al., 2009). We controlled these factors while maintaining the 

sound profile of traffic noise and obtained information of spatial variation of noise transmission 

by using controlled vehicle operation as a standardized traffic-noise stimulus. We explored 

temporal variation of traffic noise by monitoring traffic intensity through a year.  

2.2.1 Measurement and mapping of traffic noise level 
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To generate a standardized traffic-noise stimulus, we drove a sport utility vehicle (SUV, 

2009 Escape Hybrid, Ford Motor Company, Dearborn, Michigan, USA) at 32 km/h on high and 

medium traffic roads and at 24 km/h on the low traffic road. The driving speed was determined 

on the basis of speed limit and road condition. We used XTool Pro (Data East LLC, Novosibirsk, 

Russia) to create a sampling grid with 50 m × 50 m grid size and randomly selected 50% of grid 

cells to measure sound pressure levels (dB) of the standardized traffic-noise stimulus in a random 

order. Most vehicle noise events last for 20 s (Brown et al., 2013). Therefore, we measured 

traffic noise for 20 s beginning when the SUV was100 m from the sampling locations with a 

handheld CEL-244 integrating basic sound-level meter (Casella CEL, Buffalo, New York) 

equipped with a small foam windscreen, set to A weighting, 30-100 dB range, and impulse 

response. Sound level meters were calibrated with a CEL-120/2 calibrator (Casella CEL, Buffalo, 

New York) before use. We recorded equivalent continuous sound level (Leq) and maximum 

power (Lmax) with a 5 dB exchange rate and recorded > 4 measurements at each location from 

8:00 to 17:00, during which red squirrels are active and when most traffic occurs. We used 

polynomial regression models to assess how traffic noise attenuates with increased distance from 

roads. We used the Ordinary Kriging geostatistical interpolation method under GeoStatistical 

Analyst extension in ArcMap 10.1 (Environmental Systems Research Institute) to create the 

surfaces (25-m resolution) of Leq and Lmax of the standardized traffic-noise stimulus for the entire 

study area (Fig.1). We evaluated performance of created surfaces by comparing measured values 

with the predicted values, assessment of uncertainty and estimated standard error of prediction. 

We combined estimated traffic noise levels and recorded traffic volume to create traffic noise 

indices for occupancy modeling. 

2.2.2 Traffic monitoring  
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We used bi-directional traffic counters (TRAFx Vehicle Counter Model G3, TRAFx 

Research Ltd, Canmore, Alberta, Canada) to record traffic on the 3 roads in 2013. Traffic 

counters were placed at the roadside for each road and set to a slow rate, 3 s delay, 014 threshold 

of sensitivity with time stamp mode that records time when vehicles are detected. Additionally, 

we placed 1 traffic counter (slow rate, 0.5 s delay, 008 threshold of sensitivity) at a paved section 

of Swift Trail, which was at lower elevation on Mt. Graham. Many sources of anthropogenic 

noise show daily, weekday versus weekend, and seasonal variation (Halfwerk et al., 2011). To 

understand the temporal pattern of traffic noise, we used one-way analysis of variance (ANOVA) 

explored temporal variation in hourly and daily traffic volume and compared temporal pattern of 

traffic between weekdays and weekends. 

2.2.3 Influences of driving speed, vehicle type, and road surface  

To better anticipate how noise level changes with different traffic and road conditions, we 

investigated effects of driving speed and type of vehicle on traffic noise level. We drove the 

SUV (mass=1 737 kg) and a truck (mass=2 418 kg, 2011 Silverado Pickup 4x4, Chevrolet, 

Detroit, USA) at 24 km/h, 32 km/h and 40 km/h on Swift Trail and measured Leq and Lmax at 6 

locations (0-175 m from roads) with the same methods stated above. We tested effects of road 

pavement on traffic noise level by driving the SUV on paved sections of Swift Trail at 32 km/h 

and recorded Leq and Lmax at 18 locations (0-100 m from roads). We used multiple regression 

models to assess effects of driving speed, vehicle type, and road pavement on traffic noise.  

2.2.4 Background sound level 

We created a sampling grid with 100 m × 100 m grid size and randomly selected 50% of 

grid cells to measure background sound level without anthropogenic noise generated by vehicles, 

aircraft, construction, or human presence. At each sampling location, we recorded readings of 
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sound level every 5 min for 30 min from May to August in 2013. We set the sound-level meters 

to A weighting, 30-100 dB range, and slow response and recorded Leq and Lmax for 20 s with a 5 

dB exchange rate. We also measured mean wind speed (km/h) for 20 s with a Kestrel 3000 

pocket weather meter (Loftopia, LLC, Birmingham, Michigan, USA). We used multiple 

regression models to assess effects of distance from roads and wind speed on background sound 

levels.  

2.3 Effects of traffic noise on animal occurrence and space use 

2.3.1 Midden residency and animal space use 

Red squirrels are an ideal species to investigate effects of traffic noise on site occupancy, 

because they are territorial and center their territories on conspicuous middens (Gurnell, 1987). 

The ability to detect presence of a species may be affected by loud traffic noise, especially for 

avian species (Francis and Barber, 2013). Feeding sign of red squirrels, which is the scale of 

conifer cones at middens, allowed us to detect squirrels without influence by traffic noise. To 

track red squirrels and determine midden residency, we used standard methods (Koprowski et al., 

2008) to trap, fit unique ear tags and affix radio collars on squirrels. We trapped and surveyed 

middens every 3 months annually to assess squirrel body condition, reproductive status and 

determine midden residency. Residency was denoted by presence of squirrels or visible signs of 

activity including cone caches and feeding remains. Sex, age class (juvenile, subadult, adult), 

reproductive status, and identity of resident squirrels were noted (Wood et al., 2007).  

We located red squirrels during daylight hours and estimated the location of each animal 

via simultaneous biangulation (Koprowski et al., 2008). We used radio telemetry data to estimate 

95% (total) and 50% (core) fixed kernel home ranges for individual squirrels each season (spring: 

March to May, summer: June to August, fall: September to November, winter: December to 
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February, Koprowski et al., 2008). Field efforts were conducted under permits from the United 

States Department of Agriculture Forest Service, Arizona Game and Fish Department, United 

States Fish and Wildlife Service, and the University of Arizona’s Institutional Animal Care and 

Use Committee (Protocol #08-024).   

2.3.2 Environmental characteristics and traffic noise level  

We quantified environmental characteristics near middens at 2 spatial scales: midden 

(hereafter, midden characteristics) and 100-m surrounding middens (hereafter, environmental 

characteristics). We chose 100 m on the basis of the mean size of 95% fixed kernel home ranges 

from 2009 to 2012 [mean (SE) = 2.65 (0.23) ha]. For each midden (n = 149), we calculated 

distance to the nearest road (m), distance to the nearest midden (m), distance to the nearest 

midden with at least 1 record of squirrel residency among surveys in 2013 (distance to occupied 

midden, m), and distance to recent fire boundaries (Clark Peak Fire in 1997 and Nuttall Complex 

Fire in 2004, m). We extracted slope, aspect (degree to north) and measures of forest structure 

including mean tree height (m), standard deviation of tree height (m), live and total basal area 

(m
2
/ha), and canopy cover (%) from GIS layers (25-m resolution) derived from LiDAR data 

(Mitchell et al. 2012). To quantify environmental characteristics around middens, we used the 

Geospatial Modelling Environment (GME, Beyer, 2012) to calculate mean, minimum and 

maximum value of distance to roads, distance to fire boundaries, slope, aspect, and forest 

structure for each 100-m buffer. We used 5 indices to represent traffic noise level at middens: Leq 

and Lmax of the standardized traffic-noise stimulus extracted from the GIS surfaces that we 

created, mean daily traffic volume (low, medium, high) of the nearest road in 2013, and total 

daily noise exposure (Leq or Lmax × mean daily traffic volume of the nearest road).  

2.3.3 Occupancy modeling  
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Occupancy links site-specific processes determining species occurrence with detection 

processes that govern observations of animal presence or absence is an appropriate method for 

estimation and inference about animal occurrence with imperfect detection (MacKenzie et al., 

2002; Royle and Dorazio, 2006). By specifying models of site occupancy and detectability, we 

can estimate probability of occurrence for individual middens and infer effects of distance from 

roads, traffic noise level, and environmental characteristics on midden occupancy after 

accounting for variation in detectability. We used midden residency data in 2013 for site 

occupancy modeling (single season model with 4 surveys). Site covariates for occupancy 

included midden characteristics (distance to the nearest midden, distance to the nearest occupied 

midden, aspect, slope, distance to recent fire boundaries, forest structure), environmental 

characteristics (zonal statistics of aspect, slope, distance to recent fire boundaries, and forest 

structure within 100-m buffer), distance from middens to the nearest road, and traffic noise 

indices at middens. We did not incorporate temporal variation of traffic noise in occupancy 

modeling because site covariates were assumed to be constant through all surveys in single 

season models. We standardized continuous variables for occupancy modeling, so estimated 

coefficients of variables would be interpreted as the amount of change in the logit of occurrence 

probability with 1 SD change in the variable from its mean.  

Because freshness of cone scales and feeding sign may affect detection probability, we 

first assessed effects of season (spring, summer, fall, winter) on detectability by comparing 

model fit between the null model, which only included the intercept, and the model that assumed 

detectability varied among surveys. Because middens are a critical resource for red squirrels, we 

expected that midden characteristics are the most influential factors on midden occupancy. 

Therefore, our next step was to build 6 candidate models for occupancy that only included 
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midden characteristics and selected the best model on the basis of Akaike's Information Criterion 

(AIC) as the reference model (Table1). We then constructed candidate models representing 

independent or additive combinations of effects of midden characteristics, distance from roads, 

traffic noise level, and environmental characteristics. The global model included all categories of 

variables describe above (Table 2). We used AIC and AIC weight (AIC ω) to rank and evaluate 

models (Burnham and Anderson, 2002). We considered models <2 ΔAIC of the top model to be 

competing. We assessed influences of distance from roads, traffic noise level, and environmental 

characteristics by comparing model fit among candidate models. For example, if traffic noise 

level is the key factor that influences midden occupancy after accounting for effects of detection 

probability and midden characteristics, we would expect that models containing variables of 

traffic noise level, either independently or combined with distance from roads or environmental 

characteristics, will have a lower AIC value than models that do not include traffic noise level. 

We used the model with lowest AIC value to estimate parameters of occupancy and detection. 

When models were competing, we used model averaging to estimate the parameters (Burnham 

and Anderson, 2002).  

We ran occupancy models with the unmarked (Fiske and Chandler, 2011) and model 

averaged with MuMIn (Multi-model inference, Barton, 2013) packages in R (version 3.1.0 - 

"Spring Dance", R Development Core Team 2014). To conduct goodness-of-fit tests, we used a 

generic parametric bootstrapping function embedded in unmarked.  

2.3.4 Effects of traffic noise on animal space use 

We used data of home ranges of adult red squirrels collected in 2013 to understand 

effects of traffic noise on space use. We used GME to calculate mean traffic noise levels (Leq and 

Lmax of the standardized traffic-noise stimulus) within core (50%) and total (95%) home range 
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and used paired t-tests to compare traffic noise between core and total home ranges of individual 

squirrels. If red squirrels select areas with lower traffic noise levels, we expected the traffic noise 

levels will be lower within core home ranges than within total home ranges.    

3. Results 

3.1 Background sound and traffic noise level   

3.1.1 Background sound level 

Continuous background sound level (Leq, mean [SE] = 32.29 [0.20] dB, 25 % quantile = 

30.4 dB, 75 % quantile = 33.4 dB) decreased as distance from roads increased (β = -0.007, t124 = 

-3.52, p < 0.001) but was not affected by wind speed (t124 =1.53, p = 0.13). Maximum power of 

background sound (Lmax, mean [SE] = 36.71 [0.30] dB], 25 % quantile = 33.53 dB, 75 % 

quantile = 39.08 dB) decreased with increased distance from roads (β = -0.02, t117 = -5.45, p < 

0.001), and was positively affected by wind speed (β = 3.39, t117 = 2.07, p = 0.04). Background 

sound levels were not correlated with forest structure measures (all r < 0.1, p > 0.20). Estimated 

traffic noise levels of the standardized traffic-noise stimulus at background noise sampling 

locations were not highly correlated with background sound levels (Leq: r = 0.42, p < 0.001, Lmax : 

r = 0.46, p < 0.001). 

3.1.2 Spatial and temporal patterns in traffic noise level 

Measured sound levels (Leq, Lmax) of the standardized traffic-noise stimulus decreased in 

a curvilinear way with increased distance from roads (Leq: F2,188 = 25.08, p < 0.001; Lmax: F2,193 = 

37.90, p < 0.001) but we also found substantial spatial variation independent of distance to roads 

(Fig. 2). Traffic noise levels were estimated to attenuate to background sound levels (Leq: 32.29 

dB, Lmax: 36.71 dB) at 150 m from roads (Fig. 2). Mean daily traffic volume in 2013 was 56 

vehicles (SE 4.03, 0-615 vehicle, n = 365) on 3 roads combined, 43 vehicles (SE 2.94, 0-372 
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vehicles, n = 365) on the high traffic road, 12 vehicles (SE 1.21, 0-243 vehicles, n = 345) on the 

medium traffic road, and 2 vehicles (SE 0.30, 0-33 vehicles, n = 193) on the low traffic road. 

Mean daily traffic volume on paved sections of Swift Trail was 196 vehicles (SE 9.41, 29-1402 

vehicles, n = 200). Daily traffic volume changed through the year (F11,353 = 33.35, p < 0.001) 

with summer traffic more common (mean [SE] = 136 [6.23] vehicles) and lower in winter (mean 

[SE] = 3.68 [6.30] vehicles, Fig. 3a). Traffic volume on the weekend (mean [SE] = 86.61 [7.33] 

vehicles/day) was higher than on weekdays (mean [SE] = 43.66 [4.63] vehicles/day, t363 = -4.96, 

p < 0.001), and showed a daily peak between 11:00 and 14:00, whereas no peak was evident on 

weekdays (Fig. 3b).  

3.1.3 Effects of driving speed, vehicle type, and road surface  

Increased vehicle speed produced higher sound levels of traffic noise. Driving at 24 km/h 

had lower noise levels compared to 32 km/h and 40 km/h (Leq: F2,39 = 4.02, p = 0.03; Lmax: F2,39 

= 5.56, p = 0.008) after accounting for effects of distance from roads. Driving the SUV at 40 

km/h was 1 dB louder in Leq and 1.5 dB louder in Lmax than a speed of 24 km/h. The SUV and 

the truck did not differ in noise level (Leq: t44 = -1.41, p = 0.17; Lmax: t44 = -1.39, p = 0.17). 

Traffic noise levels of the SUV were not different on paved roads and on unpaved roads (Leq: t27 

= -0.74, p = 0.47; Lmax: t27 = -1.30, p = 0.21).  

3.2 Effects of traffic noise on animal occurrence and space use 

We included 149 middens in our occupancy modeling. Mean distance from middens to 

roads was 141.96 m (SE 8.15) with a range of 10.15-394.36 m. Mean Leq and Lmax of 

standardized traffic-noise stimulus at middens was 37.13 dB (SE 0.47) with a range of 26.82-

54.75 dB and 43.27 dB (SE 0.63) with a range of 30.84-68.68 dB respectively.  

3.2.1 Detection probability and the reference model 
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Detection probability was lower in summer and spring (69% and 64% respectively) when 

red squirrels fed on stored conifer cones from previous years, compared to detectability in fall 

(84%) and winter (84%) when fresh cones were consumed (Table 3). The best occupancy model 

that only included midden characteristics contained live basal area, distance to the nearest 

occupied midden, aspect and intercept (Table 1). We used the model as the reference model to 

further examine effects of traffic noise, distance from roads and environmental characteristics. 

3.2.2 Effects of Noise, distance from roads and environment characteristics on site occupancy 

Occupancy was affected by traffic noise and environmental characteristics as model fit 

improved when adding these to the reference model. In contrast, distance from middens to roads 

did not affect midden occupancy (Table 2), although distance from roads was slightly positively 

correlated with occupancy rate (r = 0.19, p = 0.02, Fig. 4a). Influence of traffic noise level was 

greater than environmental characteristics, as the model that only contained traffic noise indices 

had lower AIC than the model that only contained variables of the environmental characteristics 

(Table 2). Our top model of midden occupancy included variables that quantified traffic noise 

level, environmental characteristics and midden characteristics (Table 2). The competing model 

was the global model that also included distance from roads (Table 2). Red squirrels were more 

likely to occupy middens with lower traffic noise level (Leq) at middens, lower daily traffic 

volume on the nearest road, higher live basal area at middens, higher canopy cover and lower 

slope within 100-m buffer surrounding middens, at north-facing slope, and greater distance from 

other red squirrels (Table 2). According to estimated coefficient, probability of occupancy 

changes 36.58% with 5.68 dB change in traffic noise level from its mean (37.14 dB, Table 3). In 

general, predicted midden occupancy rate decreased to <50% when continuous traffic noise level 
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was > 40 dB, the equivalent of a voice spoken with normal effort (Everest & Pohlmann 2009, 

Fig. 4b).  

3.2.3 Effects of traffic noise on animal space use 

We included 120 seasonal home ranges of 49 red squirrels in our analysis. Noise levels of 

the standardized traffic-noise stimulus in core (50%) home ranges (Leq: 36.86 dB [SE 0.45]; Lmax: 

38.39 dB [SE 0.68]) were lower than that of total (95%) home ranges (Leq: 37.40 dB [SE 0.42]; 

Lmax: 43.36 dB [SE 0.63]; Leq: t114 = -2.61, p = 0.01; Lmax: t103 = -2.55, p = 0.01).  

4. Discussion 

4.1 Traffic noise affects animal occurrence 

Chronic noise exposure is a significant threat to the natural environment and an emerging 

issue in protected lands (Barber et al., 2010; Lynch et al., 2011). Over 20% of the land in the 

United States is affected by roads and traffic (Forman, 2000). Forest roads are thought to have 

reduced impacts on wildlife because roads are often narrow, unpaved, and lightly traveled. 

However, ecological effects of forest roads can be substantial due to their cosmopolitan 

distribution and facilitation of human disturbance to remote areas (Coghlan and Sowa, 1998; 

Forman and Alexander, 1998; Forman et al., 2003; Reed et al., 1996). Our results support the 

hypothesis that traffic noise is the major driver of reduced animal abundance near roads (Reijnen 

et al., 1995). We demonstrated that traffic noise is an influential disturbance and has chronic 

negative impacts on site occupancy by a forest obligate. Even though a large body of literature 

documents impacts of traffic noise on avian species (e.g. Bayne et al., 2008; Parris and Schneider, 

2009; Reijnen et al., 1997), to our knowledge, the current study is the first to investigate impacts 

of traffic noise on animal occurrence and space use of arboreal mammals. The impact of traffic 

noise on occupancy rate of red squirrels is substantial and spatially extensive. Noise generated 
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from linear sources such as roads or railways transmits farther than that generated by point 

sources like natural gas compressors and wind turbines (Francis and Barber, 2013). Although 

traffic volume in our study area is relatively low compared to other natural areas suffering from 

anthropogenic noise such as national parks (e.g. Grand Canyon National Park: 3 616 

vehicles/day, National Park Service, 2004 ; Yosemite National Park: 2 500-7 000 vehicles/day, 

Lynch et al., 2011; National Park Service, 2011), over 50% of our study area is estimated to be 

affected by traffic noise, as traffic noise levels did not diminish to baseline ambient noise levels 

until 150 m from roads.  

4.2 Why does traffic noise have negative effects on animal occurrence? 

Slight levels of intrusion introduced by human presence for short periods of time do not 

decrease abundance of red squirrels (Gutzwiller and Riffell, 2008). However, we demonstrated 

that chronic traffic noise had negative impacts on red squirrel occurrence, although we could not 

completely exclude other traffic disturbance that may be independent from distance to roads such 

as visual disturbance and chemical pollution. Consistent with previous study (Merrick et al., 

2007; Smith and Mannan, 1994), red squirrels select middens with higher basal area and higher 

canopy cover, likely due to higher protection from avian predators and greater food production 

(Koprowski et al., 2008; Schauffert et al., 2002). Why does traffic noise influence occurrence 

and space use of red squirrels? Many species such as yellow-billed cuckoo (Coccyzus 

americanus; Goodwin and Shriver, 2011) and elk (Cervus elaphus; Rowland et al., 2000) select 

habitat with less noise from human activity. Anthropogenic noise can affect animal 

communication by masking animal acoustic signals (Barber et al., 2010). Consequently, species 

that vocalize in the frequency range generated by noise may be hindered in their ability to 

communicate, detect predators, defend territory, attract mates, and successfully reproduce, and 
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ultimately leading to abandonment of the habitat or reduced population (Goodwin and Shriver, 

2011; Parris and Schneider, 2009).  

Anthropogenic noise can also reduce animal awareness of predators by distraction and 

may mask of sounds produced by predators and territory intruders (Barber et al., 2010; Chan et 

al., 2010; Schmidt and Ostfeld, 2008). Many species use heterospecific signals to assess 

predation risk (Ridley et al., 2014). For example, red-breasted nuthatches (Sitta canadensis) 

respond alarm calls of black-capped chickadees (Poecile atricapillus) and alert to the presence of 

potential predators (Templeton and Greene, 2007). Eastern gray squirrels (Sciurus carolinensis) 

listen to vocalizations of potential cache robbers to assess risk of cache pilfering (Schmidt and 

Ostfeld, 2008). Traffic noise in general has high sound pressure at relatively low frequencies (1-

1.5 k Hz, (Brown et al., 2013; Warren et al., 2006). Frequency of vocalization by red squirrels 

ranges from 0.5 k Hz to 6.5 k Hz, and alarm calls, which are given when upon detection of 

potential predators and conspecific intruders, typically have frequencies ranging from 1-2 k Hz 

(Smith, 1978). Because traffic noise might mask alarm calls and sounds of predator and intruder 

movement, red squirrels may select quiet middens and areas that minimize the influence of 

traffic noise on detection of predator and intruder or territorial announcement. Yet, effects of 

anthropogenic noise on predation risk and territorial defenses have not been demonstrated 

(Francis and Barber, 2013). Animals often perceive anthropogenic disturbance as a threat, and 

therefore decrease foraging time and increase stress response (Frid and Dill, 2002). California 

ground squirrels (Otospermophilus beecheyi) elevated vigilance near power-generating wind 

turbines compared to quiet control sites (Rabin et al., 2006). To further understand and anticipate 

impacts and ecological consequences of anthropogenic noise on animals, research that links 

acute and chronic behavioral and physiological responses of animals to short and long term noise 
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exposure at the individual and population level is needed (Francis and Barber, 2013; Francis et 

al., 2012; Halfwerk et al., 2011).   

4.3 Temporal and spatial variation of traffic noise  

When traffic events are infrequent with high temporal variation, effectively sampling 

traffic noise is difficult. Several days of 24-h recording of traffic noise alone would not be 

representative and can be biased depending on sampling season. We confronted this difficulty by 

combined traffic monitoring with controlled vehicle operations that allows us to record how 

traffic sound penetrates the study area. Indeed, spatial heterogeneity of traffic noise independent 

of distance to roads is the key to disentangle effects of noise from effects of roads (Halfwerk et 

al., 2011). Understanding how noise changed with vehicle types, driving speed, and road surface 

can be useful for traffic noise management (Makarewicz and Kokowski, 2007; Steele, 2001). For 

instance, vehicles on roads with asphalt pavement produce lower noise level than on roads with 

gravel pavement (Leipus et al., 2010). Although noise levels at paved roads in our study area 

were not different from gravel roads, the daily traffic intensity on paved roads was 4 times 

greater than on gravel roads. Thus, overall daily traffic noise exposure will likely increase after 

road pavement.  

Increase of sound level by a few decibels can cause reduction in alerting distance (Barber 

et al., 2010) and lead to substantial change in animal response, including reduced use (Landon et 

al., 2003), depressed density (Reijnen et al., 1997), decreased reproductive success (Halfwerk et 

al., 2011), and altered communication (Barber et al., 2010; Parris and Schneider, 2009). 

Although the traffic sound pressure that we measured and estimated represent relative degrees of 

traffic noise level rather than real time noise exposure, we showed a difference of 30 dB, the 

equivalent of 8 times the loudness and 1000-fold increase in sound level (Crocker, 1998), in 
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traffic noise influenced habitat quality and affect animal occurrence. Animal activity may be 

affected by traffic intensity (Barber et al., 2010; Francis and Barber, 2013). For example, elk use 

habitat near a highway primarily when traffic volume is low (100 vehicles/h, Gagnon et al., 

2007). Occurrence of large raptors decreases on roadsides during weekends when traffic volume 

increases dramatically (Bautista et al., 2004). Traffic intensity in summer increased markedly in 

our study area, especially during weekends. Middens near the medium and high traffic roads had 

lower occupancy rates than middens near the low traffic road, suggesting that negative impacts 

of traffic noise are more severe in seasons with greatest traffic. Apply multi-season occupancy 

models to assess effects of seasonal traffic noise level on extinction and colonization of sites 

across seasons will provide insight on how temporal patterns of traffic noise affects animal 

occurrence. Reproductive success of great tits (Parus major) is reduced in noisier areas, and 

traffic noise in April explains more variation in reproductive success than traffic noise in March, 

indicating degree of noise impacts varies with time and animal activities (Halfwerk et al., 2011). 

Our results highlight the importance of considering the temporal and spatial heterogeneity of 

traffic noise at a local scale when investigating the impact of noise on wildlife.  

5. Conservation Implications 

To better estimate noise exposure, scientists and managers need to integrate information 

of vehicle type, road surface, vegetation structure, landscape topography, spectrum and noise 

level of common vehicles, and temporal and spatial variation of traffic intensity (Garg and Maji, 

2014; Warren et al., 2006). Possible mitigation measures include natural or artificial sound 

barriers with wildlife road crossing structures, dense vegetation belts along a road, and traffic 

control such as reducing speed limit and restriction of the number of vehicles (U.S Department 

of Transportation, 2011; Van Renterghem et al., 2012). Anthropogenic disturbance like traffic 



39 
 

noise is just one in a myriad of road impacts on the environment. Roads directly cause 

destruction, loss of habitat, and landscape fragmentation (Forman and Alexander, 1998). 

Moreover, roads and traffic can serve as barriers that impede animal movement, decrease 

accessibility of resources, lead to reduction in reproductive success and gene flow, and 

ultimately threaten population persistence (Holderegger and Giulio, 2010; Strasburg, 2006; 

Trombulak and Frissell, 2000). Species that exhibit high noise and road surface avoidance are 

most vulnerable to road impacts (Jaeger et al., 2005). Forest specialists like tree squirrels often 

avoid entering gaps with low canopy or understory cover, and hence are especially vulnerable to 

habitat fragmentation and barrier effects of roads (Koprowski, 2005; Laurance et al., 2009). The 

negative influences of traffic noise on animal occurrence may exacerbate severity of 

fragmentation and barrier effects caused by roads. With increasing global human population, 

expanding urbanization and the proliferation of transportation corridors, as well as growing 

demands for outdoor recreational activities, human disturbances have become a major concern 

even in remote areas (Bowker et al., 2012; Food and Agriculture Organization of the United 

Nations, 2010). The acoustical environment that animals perceive is a complicated world (Barber 

et al., 2010). Understanding the landscape of noise, spatial and temporal pattern of disturbance 

level, as well as immediate and chronic animal response to disturbance is critical to future 

conservation and management efforts. 
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Figure Legends: 

Figure 1. Maps of study area, roads, traffic noise measuring locations and estimated equivalent 

continuous sound level (Leq, Fig a.) and maximum power (Lmax, Fig b) of a standardized traffic-

noise stimulus, Mt. Graham, Arizona, USA.  

Figure 2. Equivalent continuous sound level (Leq) and maximum power (Lmax) of a standardized 

traffic-noise stimulus as function of distance from roads (Leq = 43.64 - 0.073 DISTANCE FROM 

ROADS + 0.00032 [DISTANCE FROM ROADS -122.89]
2
, Fig. a; Lmax = 53.37 - 0.11 

DISTANCE FROM ROADS + 0.00044 [DISTANCE FROM ROADS -122.89]
2
, Fig. b).  

Figure 3. Temporal patterns in mean daily traffic volume through a year (a), and mean hourly 

traffic volume between weekends and weekdays (b) of roads on Mt. Graham, Arizona, USA, 

2013.  

Figure 4. Estimated probability of occurrence of Mt. Graham red squirrel (Tamiasciurus 

hudsonicus grahamensis) as a function of distance from roads (OCCUPANCY RATE = 0.50 + 

0.000401 DISTANCE FROM ROADS, Fig. a) and equivalent continuous sound level 

(OCCUPANCY RATE = 1.21 - 0.0176 NOISE LEVEL, Fig. b), 2013, Mt. Graham, Arizona, 

USA.   
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Table 1. Model selection on the basis of AIC
a
 and AIC ω

b
 for reference model of midden 

occupancy for Mt. Graham red squirrel (Tamiasciurus hudsonicus grahamensis), 2013, Mt. 

Graham, Arizona, USA. Only models with Δ AIC < 2.00 are provided. 

Model df AIC Δ AIC AIC ω 

Ψ(basal live area + distance to the nearest occupied midden + 

aspect) p(season) 
8 557.46 0.00 0.30 

Ψ(basal live area + aspect) p(season) 7 557.88 0.42 0.25 

Ψ(basal live area + distance to nearest occupied midden + 

aspect + distance to fire boundaries) p(season) 
9 558.77 1.31 0.16 

a
Akaike's Information Criterion  

b
AIC weight 
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Table 2. Model selection on the basis of AIC
a
 and AIC ω

b
 for midden occupancy of Mt. Graham 

red squirrel (Tamiasciurus hudsonicus grahamensis), 2013, Mt. Graham, Arizona, USA.  

Model
c
 df AIC Δ AIC AIC ω 

Ψ(midden characteristic + traffic noise + environmental 

characteristics) p(season) 
13 546.78 0 0.68 

Global model: Ψ(midden characteristic + traffic noise + 

environmental characteristics + distance from roads ) p(season) 
14 548.73 1.95 0.26 

Ψ(midden characteristic + traffic noise) p(season) 11 552.66 5.88 0.04 

Ψ (midden characteristic + traffic noise + distance from roads) 

p(season) 

12 554.39 7.60 0.02 

Ψ(midden characteristic + environmental characteristics) 

p(season) 
10 555.90 9.11 0.01 

Ψ (midden characteristic + environmental characteristics + 

distance from roads ) p(season) 

11 557.43 10.65 0.003 

Reference model: Ψ(midden characteristic) p(season)    8 557.47 10.68 0.003 

Ψ(midden characteristic + distance from roads) p
 
(season) 

9 559.33 12.55 0.001 

Ψ(traffic noise) p
 
(season) 8 560.00 13.22 <0.001 

Ψ(environmental characteristics) p
 
(season) 7 564.00 17.22 <0.001 

Ψ(.) p(season)    5 565.40 18.62 <0.001 
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Ψ(distance from roads) p(season)    6 566.97 20.18 <0.001 

Null model: Ψ(.) p(.)    2 572.88 26.10 <0.001 

a
Akaike's Information Criterion  

b
AIC weight

 

c
Key: ψ, occupancy covariates; p, detection covariates; midden characteristics, midden site 

covariates included live basal area (m
2
/ha), aspect, nearest distance to middens with at least 1 

detection of squirrels among surveys; traffic noise, traffic noise covariates at midden included 

mean daily traffic level (low, medium, high) and equivalent continuous sound level of a 

standardized traffic-noise stimulus (Leq in dB); environmental characteristics, site covariates 

within 100-m buffer surrounding a midden included minimum canopy cover (%) and maximum 

slope; distance from roads, distance from middens to the nearest road (m); (.), constant 

occupancy and detection probability. 
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Table 3. Estimated coefficients of midden occupancy by Mt. Graham red squirrel (Tamiasciurus 

hudsonicus grahamensis), 2013, Mt. Graham, Arizona, USA.  

Covariates Coefficient
a 
 SE Mean SD 

Occupancy     

Average traffic noise level (dB) -0.55 0.23 37.13 5.70 

Daily traffic volume- medium vs. low -1.55 0.63 NA
b
 NA 

Daily traffic volume- high vs. low -1.11 0.52 NA NA 

Live basal area (m
2
/ha) at midden 0.32 0.21 45.23 9.92 

Aspect (degree to north) at midden -0.33 0.21 78.22 47.09 

Maximum slope (100-m buffer) -0.48 0.21 21.32 6.79 

Minimum canopy cover (100-m buffer, %) 0.47 0.21 26.61 15.08 

Distance to occupied middens (m) 0.60 0.23 58.32 29.92 

Distance from roads (m) 0.06 0.26 138.76 97.87 

Detection     

Spring 0.81 0.24 NA NA 

       Summer 0.59 0.23 NA NA 

Fall 1.65 0.30 NA NA 

       Winter 1.65 0.30 NA NA 

a
 Coefficients were estimated by model averaging of the top and competing models in Table 2. 

For continuous variables, the value represents the degree of change in logit of occupancy with 1-

SD change of the variable from its mean. 

b
Not applicable 
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Abstract  

Habitat fragmentation and destruction caused by development of infrastructure such as roads are 

major threats to biodiversity. Roads can act as barriers by impeding animal movements and 

restricting space use. Understanding factors that influence barrier effects is important to discern 

the impacts of habitat fragmentation and to develop appropriate mitigations. We investigated 

barrier effects of forest roads and assess effects of traffic, road edges, and canopy gaps on space 

use of an endangered, endemic forest obligate, the Mt. Graham red squirrel (Tamiasciurus 

hudsonicus grahamensis). We mapped low to high traffic roads, road edges, canopy gaps, and 

random lines in forests to serve as references. We determined if red squirrels included these 

linear features in their total and core home ranges, and used this metric as an indicator of 

crossing and preference for habitat adjacent to the linear features. We assessed how 

environmental characteristics of roads affect probability of crossing to identify factors to 
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improve permeability. Forest roads acted as barriers regardless of traffic volume and the greatest 

barrier effects were evident in winter. Red squirrels were less likely to include roads in their core 

home ranges, compared to random lines in forests. Animals did not avoid entering roadside areas, 

and probability of crossing linear features in the forest was not affected by distance to roads. In 

contrast, greater canopy cover increased probability of crossing, and gaps in canopy impeded 

animal movements. Higher likelihood of road crossing was associated with more variable tree 

height and mating activity. We demonstrated that even narrow forest roads with low traffic 

volume were barriers for forest dependent species, and suggest that gap avoidance inhibits road 

crossings. 

Introduction 

Habitat fragmentation and destruction caused by development of infrastructure such as roads and 

bridges are recognized as major threats to biodiversity (Czech & Krausman 1997; Forman & 

Alexander 1998). To maintain habitat connectivity, genetic variability, and population 

persistence, the facilitation of movements of animals through landscapes is critical (Hanski & 

Gilpin 1991; Frankham 1996). Roads and traffic can serve as barriers that impede animal 

movements, decrease accessibility of resources such as food, shelter or mates, lead to reduction 

in reproductive success and gene flow, and ultimately threaten population persistence 

(Trombulak & Frissell 2000; Strasburg 2006). Barrier effects of roads have been documented in 

a diversity of terrestrial fauna, including insects (Bhattacharya et al. 2003), reptiles (Shepard et al. 

2008), amphibians (Marsh et al. 2005), birds (Laurance et al. 2004) and mammals (Burnett 1992), 

but the causes and mechanisms of road avoidance are not fully understood (Roedenbeck et al. 

2007; Bissonette & Rosa 2009; Chen & Koprowski 2013).  
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The barrier effects of roads are driven by several distinct but not mutually exclusive 

mechanisms that include traffic, edge, and gap avoidance (Greenberg 1989; Forman et al. 2003; 

Jaeger et al. 2005; Barber et al. 2010). Traffic avoidance includes avoidance of vehicles as well 

as traffic disturbance that arises from vehicular noise, movements, vibration, exhaust fumes, dust, 

headlight illumination and human presence, and has been related to reduction in animal 

abundance at roadside areas (Goosem 2002; Barber et al. 2010). Edge avoidance results when 

animals avoid entering roadside areas due to physical and biotic changes caused by an abrupt 

transition of ground surface or vegetation (Forman et al. 2003). Edge effects due to roads can 

affect the distribution, density and abundance of wildlife in adjacent habitat (Goosem 2000). Yet, 

how road edges impact animal movements and space use has been assessed less frequently. Gap 

avoidance occurs when species avoid clearings with low canopy or understory closure such as 

roads and forest clearcuts, perhaps because of increased predation risk (Greenberg 1989) and 

evolutionary constraints (Laurance et al. 2004). Previous research on barrier effects has focused 

on one or two of these potential mechanisms contributing to road avoidance (e.g. Rondinini & 

Doncaster 2002). However, to comprehensively understand barrier effects of roads and develop 

appropriate mitigation, studies that simultaneously address the relative importance of these 

different mechanisms are needed.  

Tree squirrels (Sciurus and Tamiasciurus) are an ideal group for assessing the impacts of 

roads on forest dependent species. Arboreal squirrels are widespread, common, and are readily 

sampled and tracked by radio telemetry because of moderate home range size (Gurnell & Pepper 

1994; Koprowski et al. 2008). Previously, barrier effects of roads have been assessed primarily 

by capture-recapture methods and translocation (e.g. McDonald & St Clair 2004). Although such 

techniques increase understanding of road crossing behavior by highly motivated individuals, the 
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pattern of spontaneous movements or the relationship between home range boundaries and roads 

is difficult to discern (Laurance et al. 2004). Techniques like radio telemetry that quantify 

individual movements can alleviate these issues (Clark et al. 2001). Herein, we combine long-

term radio telemetry data and traffic monitoring with high-resolution remote sensing data to 

examine barrier effects of roads and traffic on animal space use and movements. We use an 

endangered, endemic forest obligate – the Mt. Graham red squirrel (Tamiasciurus hudsonicus 

grahamensis) as a model to (1) investigate whether forest roads are barriers and assess the 

relative importance of traffic, edge, and gap avoidance, and (2) examine factors that influence 

animal movements and identify environmental features and road characteristics that may 

improve road permeability.  

Methods 

Study Area and Study Species 

Our study was conducted in 342 ha of mixed-conifer forest >3,000 m elevation in the Pinaleño 

Mountains (Graham Mountains), Graham County, Arizona, USA 

(32° 42′ 06″ N, 109° 52′ 17″ W). We used bi-directional traffic counters (TRAFx Vehicle 

Counter Model G3, TRAFx Research Ltd, Canmore, Alberta, Canada) to monitor 6.6 km of 4 

graded dirt roads (Fig.1a): Arizona State Highway 366 also known as Swift Trail (6 to13-m wide, 

annual average daily traffic [AADT]: 50 vehicles, hereafter, high traffic), the access road to the 

Mount Graham International Observatory (4 to10-m wide, AADT: 23 vehicles, hereafter, 

medium traffic), the Bible Camp Road (4 to 9-m wide, AADT: 25 vehicles, hereafter, medium 

traffic), and Soldier Trail (3 to 24-m wide, AADT: 7 vehicles, hereafter, low traffic). Speed limit 

was 40 km/h. Roads were closed to the public from 15 November to 15 April annually due to 

snow. No wildlife road crossing structures were installed in the study area. The forest is 
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dominated by Douglas-fir (Pseudotsuga menziesii), southwestern white pine (Pinus strobiformis), 

and corkbark fir (Abies lasiocarpa var. arizonica) interspersed with Engelmann spruce (Picea 

engelmanii), aspen (Populus tremuloides) and ponderosa pine (Pinus ponderosa, Sanderson & 

Koprowski 2009).  

The North American red squirrel is a small (<300 g), diurnal tree squirrel with a wide-

ranging distribution in Canada and the United States (Steele 1998). Red squirrels are territorial 

and center their territories on conspicuous cone-scale piles with cones in caches known as 

middens (Gurnell 1987; Steele 1998). Middens are typically located in forests with dense canopy 

and understory cover and provide a cool and moist microclimate that prevents cones from 

opening and releasing seeds (Smith & Mannan 1994; Merrick et al. 2007; Zugmeyer & 

Koprowski 2009). Mt. Graham red squirrel is a subspecies that is isolated and endemic to high 

elevation forests (>2,000 m) of the Pinaleño Mountains, which are surrounded by desert and 

grassland, and represents the southernmost population of red squirrels (Brown 1984; Steele 

1998). Because of geographic isolation, declining and low population numbers (~300 individuals, 

Sanderson & Koprowski 2009), and habitat destruction, Mt. Graham red squirrels were listed as 

federally endangered in 1987 (U.S. Fish and Wildlife Service 1987). In addition to habitat loss, 

severe fire, and insect damage, a potential threat to Mt. Graham red squirrels is human 

disturbance from recreation, road traffic, and habitat modification associated with road 

improvement (Buenau & Gerber 2004; Zugmeyer & Koprowski 2009; U.S. Fish and Wildlife 

Service 2011). 

Animal Space Use 

We used standard methods to trap, fit unique ear tags and affix radio collars on red squirrels, and 

located red squirrels during daylight hours and estimated the location of each animal via 
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biangulation (Koprowski et al. 2008). We used radio telemetry data to estimate 95% (total) and 

50% (core) fixed kernel home ranges for individual red squirrels each season (spring: March-

May, summer: June-August, fall: September-November, winter: December to January, 

Koprowski et al. 2008). For this study, we used home ranges from December 2008 (when 

airborne LiDAR data were collected) to November 2012 during which no major forest 

disturbance occurred. During natal dispersal, movements patterns of juvenile red squirrels are 

different from adults (Larsen & Boutin 1994), so we only included adult and subadult red 

squirrels that have completed natal dispersal in our analyses. Home ranges estimated with <15 

fixes were excluded. Mean number of locations was 40 fixes (SE 0.6, n = 307). 

Linear Features  

We mapped low to high traffic roads with high-resolution aerial imagery obtained from the 

National Agriculture Imagery Program (NAIP) in 2007 (Fig. 1a). We defined road edges that 

were parallel to roads with a distance of 25 m from road as boundaries of roadside areas (Fig 1a.). 

We chose 25 m because edge effects of roads usually decrease within the first 50 m of forests 

(Murcia 1995). To resemble linear gaps in canopy cover created by roads in roadless areas, we 

used the GIS layer (25-m resolution) derived from three-dimensional LiDAR (Light Detection 

and Ranging) data (Mitchell et al. 2012) to map linear areas with low to high canopy cover: 0-

25% (n = 9), 25-50% (n = 10), 50-75% (n = 14), and 75-100% cover (n = 13). Mean length of 

linear areas was 242.4 m (SE 20). We considered areas with canopy cover <50% as gaps for red 

squirrels on the basis of the minimum documented canopy cover at red squirrel middens (Smith 

& Mannan 1994). To create random lines in forests that serve as references with similar density 

of roads (1.93 km/km
2
), we used ArcGIS Desktop 9.3 (Environmental Systems Research 

Institute) to generate 20 random points and create 300-m straight lines from each point in a 
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randomly selected direction (Fig. 1a). We chose 300 m on the basis of the mean size of red 

squirrel 95% fixed kernel home ranges from 2009 to 2012 (mean [SE] = 2.65 [0.23] ha). If we 

consider the home range as a circle, the diameter would be about 200 m, thus a 300 m segment is 

appropriate to match the spatial scale of red squirrel space use. We also divided roads and road 

edges into 300-m long sections. Mean length of canopy gaps was 167.1 m (SE 20).  

Data Analysis  

Barrier effects of roads- traffic, edge, and gap Avoidance 

For each linear feature, we selected red squirrels with residential middens <100 m from the linear 

feature and determined if red squirrels included these linear features in their total and core home 

ranges and used this metric as an indicator of crossing and preference for habitat adjacent to the 

linear features. We based 100 m on the size of home range and mobility of red squirrels 

(Koprowski et al. 2008). Depending on the location of the residential midden, a red squirrel may 

encounter >1 linear features. We used generalized linear mixed modeling (GLMM) with a logit 

link function and binomial error distribution to compare the probability of total and core home 

range including linear features (roads, road edges, canopy gaps, random lines) with ‘include’ as a 

binary response variable (include = 1, not include = 0). We included types of linear features, sex, 

season (spring, summer, fall, winter) and body mass (g) as fixed effects, and individual squirrels, 

linear features and seasons (16 seasons in 4 years) as random effects. Body mass was calculated 

as the mean of masses recorded during a season. When seasonal body mass was not available, we 

estimated body mass as the mean mass during the year.  

Predictors of crossing random lines  

To understand factors that influence animal movements in forests, we explored how 

environmental characteristics of random lines affect probability of crossing. For each random 
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line, we used the Geospatial Modelling Environment (GME, Beyer 2012) to calculate mean, 

maximum and minimum value of slope, aspect (degree to north), distance to recent fire 

boundaries (Clark Peak Fire in 1997 and Nuttall Complex Fire in 2004, m), distance to the 

nearest road (m), and measures of forest structure extracted from LiDAR data, including mean 

tree height (m), standard deviation of tree height (m), live and total basal area (m
2
/ha), and 

canopy cover (%). To quantify rate of crossing random lines, we established a buffer of 100 m 

around each random line and recorded number of squirrel locations within the buffer on both 

sides of the line (Fig. 1b). We referred to locations on the same side of the line with the 

residential midden as fix-proximate, and locations on the opposite side as fix-distal (Fig. 1b). We 

used GLMM with a logit link function and binomial error distribution to quantify probability of 

crossing with fix-distal as cross and fix-proximate as not cross. We treated individual squirrels, 

random lines and seasons as random effects and the remaining variables as fixed effects. When 

collinearity occurred between variables (r > 0.7), we selected variables with lower p value. 

Predictors of crossing roads 

To identify important features that may improve road permeability, we investigated how 

roadside environment and road characteristics affect rate of road crossing. Road characteristics 

included road width (m), road clearance (distance between forest boundaries, m), and traffic (low, 

medium, high). We measured road width and road clearance every 50 m and calculated the mean, 

maximum and minimum value for each 300-m long road section. Because the presence of red 

squirrels on the other side of roads may further affect decisions to cross roads (either negatively, 

such as avoiding conspecifics, or positively such as locating mates), we created a 100-m buffer 

surrounding road sections, and recorded presence or absence of a red squirrel on the opposite 

side of the road and number of squirrels of the same and different sex from the focal squirrel on 
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both sides of the road, referred to as presence of squirrel-distal, presence or number of mates-

proximate or distal, presence or number of conspecifics-proximate or distal. Due to a high 

proportion of zeros for fixes-distal, we used zero-inflated generalized liner models (ZIGLMM) 

with a log link function and Poisson error distribution to quantify frequency of crossing with fix-

distal as cross and fix-proximate as not cross. We included total number of fix (natural log 

transformed) as an offset in the model. We included individual squirrels, random lines and 

seasons as random effects and the remaining variables as fixed effects.  

We ran GLMM with the lme4 (Linear mixed-effects models using Eigen and S4, Bates, 

D. et al. 2013) package and ZIGLMM with the glmmADMB package (Generalized Linear 

Mixed Models using AD Model Builder, Skaug et al. 2013) in R (version 3.1.0 -"Spring Dance", 

R Development Core Team 2014). We standardized all continuous variables to mean = 0 and 

standard deviation = 1 to improve numerical convergence.  

Results 

We included 307 home ranges that estimated each season for 77 squirrels (39 male, 39 female) in 

our analyses. Middens were present on both sides of roads along 92.9% of road sections (n = 14), 

and 64.4% of middens censused (n = 101) were occupied by red squirrels at least one season 

from 2008 to 2012. Mean distance from middens to roads was 62.2 m (SE 4.4, n = 38) and to 

random lines was 44.8 m (SE 3.4, n = 64, t100 = -3.12, p = 0.002).  

Barrier Effects of Roads - Traffic, Edge, and Gap Avoidance 

Roads were barriers for red squirrels. Odds of red squirrels crossing random lines were 4.8 times 

of odds of crossing roads, and odds of including random lines in core home ranges was 12.5 

times of odds of including roads (Table 1). Increased traffic on roads did not decrease probability 

of crossing (Fig. 2). Probability of road crossing was lowest on low traffic roads, followed by 
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high traffic roads and medium traffic roads (Fig. 2). The odds of red squirrel core home ranges 

including roads were similar among low to high traffic roads (Table 1). Red squirrels crossed 

roads more often during the period when roads were open to traffic than road closure. The 

percentage of total home ranges that included roads decreased by 84.9% from 63.9% (n = 36) in 

summer when the road was open to 9.7% (n = 31) in winter when road was closed, whereas we 

observed only a 20.7% decrease in percentage of total home ranges included random lines, from 

81.3% (n = 64) in summer to 64.4% (n = 59) in winter. Red squirrels did not avoid road edges as 

near as 25 m from roads. Odds of red squirrel including road edges in their total and core home 

ranges were 3.3 times and 1.1 times respectively odds of including random lines (Table 1). In 

contrast, red squirrels avoided gaps (canopy cover <50%). Probability of crossing linear areas 

with canopy cover > 50% (0.7, Fig. 3) was higher than probability of crossing gaps (0.21, Fig. 3). 

Odds of red squirrels crossing random lines was 5.1 times that of crossing gaps and odds of 

including random lines in core home ranges was 4.64 times of odds of including gaps (Table 1).  

Predictors of Crossing Random Lines  

Probability of crossing decreased as distance from middens to linear features increased, and 

increased as body mass increased (Table 2). Rate of crossing increased as the maximum canopy 

cover recorded along random lines increased, and was not affected by distance from roads. Each 

percentage increase in maximum canopy cover of random lines increased the odds of crossing by 

33% (Table 2).  

Predictors of Crossing Roads  

Forty-three red squirrels occupied middens <100 m from roads (23 male, 20 female), and 

67.44% of individuals had home ranges that overlapped roads in at least one season from 2008 to 

2012, which means 32.56 % of individuals were never detected to cross roads in 4 years. 
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Reproductive activities were the most important factors in predicting road crossings. Rate of road 

crossing by red squirrels was 2.1 times larger in the mating season and increased number of 

potential mates on the proximate side of roads increased rate of road crossing (Table 3). Presence 

of potential mates on the opposite side of roads increased the rate of crossing by 3.7 times. Rate 

of crossing also increased as the maximum standard deviation of tree height recorded along roads 

increased. Each meter increase in maximum standard deviation of tree height increased the rate 

of crossing by 2.69 times (Table 3). Effect of traffic volume was not significant after accounting 

for road and environmental characteristics and squirrel activity (Table 3).  

Discussion 

Forest Roads Serve as Barriers 

By integrating long-term demographic and telemetry data with remotely sensed environmental 

characteristics, our study is the first to directly assess effects of roads, traffic intensity, and 

distance to roads simultaneously on space use and movements of small mammals. In addition, 

we show how environment, seasonal variation in animal activities, and social interactions affect 

probability of road crossing. We demonstrate that even a narrow (<10 m), gravel forest road with 

low traffic volume (<10 vehicles/day) can restrict animal space use and inhibit movements. 

Furthermore, we conclude that gap avoidance plays an important role in inhibition of road 

crossings by forest dependent species. An alternative explanation for the low probability of road 

crossing is lack of habitat on the opposite side of the road (Riley et al. 2006). However, given 

that red squirrel territories were present on both sides of roads in our study area, we conclude this 

was unlikely. The avoidance of roads by red squirrels was previously suggested through live 

trapping studies, as red squirrels are scarce at culverts despite being the most abundant species in 

the adjacent forest (Clevenger et al. 2001). Small mammals are known to avoid crossing narrow, 
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unpaved roads (Oxley et al. 1974; Swihart & Slade 1984). Our research provides insight on the 

causes and mechanisms contributing to barrier effects of roads and helps anticipate how forest 

obligates respond to anthropogenic disturbance in fragmented landscapes (Burnett 1992; 

Koprowski 2005; Laurance et al. 2009).  

Traffic Volume and Road Edges Have Little Effect on Road Crossing and Space Use 

Increasing traffic intensity can reduce success of road crossing (Richardson et al. 1997; Gagnon 

et al. 2007). However, effect of traffic on animal movements is difficult to disentangle from the 

influence of road characteristics, because of temporal variation in traffic volume and positive 

correlation with road width (Goosem 2002; McGregor et al. 2008). We demonstrated that low 

traffic volume (<100 vehicles/day) has little effect on probability of road crossing after 

accounting for effects of road and environmental characteristics. Previous studies suggest that 

traffic volume does not influence rate of road crossing by small mammals, and increasing traffic 

intensity up to 15,000 vehicles/day does not decrease the success of return by small rodents after 

translocation (Goosem 2002; McGregor et al. 2008). Yet, animals may cross high traffic roads 

during low traffic periods, and result in animal space use that appears similar between high and 

low traffic roads (McGregor et al. 2008). Besides rate of road crossing, traffic may affect animal 

movements patterns near roads, including distance from roads, travel speed, and tortuosity. Fine 

scale records of traffic and animal movements are required to further understand effects of traffic 

intensity on barrier effects of roads.  

Road edges, differ from natural edges or edges produced by clearcuts in their linear 

configuration, length, and spatially extensive effects driven by associated anthropogenic 

disturbance (Forman & Alexander 1998; Saunders et al. 2002). Consequently, forest 

fragmentation and edges introduced by roads are widely distributed, tend to exist for long 
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periods of time and are exacerbated by frequent disturbance (Reed et al. 1996; Coffin 2007; 

Pohlman et al. 2007). We did not find evidence that road edges affect animal movements and 

space use, since individuals lived at roadside areas, did not avoid approaching roads, and 

distance from linear features to roads did not affect probability of crossing. Roads affect animal 

population density and community structure, and the influences can extend to several kilometers 

from the road (Fuentes-Montemayor et al. 2009; Benítez-López et al. 2010). We documented 

effects of traffic volume and road edges on movements and space use of red squirrels, but effects 

of traffic disturbance and roadside environment on distribution and abundance remain unknown. 

Environmental changes in forest structure, microclimate, and forest dynamics near road edges, 

including lower forest density, increased solar radiation, wind velocity and light availability, 

extreme temperature (Murcia 1995; Goosem 2007), may influence animal populations and 

distribution, especially for species like red squirrels whose habitat is limited to forest interior and 

are sensitive to forest fragmentation (Koprowski 2005; Laurance et al. 2009). 

Gaps in Canopy Cover Inhibit Animal Movements 

Animals tend to recognize linear features as territory boundaries, which may restrict an 

individual’s movements to one side of a road and result in changes in space use (Burnett 1992; 

Trombulak & Frissell 2000). Road clearance, the distance an animal has to move between forest 

margins to cross the roadways (Oxley et al. 1974), has been suggested as the main factor that 

causes inhibition of road crossing by small mammals. We propose that the avoidance of gaps in 

cover created by roads is the primary reason. We have 3 lines of evidence that support this 

conclusion: (1) red squirrels were less likely to cross gaps with <50% canopy cover compared to 

random lines in forests; (2) probability of crossing random lines in forests was affected positively 

by canopy cover; (3) probability of road crossing increased with increased standard deviation of 
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tree height that was positively correlated with canopy cover. Forest specialists like tree squirrels 

often avoid entering gaps with low canopy or understory cover, and rarely cross roads 

spontaneously, and therefore are especially vulnerable to barrier effects of roads (Oxley et al. 

1974; Clevenger et al. 2001; Laurance et al. 2009). Red squirrels strongly avoided clearcuts, and 

only cross forest gaps if a detour through forest is relatively energy inefficient (Bakker & Van 

Vuren 2004). However, alternate routes of crossing roads are usually not available. Predation 

risk is higher in more open microhabitats (Barbosa & Castellanos 2005). Tree squirrels rely on 

canopy cover to provide shelter and use arboreal escape routes when encountering aerial or 

ground predators (Temple 1987). Red squirrels travel more slowly through open areas, likely due 

to high predation risk (Bakker & Van Vuren 2004). On Mt. Graham, the major source of 

mortality in red squirrels is avian predation (U.S. Fish and Wildlife Service 2011), and mortality 

is higher in more open forests (Zugmeyer & Koprowski 2009). Open areas created by roads may 

increase risk of predation or mortality caused by vehicle collisions. Besides greater predation risk, 

lack of connectivity in canopy over roads also impedes arboreal movements. Strong influence of 

standard deviation of tree height on road crossing suggests that physical structure of forest is 

important. Forests with higher variation in tree height may provide animals cover and assist 

arboreal movements when animals descend to ground to cross roads. The northern flying 

squirrels (Glaucomys sabrinus) rely on forest structure in old-growth forests, including high 

canopy and relatively open under and mid story layers to provide launch point and space for 

glide (Scheibe et al. 2006). The Siberian flying squirrels (Pteromys volans) cross completely 

open areas only when gaps can be crossed in a single glide (Selonen & Hanski 2003). A similar 

pattern also occurs in other arboreal species such as squirrel gliders (Petaurus norfolcensis, van 

der Ree et al. 2010) and ringtail possum (Hemibelideus lemuroides, Wilson et al. 2007).  
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Mating Activity Increases Road Crossing 

Seasonal variation in activity affects probability of road crossing (Fahrig & Rytwinski 2009). For 

instance, moose (Alces alces) cross roads more frequently in summer with increased movements 

range (Beyer et al. 2013). Some species seldom crossed roads during daily movements, but 

appear to be more likely to cross roads under situations of high motivation, for example in the 

breeding season (Steen et al. 2006), after translocation (Clark et al. 2001) or during dispersal 

(deMaynadier & Hunter 2000). Male mammals often increase their home range in mating season 

to search for potential mates (Edelman & Koprowski 2006; Koprowski et al. 2008; Clark et al. 

2010). The positive relationship between presence of a potential mate on both sides of roads and 

rate of road crossings also suggests the influential role of mate searching behavior on crossing 

events. Avoidance of conspecifics and territorial defense by residential red squirrels could lead to 

reduced rate of road crossing (Bakker & Van Vuren 2004). Although we did not detect seasonal 

variation in effects of presence of red squirrels on the opposite side of roads, avoidance of 

conspecifics may contribute to the observed difference of probability of road crossing between 

mating and non-mating season. Our findings suggest that the permeability of a barrier changes 

with motivation and increases with the availability of receptive potential mates. However, even 

during mating season, probability of road crossing was lower than crossing random lines. About 

75% of red squirrel home ranges included random lines, whereas 53% of home ranges included 

roads. Presence of roads impairs male snakes’ ability of locating mates (Shine et al. 2004). Gene 

flow between populations bisected by roads is reduced, likely due to fewer mating between 

individuals separated by roads than individuals at one side of roads (Riley et al. 2006; Clark et al. 

2010). We show forest roads affect animal daily movements in home range, and seasonal space 

use. As a result, forest roads can have negative effects on population through impede 
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reproductive activity, dispersal, and survivorship. Although increased distance between patchy 

habitats and long dispersal distance does not necessarily decrease success of settlement and 

survivorship (Larsen & Boutin 1994; Selonen & Hanski 2012), this might not be the case when 

animals need to cross roads to settle as risk of road mortality may be too high to cross and 

alternate routes may not be available. 

Conservation Implications  

The ecological and genetic consequences of inhibition of movements and population isolation 

can be serious, particularly in limited habitat, especially for populations of species at the edge of 

their distribution range like Mt. Graham red squirrels (Fahrig & Paloheimo 1988; Leonard & 

Koprowski 2009; Fitak et al. 2013). Persistence of forest obligates in isolated fragments depends 

on their physiological and locomotor ability to cross gaps and the connectivity of fragments 

(Fahrig 2007; Lees & Peres 2009). Although forest roads did not completely inhibit squirrel 

movements, the barrier effects of roads could be magnified for individuals residing further from 

roads, if red squirrels that occupied middens near roads represent individuals with high tolerance 

to road impacts(Anderson & Boutin 2002; Boon et al. 2007). Moreover, forest roads can have 

long-term impacts as about one-third of the red squirrels that were resident near roads were never 

observed to cross roads in 4 years. Given that Mt. Graham red squirrels have already suffered 

from habitat loss and destruction associated with severe fire, insect damage, and development 

(Buenau & Gerber 2004; Zugmeyer & Koprowski 2009; U.S. Fish and Wildlife Service 2011), 

effective mitigation of barrier effects of roads appears prudent.   

The finding that maximum value of canopy cover and standard deviation of tree height 

influences crossing decisions of red squirrels has important conservation implications. This 

suggests that road permeability can be improved by maintaining canopy cover along short 
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sections of roads. Although increased canopy closure along the road may facilitate road crossing, 

it may also increase road mortality (van der Ree et al. 2010). To minimize barrier effects of roads 

while simultaneously reducing road mortality, a variety of wildlife passages have been designed 

and installed to facilitate movements of wildlife and restore connectivity(Taylor & Goldingay 

2010). Canopy bridges or rope bridges successfully restored animal movements near roads and 

improved connectivity for several arboreal species (Laurance et al. 2009; Soanes et al. 2013), 

and can be another mitigation of road impacts on red squirrels. 

Forest roads are thought to have reduced impacts on wildlife because roads are often 

narrow, unpaved, and lightly traveled. However, several studies have demonstrated that even 

narrow roads <10-m wide with low traffic intensity are barriers for many species (Swihart & 

Slade 1984; Forman & Alexander 1998). Not only roads but also open clearings like powerline 

corridors can restrict the movements of small mammals in forests (Goosem & Marsh 1997). As 

we show gaps in canopy strongly inhibits animal movements, forest management such as 

thinning operations and infrastructure development that open forest canopy can increase barrier 

effects and level of fragmentation, and should be implemented with caution. Human induced 

habitat fragmentation is one of the major causes for the decline of biodiversity (Fahrig 2003). In 

the U.S., forest road network has expanded to >600,000 km and traffic intensity has grown 10 

times since 1950s and reached to 1.7 million vehicles/day in 1998 (Coghlan & Sowa 1998). 

Forest ecosystems worldwide have been excessively fragmented through human activities, and 

primary forests have decreased by >40 million ha since 2000, yet the degree of fragmentation is 

exacerbated by continuously increasing demand for outdoor recreational activities and 

development as well as catastrophic events driven by climate change (Food and Agriculture 

Organization of the United Nations 2010; Allen et al. 2010). Thus, forest species are facing 
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challenging landscapes with more fragmented and disturbed habitats. To maintain landscape 

connectivity, large areas of healthy forests as well as connectivity among forested patches are of 

critical importance. 
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Figure Legends: 

Figure 1. Illustration of linear features on Mt. Graham, Arizona. (a) Location of roads, road 

edges and random lines. SW: Arizona State Highway 366, AC: access road, BC: Bible Camp 

Road, SO: Soldier Trail. (b) Illustration of midden of Mt. Graham red squirrels (Tamiasciurus 

hudsonicus grahamensis), 100-m buffer surrounding a road section, and examples of red 

squirrels locations on the proximal (fix-proximal) and distal side of the road (fix-distal).  

Figure 2. Probability of 95% (total) and 50 % (core) fixed kernel home ranges of Mt. Graham red 

squirrels (Tamiasciurus hudsonicus grahamensis) that include linear features: low (<10 

vehicles/day), medium (20-40 vehicles/day) and high (50-100 vehicles/day) traffic roads, road 

edges, and random lines in a forest serve as references.  

Figure 3. 

Probability of 95% (total) and 50 % (core) fixed kernel home ranges of Mt. Graham red squirrels 

(Tamiasciurus hudsonicus grahamensis) that include linear areas with low to high canopy cover.  
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Figure 1.   
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Figure 3.    
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Table 1. Estimated coefficients of generalized linear mixed models for probability of 95% and 50 

% fixed kernel home ranges of Mt. Graham red squirrels (Tamiasciurus hudsonicus grahamensis) 

including linear features, 2008-2012, Mt. Graham, Arizona, USA. 

 95% Kernel 50% Kernel 

Variables Estimate SE P Estimate SE P 

Linear features        

   Random line 0.29 0.52 0.56 -1.41 0.51 0.005 

   Low traffic road -1.99 0.94 0.04 -3.71 0.96 <0.001 

   Medium traffic road 0.19 0.97 0.85 -2.90 1.16 0.01 

   High traffic road -1.35 0.79 0.09 -4.10 0.91 <0.001 

   Road edges 1.47 0.60 0.02 -1.30 0.51 0.01 

Canopy cover (0-25%) -2.17 0.94 0.020 -3.75 1.28 0.003 

Canopy cover (25-50%) -0.76 0.72 0.286 -2.75 0.79 <0.001 

Canopy cover (50-75%) 0.96 0.56 0.088 -0.92 0.51 0.07 

Canopy cover (75-100%) 0.80 0.60 0.187 -1.73 0.58 0.003 

Sex (Male) 0.72 0.47 0.13 1.22 0.51 0.02 

Season
a
 × sex (spring as reference)        

    Summer  1.69 0.45 <0.001 0.82 0.36 0.02 

    Summer × male -0.75 0.55 0.17 -0.85 0.52 0.10 

    Fall  1.32 0.43 0.002 0.06 0.36 0.87 

    Fall × male -2.08 0.55 0.001 -1.00 0.57 0.08 

    Winter 0.67 0.42 0.11 0.19 0.35 0.59 

    Winter × male -1.30 0.52 0.01 -1.25 0.54 0.02 
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Body mass (g)
b
  -0.15 0.13 0.24 -0.28 0.13 0.03 

a
Spring: March-May, summer: June-August, fall: September-November, winter: December-

January  

b 
The amount of change in the logit of overlap with 1 SD change from its mean   
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Table 2. Effects of environmental characteristics and squirrel factors on probability of crossing 

random lines in forests by Mt. Graham red squirrels (Tamiasciurus hudsonicus grahamensis), 

2008-2012, Mt. Graham, Arizona, USA.  

Variables Estimate
a 
 SE P  

Distance to midden (m) -0.47 0.10 <0.001 

Maximum canopy cover (%) 0.89 0.37 0.02 

Slope -0.50 0.28 0.07 

Distance to the nearest road (m) 0.05 0.31 0.88 

Aspect (degree to north) -0.01 0.07 0.88 

Distance to fire boundaries (m) 0.03 0.24 0.90 

Season
b
 (spring as reference)    

  Summer 0.48 0.19 0.01 

  Fall 0.27 0.19 0.17 

  Winter 0.32 0.19 0.10 

Body mass (g) -0.06 0.06 0.31 

Sex (Male) -0.18 0.35 0.61 

a 
For continuous

 
variables, estimate shows the amount of change in the logit of crossing with 1 

SD change from its mean
  

b
Spring: March-May, summer: June-August, fall: September-November, winter: December-

January  
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Table 3. Effects of road characteristics and squirrel factors on rate of road crossing by Mt. 

Graham red squirrels (Tamiasciurus hudsonicus grahamensis), 2008-2012, Mt. Graham, Arizona, 

USA.  

Variables Estimate
a
 SE P 

Environment     

Traffic- medium (low as reference) 1.61 1.58 0.31 

Traffic- high (low as reference) 1.48 2.93 0.61 

Distance to midden (m) -0.31 0.16 0.07 

Mean slope -0.37 0.38 0.34 

Aspect (degree to north) -0.06 0.29 0.83 

Minimum road width (m) 0.17 1.19 0.88 

      Maximum SD of tree height (m) 0.80 0.11 0.01 

Squirrel    

Sex (Male) -0.28 0.34 0.42 

Body mass (g) 0.23 0.14 0.11 

Mating season (spring & summer) 1.15 0.50 0.02 

Presence of mates-distal
b
 1.32 0.37 <0.001 

Number of mates-proximate
c
 0.42 0.16 0.008 

a 
For continuous

 
variables, estimate shows the amount of change in the log transformed rate of 

road crossing with 1 SD change from its mean
  

b
Presence of mates-distal: presence of potential mates on the other side of roads 

c
Number of mates-proximate: number of potential mates on resident side of roads 
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Abstract  

Anthropogenic infrastructure such as roads and non-native species are major causes of 

species endangerment. Understanding animal behavioral responses to roads and traffic provides 

insight into causes and mechanisms of effects of linear development on wildlife and aids 

effective mitigation and conservation. We investigated effects of roads and traffic on space use 

and movements of two forest-dwelling species: endemic, forest-dependent Mount Graham red 

squirrels (Tamiasciurus hudsonicus grahamensis) and introduced, edge-tolerant Abert’s squirrels 

(Sciurus aberti). To test whether roads represent barriers, we compared the probability that a 

squirrel home range included roads and random lines in forests, and assessed effects of traffic 

intensity on rate of road crossing and movement patterns. Red squirrels avoided areas adjacent to 

roads and rarely crossed roads. In contrast, Abert’s squirrels were more likely to include roads in 

their home ranges compared to random lines in forests. Both red squirrels and Abert’s squirrels 

increased speed when crossing roads, compared to before and after road crossings. Increased 

hourly traffic volume reduced rate of road crossings by both species. Behavioral responses of red 

squirrels to roads and traffic resemble responses to elevated predation risk, including reduced 

speed near roads and increased tortuosity of movement paths with increased traffic volume. In 
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contrast, Abert’s squirrels appeared little affected by roads and traffic with tortuosity of 

movement paths reduced as distance to roads decreased. We found that species with similar body 

size category (<1 kg) but different habitat preference and foraging strategy responded to roads 

differently and demonstrated that behavior and ecology are important when considering effects 

of roads on wildlife. Our results indicate that roads restricted movements and space use of a 

native forest-dependent species while creating habitat preferred by an introduced, edge-tolerant 

species. 

Introduction 

Global biodiversity is threatened by human-induced changes in the environment [1,2].  

Anthropogenic development and non-native species are major causes of species endangerment 

[3,4]. Linear infrastructure, including roads, railways, and power line corridors are undoubtedly 

the most widespread and significant artificial features on the planet [5,6]. Ecological effects of 

roads are diverse and substantial. Road construction not only causes destruction and loss of 

habitat but also facilitates deforestation and landscape fragmentation [7]. Roads and traffic 

influence wildlife populations directly through mortality due to wildlife-vehicle collisions, and 

indirectly by changing animal behavior via visual and auditory disturbances [8,9]. Furthermore, 

roads facilitate human access, hunting and poaching as well as introduction and establishment of 

exotic species [5,7,10]. Introduced species rank as the second most prevalent cause of extinction 

and endangerment of species, and negatively impact native species through predation, resource 

competition, hybridization and disease transmission [3,11–13]. Roads enhance invasion and 

spread of exotic species (e.g. Lythrum salicaria [14]; Bufo marinus [15]) by altering roadside 

environment and facilitating movements [7,16]. Impacts of roads on population density and 
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community structure due to changes in vegetation structure and microclimate can extend several 

kilometers from the road [17–21].  

Understanding behavioral responses of animals to roads and traffic provides insight into 

causes and mechanisms of effects of linear development on wildlife and aids effective mitigation 

and conservation [22,23]. Responses to roads and traffic likely vary considerably across species 

[20,24]. For some taxa, roads and traffic serve as barriers that impede movements and decrease 

accessibility of resources, but facilitate movements and increase foraging habitat of others [7,25–

27]. Tree squirrels (Sciurus and Tamiasciurus) are an ideal group for investigating the effects of 

roads. Arboreal squirrels are widespread, common, and are readily sampled and tracked by radio 

telemetry because of moderate home range size [28,29]. Moreover, tree squirrels show a 

spectrum of sensitivity to habitat fragmentation [30]. Yet, the specific impacts of roads on tree 

squirrels, and how these impacts may differentially affect sympatric species are mostly unknown.  

One fundamental question in road ecology is how animals respond to vehicles and traffic 

disturbance. However, few studies have examined effects of roads and traffic on animal 

movements beyond road crossings. Traffic volume is suggested to have little effect on the rate of 

road crossing by small mammals, and increasing traffic volume did not decrease the success of 

return by small rodents after translocation [31,32]. Nevertheless, animals may cross high traffic 

roads during low traffic periods, with the result in animal space use that is similar between high 

and low traffic roads [32]. Besides influencing the rate of road crossing, traffic may affect animal 

movement patterns near roads, including animal distance from roads, speed, and path tortuosity. 

Fine scale records of traffic and animal movements are required to further understand effects of 

traffic intensity (Appendix B). Herein, we investigated and compared effects of roads and traffic 

on space use and movements of two forest-dwelling species: endemic, forest-dependent Mount 
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Graham red squirrels (Tamiasciurus hudsonicus grahamensis [33]) and introduced, relatively 

edge-tolerant Abert’s squirrels (Sciurus aberti [34]). We examined the spatial relationship 

between squirrel home ranges and roads, and assess whether roads represent barriers to animal 

space use. We investigated effects of daily and hourly traffic volume on rate of road crossing and 

fine-scale movement patterns, and compared observed results with simulated correlated random 

walks. Because roads may serve as barriers for native forest-dependent species, and inhibit their 

access to food or other resources critical for survival, while simultaneously providing habitat for 

exotic edge-tolerant species [10,15,35], a better understanding of species-specific responses to 

roads and traffic will permit evaluation of effects of human linear infrastructure on the 

relationship between native and exotic species to assist management.  

Methods and Materials 

Study area and study species 

Our study was conducted in 546 ha of mixed-conifer forest >3,000 m elevation in the 

Pinaleño Mountains (Graham Mountains), Graham County, Arizona, USA 

(32° 42′ 06″ N, 109° 52′ 17″ W). We focused on 10 km along 4 graded dirt roads: Arizona State 

Highway 366 also known as Swift Trail (6 to13-m wide, annual average daily traffic [AADT]: 

50 vehicles, hereafter, high traffic), the access road to the Mount Graham International 

Observatory (4 to10-m wide, AADT: 23 vehicles, hereafter, medium traffic), the Bible Camp 

Road (4 to 9-m wide, AADT: 25 vehicles, hereafter, medium traffic), and Soldier Trail (3 to 24-

m wide, AADT: 7 vehicles, hereafter, low traffic). Speed limit on all roads was 40 km/h. Roads 

were closed to the public from 15 November to 15 April annually due to snow. No wildlife road 

crossing structures were installed in the study area. The forest was dominated by Douglas-fir 

(Pseudotsuga menziesii), southwestern white pine (Pinus strobiformis), and corkbark fir (Abies 
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lasiocarpa var. arizonica) interspersed with Engelmann spruce (Picea engelmanii), aspen 

(Populus tremuloides) and ponderosa pine (Pinus ponderosa) [36].  

The North American red squirrel is a small (<300 g), diurnal tree squirrel with a wide-

ranging distribution in Canada and the United States [37]. Red squirrels are larderhoarders and 

rely on cone-scale piles known as middens to store food for survival, especially in winter [37,38]. 

Middens are typically located in forests with dense canopy (~90%) and understory cover and 

provide a cool and moist microclimate that prevents cones from opening and releasing seeds 

[33,39,40]. The Mt. Graham red squirrel is a subspecies that is isolated and endemic to high 

elevation forests (>2,000 m) of the Pinaleño Mountains, which are surrounded by desert and 

grassland, and harbors the southernmost population of red squirrels [37,41]. Because of 

geographic isolation, low population numbers (~ 300 individuals [36]), and habitat destruction, 

the Mt. Graham red squirrels were listed as federally endangered in 1987 [42]. Abert’s squirrels 

are large (600-900 g), diurnal, non-territorial tree squirrels [43]. In the United States, Abert’s 

squirrels are native to mountains in the southwestern U.S., but were not present on Mt. Graham 

before introduction in 1941-43 [41,44,45]. Abert’s squirrels were thought to be a ponderosa pine 

obligate [46]; however, red squirrels and Abert’s squirrels are present in mixed-conifer and 

spruce-fir forests on Mt. Graham [47] and have similar diets focused on conifer seeds and fungi 

[48]. Unlike red squirrels, Abert’s squirrels are scatter holders and known to remove cones from 

red squirrel caches at middens [49–51]. Because of considerable dietary overlap between red 

squirrels and Abert’s squirrels [37,48], introduced Abert’s squirrels can decrease long-term 

viability of endangered native red squirrels through food competition [52,53]. An additional 

potential threat to Mt. Graham red squirrels is human disturbance from recreation, road traffic, 

and habitat modification associated with road improvement [40,54,55]. Because Abert’s squirrels 
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are more terrestrial, and select more open nest sites (~80% canopy cover) than those of red 

squirrels (~86% canopy cover [34,51,53]), Abert’s squirrels may respond to roads differently 

from red squirrels.  

Effects of roads on animal space use 

Radio telemetry  

To track red squirrels and Abert’s squirrels, we used standard methods [29,56] to trap, fit 

unique ear tags and affix radio collars on squirrels. From June to November in 2011 to 2013, we 

located squirrels during daylight hours via simultaneous biangulation and homing [29]. We 

recorded squirrel behavior when squirrels were visible. We used radio telemetry data to estimate 

95% (total) and 50% (core) fixed kernel home ranges for individual red squirrels and Abert’s 

squirrels each summer (June to August) and fall (September to November [29]). We estimated 

the center of total and core home ranges with the Geospatial Modelling Environment (GME [57]). 

Field efforts were conducted under permits from the United States Department of Agriculture 

Forest Service, Arizona Game and Fish Department, United States Fish and Wildlife Service, 

and the University of Arizona’s Institutional Animal Care and Use Committee (Protocol #11-

248).   

Data analysis 

To assess effects of roads on space use by squirrels, we used high-resolution aerial 

imagery obtained from the National Agriculture Imagery Program (NAIP) in 2007 to digitize 

roads and create random lines in forests as references with ArcGIS Desktop 9.3 (Environmental 

Systems Research Institute). To create random lines with similar density of roads (1.73 km/km
2
), 

we first produced 30 random points and then generated 300-m straight lines from each point in a 

randomly selected direction. To investigate if red squirrels and Abert’s squirrels select or avoid 
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areas adjacent to roads, we calculated distance from the center of total (95%) and core (50%) 

home ranges to roads and random lines and determined whether total and core home ranges of 

squirrels overlap any roads and random lines. Because distance from red squirrel-occupied 

middens to linear features can affect probability of crossing (Appendix B), we selected red 

squirrel-occupied middens <100 m from any random lines and roads for our analyses. We based 

100 m on size of home range and mobility of red squirrels [29]. During natal dispersal, 

movement patterns of juvenile red squirrels differ from adults [58]. Therefore, we only included 

resident adult and subadult squirrels in the analyses. Home ranges estimated with <15 fixes were 

excluded. Mean number of locations was 35 fixes (SE 0.9, n = 119). For each species, we used 

generalized linear mixed modeling (GLMM) with a logit link function and binomial error 

distribution to compare the probability of total and core home range that included linear features 

(roads and random lines) with ‘include’ as a binary response variable (include = 1, not include = 

0). We used linear mixed effect models (LMM) to compare distance from the center of total and 

core home ranges to roads and random lines. We included sex, season (summer, fall) and linear 

features as fixed effects, and individual squirrels as a random effect. If squirrels avoided roads, 

number of home ranges that included roads will be lower than those that included random lines, 

and distance from the center of home ranges to roads should be greater than distance to random 

lines.  

Effects of roads and traffic on movements 

Traffic monitoring 

We used bi-directional traffic counters (TRAFx Vehicle Counter Model G3, TRAFx 

Research Ltd, Canmore, Alberta, Canada) to record number of vehicles. Traffic counters were 

placed at roadsides for each road and set to a slow rate, 3 s delay, and 014 threshold of sensitivity 
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with time stamp mode that records time when vehicles were detected. Traffic data were 

summarized into hourly and daily total traffic volume for each road. 

Animal movement paths 

To collect movements of squirrels near roads, we selected red squirrel occupied middens 

<100 m from roads and Abert’s squirrels that were captured <200 m from roads. We based 200 

m on the size of home range and mobility of Abert’s squirrels [56]. We located each squirrel 2 to 

5 times per hour from 8:00 to 18:00 by biangulation or homing. Locations were removed if 

squirrels appeared to be disturbed by surveyors. We used ArcMap 9.3 to plot squirrel locations, 

calculate distance from roads, and record the number of road crossings per hour. We used 

Hawth’s Tools [59] to convert locations into individual daily movement paths and calculated 

movement parameters for each step, including step length (m)-the distance between the current 

point and the next location, net displacement (m)-the distance between the first location in the 

path and the current location [59], duration (min)-time between the current point and the next 

location, speed (m/min) and tortuosity (step length/net displacement)-a unitless numerical 

description of the sinuosity (i.e. departure from linearity).  

Simulation of movement paths 

To assess whether squirrels crossed roads less than expected by chance, we compared the 

rate of road crossing on the basis of observed movement paths with simulated individual-based 

correlated random walk (CRW) models. For each observed daily movement path, we used GME 

to construct a simulated movement path with the same starting location and number of steps as 

the observed path. The simulated path was created by making independent random draws from 

distribution of step length and turn angle based on empirical distributions. The distribution of 

observed turn angle and step length was likely affected by roads and traffic. To minimize 
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influence of roads and traffic, for each simulated CRW, we built the distribution of turn angle 

and step length based on observed locations that were not near roads (distance to roads was 

>25% quartile of the observed distribution of distances from squirrel locations to roads).  

Data analysis 

We summarized squirrel movement paths into hourly records (total step length, mean 

tortuosity, mean speed, mean distance from roads, number of road crossing) and calculated the 

mean for individual squirrels. We used t-tests to compare distance moved per hour, distance from 

animal locations to roads, rate of road crossing, speed, and path tortuosity between red squirrels 

and Abert’s squirrels. We used a paired t-test to determine whether the mean observed hourly 

rate of road crossing by squirrels differ from rate of road crossing of simulated random walks. To 

assess whether animals moved differently when crossing roads, we selected steps before, during, 

and after road crossings and used an analysis of variance (ANOVA) to compare speed among 

steps. We used ANOVA to compare hourly rate of road crossing per squirrel among low to high 

traffic roads. To investigate whether squirrels crossed roads during periods of low traffic volume, 

we used one-sample t tests to compare hourly traffic volume when squirrels crossed roads to the 

mean hourly traffic of roads. To investigate effects of roads and traffic on squirrel movements, 

we selected records with total step length >0 m, and used LMM to determine influences of 

hourly traffic volume on tortuosity, speed, and distance from squirrel locations to roads. We also 

used LMM to evaluate effects of distance to roads on path tortuosity and speed. We included 

individual squirrels as a random effect. To meet assumptions of normality, we applied a natural 

log (ln) transformation to hourly traffic volume and speed, and a square root transformation to 

distance to roads. For red squirrels, we included distance from occupied middens to roads in 
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models. We ran LMM with the ‘lme4’ (Linear mixed-effects models using Eigen and S4 [60]) 

package in R (version 3.1.0 -"Spring Dance", R Development Core Team 2014). 

Results 

Effects of roads on animal space use 

We included 78 seasonal (summer and fall) home ranges of 35 red squirrels (15 male, 20 

female) and 41 seasonal home ranges of 26 Abert’s squirrels (17 male, 9 female) in our analyses. 

Mean total (95%) home range size was 3.6 ha (SE 0.6) for red squirrels and was 11.9 ha (SE 1.0) 

for Abert’s squirrels (Fig. 1). Red squirrels avoided crossing roads, as odds of crossing random 

lines in forests were 13.7 times of odds of crossing roads (Table 1, Fig. 2) and distance from the 

center of total home ranges to roads (71.2 m [SE 5.0]) was greater than distance to random lines 

(51.5 m [SE 5.0], t96 = 3.07, p = 0.002). In contrast, Abert’s squirrels tended to cross roads, as 

odds of crossing roads were 2.0 times of odds of crossing random lines (Table 1, Fig. 2), and 

distance from the center of total home ranges to roads (89.0 m [SE 10.95]) was similar to 

distance to random lines (116.2 m [SE 10.96], t81 = -1.09, p = 0.28). Red squirrels avoided areas 

adjacent to roads, as indicated by lower odds of including roads in their core home ranges 

compared to random lines (Table 1), although distance from the center of core home ranges to 

roads (60.9 m [SE 4.7]) was similar to distance to random lines (52.8 m [SE 4.6], t95 = 1.32, p = 

0.18). On the other hand, Abert’s squirrels did not avoid roadside areas, since odds of including 

roads in their core home ranges were similar to including random lines (Table 1), as well as 

distance from the center of core home ranges to roads (94.6 m [SE 11.1]) and to random lines 

(123.4 m [SE11.12], t980= -1.06, p = 0.29).  
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Effects of roads and traffic on movements 

We collected 639 hours of movement data (2685 locations, 218 individual daily 

movement paths) from 22 red squirrels (10 male, 12 female) and 382 hours of movement data 

(1753 locations, 91 individual daily movement paths) from 15 Abert’s squirrels (6 females, 9 

males). Mean hourly traffic volume was 5.33 vehicles (SE 0.18) on the high traffic road (n = 

429), 2.37 vehicles (SE 0.17) on medium traffic roads (n = 230), and 0.54 vehicles (SE 0.22) on 

the low traffic road (n = 266). Mean distance traveled per hour was not different between red 

squirrels (104.27 m [SE 10.58]) and Abert’s squirrels (92.18 m [SE 12.51], t34 = -0.74, p = 0.47), 

nor was mean distance to roads (red squirrels: 82.08 m [SE 9.87]; Abert’s squirrels: 92.7 m [SE 

11.7], t34 = 0.69, p = 0.49). Red squirrels moved at similar speed to Abert’s squirrels (t34 = -0.79, 

p = 0.44). Mean speed of red squirrels and Abert’s squirrels was 2.3 m/min (SE 0.4) and 1.8 

m/min (SE 0.5) respectively. Mean tortuosity of movement paths was 1.6 (SE 0.3) for red 

squirrels, which tend to be lower than tortuosity of movement paths of Abert’s squirrels (2.3 [SE 

0.3], t33 = 1.85, p = 0.07). 

Eleven of 22 red squirrels (5 male, 6 female, 50%) and 11 of 15 Abert’s squirrels (6 male, 

5 female, 73.33%) crossed roads at least once. Mean rates of road crossing by Abert’s squirrels 

(0.15 crossings/h [SE 0.04]) did not differ from rates of road crossing by red squirrels (0.09 

crossings/h [SE 0.04], t34 = 1.07, p = 0.29). Red squirrels and Abert’s squirrels crossed roads less 

often than that of the random walk models (red squirrels: t21 = -2.05, p = 0.05; Abert’s squirrels: 

t14 = -2.20, p = 0.05). Both red squirrels and Abert’s squirrels increased speed during road 

crossing compared to before and after road crossings (red squirrels: F2,117 = 14.45, p < 0.001; 

Abert’s squirrels F2,117 = 15.54, p < 0.001, Fig. 3). Red squirrels moved faster than Abert’s 
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squirrels during road crossings (t122 = -2.15, p = 0.03). Mean speed of road crossing by red 

squirrels and Abert’s squirrels was 8.38 m/min (SE 0.41) and 5.89 m/min (SE 0.44) respectively.  

Hourly rate of road crossings per squirrel was not different among low to high traffic 

roads for both species (red squirrels: F2, 20 = 2.29, p = 0.13; Abert’s: F2, 22 = 0.55, p = 0.57). 

Mean traffic volume when red squirrels crossed roads was lower than the mean hourly traffic 

volume on high traffic roads (t23 = -4.59, p < 0.001) but was similar on medium traffic (t10 = 0.69, 

p = 0.51) and low traffic roads (t5 = 0.07, p = 0.94, Fig. 4). Mean traffic volume when Abert’s 

squirrels crossed roads did not differ from the mean hourly traffic volume on high traffic (t2 = 

0.29, p = 0.77) and low traffic roads (t3 = -0.13, p = 0.90) but was lower on medium traffic roads 

(t14 = -4.19, p < 0.001, Fig. 4). Red squirrels traveled slower when near roads, and path tortuosity 

increased as hourly traffic volume increased (Table 2). Speed of Abert’s squirrels was not 

affected by roads and traffic, but path tortuosity increased as distance to roads increased (Table 

3).  

Discussion 

Forest-dependent species and edge-tolerant species responded to 

roads differently  

Life history traits of species are critical in assessment of effects of linear development on 

species persistence. Mammals with greater mobility, lower reproductive rates and larger body 

sizes are more vulnerable to the negative effects of roads and traffic on animal abundance or 

density [24]. However, road impacts on animal populations also depend on species-specific 

behavioral responses to roads [8,61]. We demonstrated species with similar body size (< 1 kg) 

that differ in habitat preference and foraging strategy responded to roads quite differently. Such 
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behavioral and ecological variation is important when considering effects of roads on wildlife. 

Our results indicate that roads restricted movement and space use of a native forest-dependent 

species while creating habitat used by an exotic edge-tolerant species. Road edges differ from 

natural edges or edges produced by clearcuts in their linear configuration, length, and spatial 

extensive effects driven by associated anthropogenic disturbance [5,14,62]. Consequently, forest 

fragmentation and edges introduced by roads are widely distributed, tend to exist for long 

periods of time and are exacerbated by frequent disturbance [62–64]. Species with similar habitat 

preference or foraging strategy tend to respond to human disturbance in similar fashion [65,66]. 

Species that avoid open ground, such as the cotton rat (Sigmodon hispidus), prairie vole 

(Microtus ochrogaster), San Diego pocket mouse (Chaetodipus fallax) and most forest-

dependent insectivorous birds avoid crossing narrow dirt roads [65,67–69]. Alternatively, species 

that prefer open areas such as edge-tolerant forest bats (e.g. Barbastella barbastellus), Dulzura 

kangaroo rat (Dipodomys simulans), and yellow-necked mouse (Apodemus flavicollis) are more 

likely to cross roads and use roads as movement routes [69–71]. 

Effects of roads on animal space use 

Roads and traffic can serve as barriers that impede animal movements, decrease 

accessibility of resources such as food, shelter or mates, lead to reduction in reproductive success 

and gene flow, and ultimately threaten population persistence [7,72,73]. Barrier effects of roads 

have been documented in a diversity of terrestrial fauna, including insects, reptiles, amphibians, 

birds and mammals [65,74–77]. Avoidance of roads by red squirrels was suggested previously 

through live trapping along culverts, as red squirrels are scarce at culverts despite being the most 

abundant species in the adjacent forest [78]. Animals may avoid roads because of vehicles, 

traffic disturbance, environmental changes at roadside areas, and gap of understory or canopy 
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cover created by roads [9,61,65,79]. Forest specialists often avoid entering gaps with low canopy 

or understory cover, and hence are especially vulnerable to habitat fragmentation and barrier 

effects of roads [10,30]. Contrarily, roads enhance dispersal of species that exist mainly in open 

areas [80]. Cane toads (Bufo marinus) move faster along roads than in more densely vegetated 

areas and actively favor roads as movement corridors [15]. Because Abert’s squirrels are 

relatively edge-tolerant compare to red squirrels, likely because of their larger body size, 

terrestrial locomotion, and preference of nest sites with less closed canopy [34,51, Appendix D], 

it is not surprising that Abert’s squirrels did not avoid roads. Although Abert’s squirrels were 

more likely to include roads in their home ranges compared to random lines in forests, the rate of 

road crossing was lower than null models of correlated random walks. This suggests that edge-

tolerant species may select roadside areas over forest interior, but movements may still be 

impeded by roads and traffic. For example, eastern chipmunks (Tamias striatus) are common 

near roads but rarely cross roads spontaneously [81]. Despite a preference for areas with 

moderate road density because of association of roads and deciduous forest [27], moose (Alces 

alces) avoid individual roads [82]. 

Animal populations and distribution are influenced by environmental changes in forest 

structure, microclimate, and forest dynamics near road edges, including lower forest density, 

increased solar radiation, wind velocity and light availability, extreme temperature, and 

predominately edge-adapted plant species [17,64]. We demonstrated red squirrels selected forest 

interior over roadside areas and Abert’s squirrels showed no preference between these two. Red 

squirrels select middens with higher basal area and higher canopy cover [33,39], likely due to 

higher protection from avian predators and greater food production [29,83]. Promotion of open 

forests is used to increase abundance of Abert’s squirrels [84], suggesting that Abert’s squirrels 
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may be more capable to use the open areas introduced by roads. Roads lead to greatly reduced 

habitat availability of species that avoid roads [14]. For instance, grizzly bears (Ursus arctos) use 

habitat within 100 m of roads less than expected [85]. Conversely, black vultures (Coragyps 

atratus) and turkey vultures (Cathartes aura) prefer areas with greater road density [86]. 

Because of differential responses of red squirrels and Abert’s squirrels to roads, the distribution 

and population of these two species is likely to be affected by roads.  

Effects of traffic and roads on animal movements 

Effects of traffic intensity on animal movements are difficult to disentangle from the 

influence of road characteristics, because of temporal variation in traffic volume and positive 

correlation with road width [31,32]. We addressed the issue by examining effects of concurrent 

traffic volume on animal movements directly instead of comparison between high and low traffic 

roads. We demonstrated that squirrels crossed medium and high traffic roads during low traffic 

periods, that resulted in similar rates of road crossing among roads with different traffic volumes. 

Moreover, we revealed that roads and instantaneous traffic intensity influence animal movement 

patterns and provided hints of how animals perceive traffic disturbance. Red squirrels and 

northern flying squirrels (Glaucomys sabrinus) pause more often and reduce moving speed 

across clearcuts, compared to traveling less direct routes through forests after translocation 

[87,88]. However, we found both Mt. Graham red squirrels and Abert’s squirrels increased speed 

when crossing roads spontaneously in familiar environment. Red squirrels move at relatively 

slow speeds with frequent stops after transfer away from home to unfamiliar ground [89]. 

Therefore, we hypothesize that reduced speed during gap crossing by squirrels in previous 

studies (i.e. [87,88]) may be a response to unfamiliar environment rather than to clearcuts. 

Changes in movement patterns such as speed and posture during road crossing are reported in 
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other species. Moose increase speed before, during, and after highway crossings [82]. Grizzly 

bears move faster near roads [90]. Hedgehogs (Erinaceus europaeus) run with legs extended to 

raise the belly above the ground when crossing roads, which is different from their posture 

during foraging [91]. Tree squirrels rely on canopy cover to provide shelter and use arboreal 

escape routes when encountering aerial or ground predators [92]. Red squirrels are more likely to 

run from tree to tree when tree density is low [89]. We observed that Mt. Graham red squirrels 

tend to travel in trees before descending to the ground for road crossing, and climb trees 

immediately after crossing. On Mt. Graham, the major source of mortality in red squirrels is 

avian predation [55], and mortality is higher in relatively open forests [40]. As a result, increased 

speed by squirrels during road crossings is likely to reduce risk of predation.  

Animals often perceive anthropogenic disturbance as a threat, with corresponding 

decreases in foraging time and increased stress response [93], but how human disturbance affects 

animal movements varies by species. Slow speed and increased path tortuosity may indicate high 

quality habitat. For example, cougars (Puma concolor) travel slowest through riparian areas with 

vegetation types that are highly preferred and fastest through human-dominated areas that are 

low quality habitats [94]. Alternatively, animals may also travel slower with increased path 

tortuosity under risk of predation and human disturbance. Venomous snakes cross roads more 

slowly and cease movement in response to passing vehicles [95]. Path tortuosity of gray wolves 

increases at areas of high-trail and road density [96]. The risk of depredation is higher near linear 

infrastructure [97]. We suggest red squirrels may perceive traffic disturbance as a threat similar 

to predators and are exposed to higher predation risk near roads. The behavioral responses of 

reduced speed near roads and increased tortuosity of movement paths with increased traffic 

volume resemble responses to greater predation risk [87,93,96]. Conversely, Abert’s squirrels 
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appeared little affected by roads and traffic with tortuosity of movement paths reduced as 

distance to roads decreased.  

Roads may affect interactions between native and exotic species   

Coexistence of potentially competing species is possible by niche differentiation [98–

100]. Nonetheless, on Mt. Graham, habitat use and dietary overlap is high between red squirrels 

and Abert’s squirrels [47,48]. Moreover, Mt. Graham red squirrels had not recently experienced 

competition with other tree squirrels because of >10,000 years of isolation and may become 

more vulnerable to competitive exclusion from Abert’s squirrels [50,101]. Abert’s squirrels 

remove cones from red squirrel caches at middens and reduce cone crops by as much as 74% 

[49,50]. Even though Abert’s squirrels may have higher risk of mortality due to wildlife-vehicle 

collisions because of little road avoidance, negative effects of exotic Abert’s squirrels on native 

red squirrels via resource exploitation competition may be exacerbated by roads and traffic 

disturbance. Because mean home range size of Abert’s squirrels was 3 times larger than that of 

red squirrels, one Abert’s squirrel can cross roads and affect several red squirrels whereas red 

squirrels’ ability to collect food or chase intruders are constrained by roads and traffic. 

Throughout the British Isles and northern Italy, exotic eastern gray squirrels (S. carolinensis) 

cause reduced energy intake for native Eurasian red squirrels (S. vulgaris) by competition for 

food that result in reduced recruitment and population size [13,102]. Part of the success of alien 

eastern gray squirrels may be the ability to persist in a heavily fragmented landscape [30]. 

Whereas forest-dependent species usually show negative response to roads [65], edge-tolerant 

species that are less sensitive to habitat fragmentation may benefit from roads and displace forest 

interior species [35]. Proportion of edge species increases substantially within 100 m of roads 

and differs from adjacent communities [80]. Research that investigates how interspecific 
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differences in behavioral responses to roads may influence species interactions and population 

persistence is warranted. 

Conservation Implications  

The global human population has exceeded 7 billion in 2012 [103] and is projected to 

grow to 9.6 billion by 2050 [2]. Anthropogenic development undoubtedly poses the greatest 

challenge to reconcile the pursuit of economic growth with the protection of ecological integrity 

of wildlife habitats [64,104]. Road networks and traffic intensity are continuing to increase 

worldwide, especially in the Asia Pacific region [104,105]. Roads in India (4.6 million km [6]) 

increased 78% in 40 years and 20,000 km of new and upgraded roads are expected to be 

completed in the next few years [104]. The ecological and genetic consequences of inhibition of 

movements and population isolation can be serious, particularly for populations of species 

limited by habitat availability or at the edge of their distribution range [106,107]. Species are 

rarely endangered by a single cause and 17% of the species endangered by roads are 

simultaneously impacted by non-native species in the United States [3]. Understanding the 

effects of human disturbance on endangered wildlife populations is critical to conservation. 

Documenting the response of red squirrels and Abert’s squirrels to roads and traffic has 

important conservation implications as both species can serve as models for other forest species 

with similar habitat preference in forest density and foraging strategy. Forest ecosystems 

worldwide have been fragmented excessively through human activities, and the degree of 

fragmentation is exacerbated by continually increasing demand for outdoor recreational activities 

and development [108,109]. Our study provides insight to animal responses to anthropogenic 

development and disturbance, and helps to anticipate how the expanding transportation network 

may impact animal abundance, population density, and persistence.  
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Supporting Information  

S1 Fig. Home range of a single Abert’s squirrels (Sciurus aberti, SCAB) can contain home 

ranges of several Mt. Graham red squirrels (Tamiasciurus hudsonicus grahamensis, MGRS) 

on Mt.Graham, Arizona, USA. 

S2 Fig. Probability of 95% fixed kernel home ranges of Mt. Graham red squirrel 

(Tamiasciurus hudsonicus grahamensis) and Abert’s squirrels (Sciurus aberti) that include 

roads and random lines in forests on Mt. Graham, Arizona, USA. 

S3 Fig. Mean speed before, during, and after road crossings by Mt. Graham red squirrel 

(Tamiasciurus hudsonicus grahamensis) and Abert’s squirrels (Sciurus aberti) on Mt. 

Graham, Arizona, USA. 

S4 Fig. Traffic volume during road crossings by Mt. Graham red squirrel (Tamiasciurus 

hudsonicus grahamensis, MGRS) and Abert’s squirrels (Sciurus aberti, SCAB), Mt.Graham, 

Arizona, USA on Mt. Graham, Arizona, USA. 

S1 Table. Estimated coefficients of generalized linear mixed models for probability of 95% 

and 50% fixed kernel home ranges of Mt. Graham red squirrels (Tamiasciurus hudsonicus 

grahamensis) and Abert’s squirrels (Sciurus aberti)  including roads and random lines in 

forests, 2008-2012, Mt. Graham, Arizona, USA. 

S2 Table. Effects of traffic volume and distance to roads on Mt. Graham red squirrel 

(Tamiasciurus hudsonicus grahamensis) movement, Mt.Graham, Arizona, USA. 

S3 Table. Effects of traffic volume and distance to roads on Abert’s squirrels (Sciurus 

aberti) movement, Mt.Graham, Arizona, USA. 
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Figure 2.   
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Figure 3.    
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Figure 4.  
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Table 1. Estimated coefficients of generalized linear mixed models for probability of 95% and 

50% fixed kernel home ranges of Mt. Graham red squirrels (Tamiasciurus hudsonicus 

grahamensis) and Abert’s squirrels (Sciurus aberti)  including roads and random lines in forests, 

2008-2012, Mt. Graham, Arizona, USA 

 95% Kernel 50% Kernel 

Variables Estimate SE P Estimate SE P 

Red squirrels       

Roads (random lines as reference) -1.31 0.73 0.02 -26.07 7.22 <0.001 

Season: Summer (fall as reference) 1.86 0.68 0.27 15.65 4.78 0.001 

Sex (Male) -0.57 0.87 0.38 -0.86 3.70 0.82 

Abert’s squirrels       

Roads (random lines as reference) 2.73 1.19 0.06 -0.40 0.47 0.37 

Season: Summer (fall as reference) -1.11 1.00 0.006 -0.30 0.50 0.55 

Sex (Male) 0.87 0.99 0.51 0.41 0.48 0.40 
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Table 2. Effects of traffic volume and distance to roads on Mt. Graham red squirrel 

(Tamiasciurus hudsonicus grahamensis) movement, Mt.Graham, Arizona, USA. 

a
Hourly traffic volume was natural-log (ln) transformed 

b
Distance to roads was square root transformed 

c
Speed was natural-log transformed 

d
Path

 
tortuosity (net displacement/step length) was natural-log transformed

 
 

Variables 

Distance to roads Speed (m/min)
c
 Path tortuosity

d
 

Estimate SE P Estimate SE P Estimate SE P 

Traffic volume
a 

(vehicles/h) 

0.07 0.13 0.58 -0.02 0.04 0.48 0.1 0.04 0.001 

Distance to 

roads (m)
b
 

NA NA NA 0.03 0.01 0.008 -0.01 0.01 0.42 
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Table 3. Effects of traffic volume and distance to roads on Abert’s squirrels (Sciurus aberti) 

movement, Mt.Graham, Arizona, USA. 

a
Hourly traffic volume was natural-log (ln) transformed 

b
Distance to roads was square root transformed 

c
Speed was natural-log transformed 

d
Path

 
tortuosity (net displacement/step length) was natural-log transformed

 

  

Variables 

Distance to roads Speed (m/min)
c
 Path tortuosity

d
 

Estimate SE P Estimate SE P Estimate SE P 

Traffic volume
a 

(vehicles/h) 

0.32 0.24 0.18 0.03 0.04 0.46 0.01 0.05 0.83 

Distance to 

roads (m)
b
 

NA NA NA 0.00 0.01 0.84 0.04 0.01 0.004 
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Abstract  

Habitat fragmentation and destruction caused by development of infrastructure are recognized as 

major threats to biodiversity. Behavioral responses such as road avoidance and life history traits 

of species are critical in assessment of effects of linear development on species persistence. Body 

size is a dominant influence of fundamental importance in diverse aspects of biology. We 

conducted a meta-analysis with data from 35 studies that quantified road crossings by >1 species 

of mammals to determine influences of body size and road width on barrier effects of roads. A 

total of 117 records of road crossings by 44 species were extracted and small mammals with 

body mass <1 kg represented 75% of species. Overall, roads are barriers. All types of roads, from 

major highways to narrow forest roads, can impede movements for certain species of mammals 

and paved roads posed stronger barriers to mammals compared to gravel dirt roads. Small 

mammals (<150 g) were more likely to cross roads after translocation compared to under natural 

circumstances; the probability of crossing following translocation was not affected by road width 

and body mass. For data collected by observational methods, body mass, road width, road 

surface and data collecting methods explained 54% of barrier effects. Effect size decreased as 

mailto:cherlene@email.arizona.edu
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species body mass increased, and was affected positively by increasing road width. Barrier 

effects of roads estimated by different methods vary considerably. Capture-recapture methods 

tended to detect a weaker barrier effect compared to tracking methods. We demonstrated that 

interspecies variation in barrier effects of roads can be explained by road width and body size for 

mammals. Body size relationships appear to also explain potential responses of species in 

conservation biology. We suggest the species-specific magnitude of barrier effects of roads may 

be anticipated with basic information from life history traits and road characteristics. 

Keywords: allometry, life-history traits, habitat fragmentation, road ecology, systematic review, 

anthropogenic disturbance, animal movements  

1. Introduction 

Habitat fragmentation and destruction caused by development of infrastructure such as 

roads, railways, and utility easements are recognized as major threats to biodiversity and 

challenges to reconcile the pursuit of economic growth with the protection of ecological integrity 

of wildlife habitats (Czech and Krausman, 1997; Fahrig, 2003; Forman and Alexander, 1998; 

Goosem, 2007; Laurance et al., 2014). Road construction not only causes destruction and loss of 

habitat but also facilitates deforestation and landscape fragmentation (Trombulak and Frissell, 

2000). Roads and traffic influence wildlife populations directly through mortality due to wildlife-

vehicle collisions and indirectly by altering animal behavior via visual and auditory disturbance 

as well as through changing roadside environment (Barber et al., 2010; Fahrig and Rytwinski, 

2009). Animals may avoid roads because of the road surface, vehicle or human presence, traffic 

disturbance and changes in species composition or environment at roadside areas (Barber et al., 

2010; Forman et al., 2003; Jaeger et al., 2005; Laurance et al., 2004). Thus, roads and traffic can 

serve as barriers that impede animal movements, decrease accessibility of resources such as 
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food, shelter or mates, lead to reduction in reproductive success and gene flow, and ultimately 

threaten population persistence (Bennett, 1991; Holderegger and Giulio, 2010; Strasburg, 2006; 

Trombulak and Frissell, 2000). Barrier effects of roads have been documented in a diversity of 

terrestrial fauna, including insects, reptiles, amphibians, birds and mammals (Bhattacharya et al., 

2003; Burnett, 1992; Laurance et al., 2004; Marsh et al., 2005; Shepard et al., 2008).  

Behavioral responses such as road avoidance as well as life history traits of species 

including body size, diet, reproductive rate, and mobility are critical in assessment of effects of 

linear development on species persistence (Barthelmess and Brooks, 2010; Ford and Fahrig, 

2007; Jaeger et al., 2005; Rytwinski and Fahrig, 2012, 2011). Influences of species life history 

traits on risk of road mortality, animal abundance or population density have been assessed via 

systematic synthesis of literature and modeling (e.g. Benítez-lópez et al., 2010; Rytwinski and 

Fahrig, 2012). Models that predict species vulnerability to negative effects of roads and optimal 

planning for mitigation also have been developed (Jaeger et al., 2005; Polak et al., 2014). Species 

with greater mobility, lower reproductive rate and larger body size are more vulnerable to the 

negative effects of roads and traffic on animal abundance (Benítez-López et al., 2010; Fahrig and 

Rytwinski, 2009; Rytwinski and Fahrig, 2012, 2011). Yet, how life history traits affect the 

magnitude of barrier effects of roads across species have not been examined.  

To what extent a road acts as a barrier depends on species-specific ability to cross roads 

as well as road characteristics (Bissonette and Adair, 2008; Goosem, 2007; Oxley et al., 1974). 

Allometry, the study of relationships between body size and other traits of an organism, is a 

fundamental topic in biology, and has been increasingly recognized as of great importance in 

ecology (Brown and West, 2002; Schmidt-Nielsen, 1986). Many life history traits of species such 

as metabolic rate (White and Seymour, 2003) and home range size (Harestad and Bunnell, 1979) 
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have strong allometric relationship with body size. Such considerable predictive power of body 

size can be a powerful tool in anticipating animal responses to anthropogenic disturbance and 

conservation (Bissonette and Adair, 2008). Species with large body sizes are more likely to cross 

roads due to extended movement ranges and greater mobility (Fahrig and Rytwinski, 2009). 

Whereas relatively narrow, low traffic roads inhibit movements of small mammals (Macpherson 

et al., 2011; Rondinini and Doncaster, 2002), mesocarnivores and large ungulates regularly cross 

minor roads but avoid high traffic roads such as major highways (Lovallo and Anderson, 1996; 

Riley, 2006; Underhill and Angold, 2000). Road clearance, the distance an animal has to move 

between forest margins to cross the roadways (Oxley et al., 1974), has been suggested as the 

main factor that causes inhibition of road crossing by small mammals. Probability of crossing 

decreases with increasing gap size or road width (Desrochers and Hannon, 1997; Robertson and 

Radford, 2009). Therefore, the species-specific magnitude of barrier effects posed by roads may 

be a function of road width and species body size (Rondinini and Doncaster, 2002). To determine 

if interspecific variation in barrier effects of roads can be explained by road width and body size 

for mammals, we searched peer-reviewed publications that investigate road crossing behavior 

and conducted a meta-analysis (Glass, 1976) to assess influences of body size and road 

characteristics on probability of road crossing. 

2. Material and methods 

2.1 Search and selection of studies for meta-analysis 

We used the Web of Science literature search tool that includes publications from 1945 to 

December 2014 (accessed on 31 January 2015) to identify publications related to barrier effects 

of roads. We selected the “Title” search option and used search terms ‘road’ and ‘highway’ 

combined with ‘permeability’, ‘movement’, ‘barrier’, ‘wildlife’, ‘animal’,’ crossing’, 
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‘avoidance’, ‘gap’, ‘connectivity’, ‘corridor’ and ‘passage’. We browsed titles and abstracts in 

the search results and included publications related to terrestrial mammals in our analysis. We 

only included studies that quantified species-specific statistics of road crossings on individual 

roads and provide basic information about road width. Studies that combined rate of road 

crossing by multiple species (e.g. road crossings by carnivores and ungulates, Alexander et al., 

2005) or on different roads (e.g. Baker et al., 2007) were excluded.  

2.2 Data extraction  

For each study, we recorded year of publication, country of study sites, focal species, 

measurements of road crossing (e.g. number of road crossings, number of individual crossing 

roads, number of home ranges including roads), road width, road surface (paved or gravel dirt), 

average daily traffic volume, presence of wildlife road-crossing structures, presence of animal 

mortality due to wildlife-vehicle collisions, research type (observational or experimental 

translocation), and methods of data collection (e.g. capture-recapture, radio-telemetry). When a 

single study reported results on more than 1 road or for more than 1 species, we entered data for 

each species on each road as an independent record. We averaged measurements across years for 

data collected in multiple years with the same method. For studies that reported road width as 

number of lanes of traffic (e.g. 2-lane highway), we estimated road width in meters according to 

Federal Highway Administration, U.S. Department of Transportation (1 lane = 3.6 m, shoulder 

width = 1.2 m, Federal Highway Administration., 2014). For each species, we obtained body 

mass (g) and head-body length (cm) from published literature and on-line sources to include: 

Animal Diversity Web hosted by University of Michigan (http://animaldiversity.org/), 

Smithsonian Institution's National Museum of Natural History-North America mammals 

(http://www.mnh.si.edu/mna/main.cfm), Queensland Museum (http://www.qm.qld.gov.au/), 

http://animaldiversity.org/
http://www.mnh.si.edu/mna/main.cfm
http://www.qm.qld.gov.au/
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Wildscreen Arkive (http://www.arkive.org/), and World Association of Zoos and Aquariums 

(http://www.waza.org/en/site/home). Information from websites was used only when references 

were provided. We used the midpoint of adult body masses and body length and average of the 

sexes in sexually dimorphic species. We recorded the number of publications for each vertebrate 

order to assess taxonomic bias. 

2.3 Effect size   

To quantify magnitude of barrier effects across studies, we calculated a standardized 

effect size. The most common measurement for barrier effects was rate of road crossing that 

estimated as proportion of individuals (e.g. Appendix D.1: Brehme et al., 2013), or movements 

across roads (e.g. Appendix D.1: Goosem, 2002). Ideally, a control comparator such as rate of 

road crossing by simulated movement models or rate of crossing reference lines at nearby 

roadless areas should be included. However, only 7 of 35 studies selected (Appendix D.1) 

provided control comparators to road crossings. Thus, we could only consider estimators for 

effect size of barrier effects of roads based on studies that provided data for a single group with 

respect to a dichotomous dependent variable (i.e. cross or not cross, Viechtbauer, 2010a). As a 

result, we used logit-transformed proportion as an estimator for effect size that quantified 

magnitude of barrier effects. We calculated effect size as log (number of individuals or 

movements not crossing roads/ number of individuals or movements crossing roads). Greater 

effect sizes represented lower probability of road crossing, which indicates stronger barrier 

effects. The original effect size before weighting by sample size would be 0 if number of 

individuals not crossed roads was equal to number of individuals that crossed roads. A few 

studies were excluded due to inability to calculate the effect size on the basis of the information 

provided such as number of road crossings per km of roads (e.g. Schwab and Zandbergen, 2011). 

http://www.arkive.org/
http://www.waza.org/en/site/home
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We calculated weighted effect size according to the sample size (i.e. total number of individuals 

[96 records] or movements [21 records]) and the corresponding sampling variances with the 

‘escalc’ function in the ‘metafor’(Viechtbauer, 2010b) package in R (version 3.1.0 -"Spring 

Dance", R Development Core Team 2014). Because cell entries with a zero count (i.e. all 

individuals crossed roads) can be problematic, we added 0.05 to records with zero cell entries 

(Viechtbauer, 2010a).  

2.4 Influences of species life history traits, road characteristics, and assessment methods 

We used meta-regressions to assess the influence of body size and road characteristics or 

study-level moderators in determining the sign and magnitude of the barrier effects. Species life 

history traits that we examined included body mass (g) and head-body length (cm). Diet of 

species (carnivore, herbivore, omnivore, insectivore) was likely to be confounded with body 

mass, since no species <1 kg (75% of all species) in our data was a carnivore, and therefore diet 

was not included in the meta-regression models. Study-level moderators included research types 

(experimental or observational) and data collecting methods (capture-recapture or animal 

tracking methods including radio telemetry, track, spool and powder tracking). We initially 

hoped to include road width, traffic volume, and presence of wildlife road crossing structures in 

the meta-regression models. However, due to lack of information, we only included road width 

(m) and road surface in the models. About one third of the studies (n = 35) did not provide traffic 

volume of roads and most of the studies did not indicate presence or absence of wildlife road 

crossing structures. Data collected by experimental translocation were only available for species 

with <150 g body mass. Thus, we did meta-regressions separately for data collected by 

experimental translocation and observation.  

Due to high correlation between body mass (g) and head to body length (r = 0.88, p < 
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0.001), we added body mass and body length to the models individually and selected the one 

with higher heterogeneity that explained by the model (R
2
). We applied a natural-log 

transformation to body mass and road width. We ran mixed-effects models with the ‘rma’ 

function in the ‘metafor’ package with restricted maximum-likelihood estimation. When both 

continuous and categorical variables were included in the models, we applied the Knapp & 

Hartung (2003) adjustment to the standard errors of the estimated coefficients (Viechtbauer, 

2010a). Heterogeneity was assessed by formal tests of heterogeneity Q (Viechtbauer, 2010a). We 

used Cook’s distances to identify potential outliers and removed records with the Cook’s 

distances >1. We run permutation tests with 10000 iterations to assess significance of variables. 

We used the best linear unbiased predictions to predict effect size based on the fitted models. We 

used a model based on observational data to predict how probability of road crossing changes 

with increasing road width or body mass when body mass of mammals or road width is fixed. 

We validated the model prediction with data in a study that examined effects of roads on space 

use of the Mt. Graham red squirrel (Tamiasciurus hudsonicus grahamensis, Appendix B). 

To assess if animals were more likely to cross roads after translocation, we used 2-tailed t 

tests to compare the effect size between observational studies (n = 64) and experimental 

translocations (n = 26, 96% of data were collected by capture-recapture methods) for species 

with body mass < 150 g. Species >1 kg in our data were either ungulates or carnivores. Hence, 

we used 2 tailed t tests to compare effect size between 2 groups to explore effects of diet on 

barrier effects of roads. 

3. Results 

3.1 Review statistics 

We found 55 studies related to road crossings by mammals.  Most of the studies were 
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conducted in North America (33, 60%) and Europe (15, 27%) with few studies in Australia (4), 

Asia (1), Central America (1), and Africa (1). Thirty five studies (Appendix D.1) met our criteria 

for the meta-analysis. A total of 117 records of road crossings by 44 species (Appendix D.2) 

were extracted. Small mammals with body mass <5 kg represented 75% of species included in 

the meta-analysis, which is reasonable given that about 90% of all mammals weight <5 kg 

(Merritt, 2010). The smallest species were pipistrelle bats (Pipistrellus pipistrellus and P. 

pygmaeus, 5.5 g), and the largest species was moose (Alces alces, ~400 kg). Among 44 species, 

the most common taxon was Rodentia (24, 54.54%) followed by Carnivora (7, 16%), Chiroptera 

(5, 11%), and Artiodactyla (4, 9%) with few studies on Diprotodontia (1, 2%), Dasyuromorphia 

(1, 2%), Erinaceomorpha (1, 2%), and Soricomorpha (1, 2%). Road width was range from 2 m to 

90 m with a mean of 17.9 m (SE 1.65). When we examined the proportion of total species 

recorded in the meta-analysis against the proportion of total species of mammals in the world for 

each order (Wilson and Reeder, 2005), we did not see evident taxonomic bias, as rodents also 

represent 50% of total mammalian species in the world.  

3.2 Effect size  

Overall, roads were barriers for mammals, although we recognized that information from 

published literature can be biased if there was a bias towards publishing only significant barrier 

effects of roads. The grand weighted-mean effect size (logit transformed proportion of 

individuals or movements not crossing roads) was 1.77 (SE 0.17, n = 117), and differed from 

zero (t116 = 10.64, p < 0.001). Mean proportion of individuals or movements crossing roads was 

23% (SE 2). The overall heterogeneity of effect sizes was large (Q = 1537.62, p < 0.001, n = 

117), inferring that the individual effect sizes in our data did not come from a common 

population.  
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3.3 Influences of species life history traits, road characteristics, and assessment methods 

We excluded records of bats from meta-regressions due to the greater mobility compared 

to other species with small body mass (~15.5 g). For data collected by experimental translocation 

(n = 26), body mass and road width explained only 3.33% of heterogeneity among data and did 

not affect probability of road crossing by mammals after translocation (Table 1). Small mammals 

(<150 g) were more likely to cross roads after translocation (t90 = 5.40, p <0.001, Fig. 1). Barrier 

effect of roads estimated by observational studies was 2.5 times greater than barrier effect 

estimated by translocation, although mean road width where translocation was conducted (17.1 

m [SE 3.75], n = 26) was similar to road width of observational studies (18.3 m [SE 2.35], n = 64, 

t88 = 0.15, p = 0.88).  

For data collected by observation, body mass, road width, road surface, and data 

collecting methods explained 53.6% of heterogeneity among data. Effect size decreased as 

species body mass increased, and was affected positively by increasing road width (Fig. 3). A 

doubling of body mass decreased barrier effect by 0.2 and a doubling of road width increased 

barrier effect by 0.7 (Table 1). Odds of not crossing were 1.2 times greater on paved roads 

compared to on gravel dirt roads (Table 1). Data collected by capture-recapture methods showed 

stronger barrier effects of roads compared to data collected by tracking methods (Table 1). The 

model based on observational data predicted that probability of road crossing was <50% even on 

narrow roads < 10 m wide for species up to 100 kg (Fig. 3). The model predicted that 54.1% of 

red squirrel home ranges would include roads (road width = 7.1 m [SE 0.91], n = 10; body mass 

= 227.8 g [SE 2.18], n = 39), which was higher than the observed value (38.03%, n = 142). 

Effect size between ungulates (0.35 [SE 0.73], n = 8) and carnivores (0.42 [SE 0.65], n = 10) 

were not different (t16 = -0.08, p =0.94), even though body mass of ungulates were greater than 
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carnivores (t16 = 2.63, p =0.02) and road width was narrower for records of ungulates (t16= 3.04, 

p =0.008), suggesting that carnivores were more likely to cross roads than ungulates.  

4. Discussion 

With the increase in wildlife-vehicle collisions, transportation and resource management 

agencies have elevated their concern about road impacts on wildlife and recognized the need to 

develop effective mitigation (Lesbarrères and Fahrig, 2012; Taylor and Goldingay, 2010). 

Understanding animal behavioral responses to roads and traffic provides insight into causes and 

mechanisms of effects of linear development on wildlife and aids effective mitigation and 

conservation (Haddad, 1999; Roedenbeck et al., 2007). Our synthesis shows that all types of 

roads, from major highways to narrow forest roads, can impede movements for certain species of 

mammals. However, our knowledge of barrier effects of roads are mainly based on species with 

body mass <1 kg in a few regions across the world. Little is known about barrier effects of roads 

on medium size (1-10 kg) mammals and only one species with body mass in this range was 

included in the meta-analysis (Lynx rufus, Appendix D.2). Mammals of about 1 kg body mass 

were more frequently encountered in surveys of road mortality (Ford and Fahrig, 2007), and 

medium size mammals such as porcupines (Erithizon dorsatum), raccoons (Procyon lotor), 

eastern cottontails (Sylvilagus floridanus) and striped skunks (Mephitis mephitis) were the most 

frequent species to be killed on roads (Barthelmess and Brooks, 2010). To design effective 

mitigations for road mortality, research investigating road crossing behavior by mammals with 

medium body size is needed. 

4.1 Barrier effects of roads depended on species life history traits and road width  

We demonstrated that species-specific barrier effects of roads can be explained by body 

mass and basic information of road characteristics. As predicted, barrier effects of roads 



145 
 

decreased as species body mass increased, and increased as road width increased. Many 

behavioral traits of species such as locomotor performance scale with body size on the log scale, 

and therefore small species show a wider range of speeds compared to larger species (Dial et al., 

2008). The relationships between barrier effects of roads and body mass or road width also may 

be exponential. Consequently, road width and body mass affect probability of road crossing the 

most for road <10 m and for species <1 kg (Fig. 3).  

To what extent barrier effects of roads affect populations depends on accumulated barrier 

effects within movement range, mechanisms of road avoidance, and the impacts on reproductive 

activities. Small mammals are more susceptible to barrier effects of roads since even narrow 

roads can reduce probability of crossing significantly. Yet, the risk of mortality due to wildlife-

vehicle collisions may be lower than for larger species. In addition to sampling error and faster 

remove rate by scavengers (Barthelmess and Brooks, 2010; Ford and Fahrig, 2007; Slater, 2002), 

we suggest that the infrequent detection of small mammals  (< 1 kg) in survey of road mortality 

is also partly due to low probability of road crossing. Large mammal species are less susceptible 

to barrier effects of individual roads, but are more vulnerable to negative road effects on animal 

abundance due to extended movements and ranges, and low reproductive rates and natural 

density (Fahrig and Rytwinski, 2009; Rytwinski and Fahrig, 2012, 2011). Among species with 

similar body sizes, barrier effects of roads may vary among taxa, because of differences in 

morphology and foraging ecology. Carnivores are more vagile with greater home ranges than 

herbivores (Sutherland et al., 2000), and were less likely to be found in road-kill surveys than 

omnivores or herbivores (Ford and Fahrig, 2007). Consistent with previous studies, we also 

found that for species > 1 kg, carnivores were more likely to cross roads compared to herbivores. 
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4.2 Data collecting methods affected estimates of barrier effects  

The barrier effects of roads obtained by different methods vary considerably. Previously, 

barrier effects of roads have been assessed primarily by observation or experimental 

translocation using capture-recapture methods (e.g. Goosem, 2001; McDonald and St Clair, 

2004; McGregor et al., 2008). Capture-recapture methods tended to detect a lower rate of road 

crossings compared to tracking methods such as radio-telemetry likely because not all 

individuals that crossed roads were captured, and therefore barrier effects of roads are 

overestimated (Clark et al., 2001). Some species appear to be more likely to cross roads under 

situations of high motivation, for example in the breeding season (Steen et al., 2006, Appendix 

B) or during dispersal (deMaynadier and Hunter, 2000). Small mammals (<1 kg) seldom crossed 

narrow roads during daily movements, but crossed large roads up to 50 m wide after 

translocation, and the result was used to infer that roads are not barriers for individuals during 

dispersal, yet the conclusion was rarely verified. Although experimental manipulation such as 

translocation increases understanding of road crossing behavior by highly motivated individuals, 

the pattern of spontaneous movements or the relationship between home range boundaries and 

roads is difficult to discern (Laurance et al., 2004). Experimental translocation was conducted to 

assess effects of road characteristics on probability of crossing and was chosen often because the 

observed rate of road crossing was too low to examine effects of treatments (e.g. traffic volume, 

Clark et al., 2001; Rondinini and Doncaster, 2002). For example, increasing traffic volume did 

not decrease the success of return by small rodents after translocation (Goosem, 2002; McGregor 

et al., 2008). As a result, traffic volume is suggested to have little effect on the rate of road 

crossing. However, the influences of factors such as road width or traffic volume may be 

underappreciated as probability of road crossing was not affected by road width and body mass 
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after translocation, whereas the results based on observational studies showed an opposite strong 

effect. Hence, inference driven by data based on translocation should be made with caution.  

4.3 Other factors influence barrier effects of roads  

Our meta-regression model for data collected by observational studies explained a 

considerable amount of variation (54%) in the data, although the model seemed to under-

estimate barrier effects of roads. However, about 46% of heterogeneity in effect size was not 

captured by our model. Barrier effects of roads are affected by several factors, including traffic 

intensity (Francis and Barber, 2013; Gagnon et al., 2007), presence of wildlife road crossing 

structures on the roads (Bissonette & Adair 2008), animal seasonal variation in activity (Beyer et 

al., 2013; Fahrig and Rytwinski, 2009, Appendix B), species habitat preferences (Brehme et al., 

2013, Appendix C), individual heterogeneity in response to roads with in a species (Ascensão et 

al., 2014; Blanco et al., 2005), and mechanism of road avoidance (e.g. avoid traffic disturbance 

or canopy gap created by roads, Forman et al., 2003; Greenberg, 1989; Robertson and Radford, 

2009). Yet, we were not able to consider these influences given that most of the information was 

not addressed or provided in the selected studies. We understand some of the information was 

not described due to irrelevance to the study objectives. Nonetheless, we advocate that clear 

basic information of study sites such as road width in meters, average daily traffic volume, and 

presence or absence of wildlife road crossing structures should be provided in future studies to 

maximize future value of studies.  

Barrier effects of roads due to road avoidance should be distinguished clearly from  

effects due to road mortality, as both causes lead to reduced individuals cross roads, but the 

mechanisms are fundamentally different and require different mitigation (Fahrig and Rytwinski, 

2009). Nevertheless, road mortality was not addressed in most studies that investigated effects of 
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roads on animal space use and movements. Potential confounding effects between road 

avoidance and road mortality is an important issue for records collected by capture-recapture 

methods, since for individuals not captured after crossing roads, the fate was unknown 

(Richardson et al., 1997). Thus, we could not completely exclude the likelihood of involving 

road mortality in the barrier effects for the present review. Barrier effects of roads due to road 

avoidance are driven by several distinct but not mutually exclusive mechanisms that include 

traffic, edge, and gap avoidance (Barber et al., 2010; Forman et al., 2003; Greenberg, 1989; 

Jaeger et al., 2005; Laurance et al., 2004). Previous research on barrier effects has focused on 

one or two of these potential mechanisms contributing to road avoidance (e.g. McGregor et al., 

2008; Rico et al., 2007; Rondinini and Doncaster, 2002). However, to comprehensively 

understand barrier effects of roads and develop appropriate mitigation, studies that 

simultaneously address the relative importance of these different mechanisms are necessary.  

4.4 Management implications 

The global population has exceeded 7 billion in 2012 (“World Population Clock – 

Worldometers,” 2015) and over 65 million km of roads have been developed (Central 

Intelligence Agency, 2014). Predicting how wildlife will cope with anthropogenic disturbances 

and fragmented landscapes, and how the expanding transportation network may impact animal 

abundance, and persistence across species is therefore of importance in conservation biology 

(Bender and Fahrig, 2005; Laurance et al., 2004). Effects of roads on animal populations depend 

on species life history traits as well as behavioral responses to roads (Benítez-López et al., 2010; 

Jaeger et al., 2005; Rytwinski and Fahrig, 2012). For example, roads lead to greatly reduced 

habitat availability and can negatively affect animal populations (Goosem, 2007; Jaeger et al., 

2005; Saunders et al., 2002) for species that exhibit not only avoidance of road surface but also 
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avoid roadside environment (Huijser and Bergers, 2000). We demonstrated that body mass is 

useful in predicting animal responses to human development, and the species-specific magnitude 

of barrier effects of roads is possible to be anticipated with basic information from life history 

traits and road characteristics that are readily accessed through open resources or easily 

measured.  
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Figure captions 

Figure 1. Effect size of barrier effects of roads (logit-transformed proportion of individuals or 

movements not crossed roads) for mammals with body mass <150 g based on data collected by 

experimental translocation (n = 26) and observational methods (n = 66).  

Figure 2. Effect size of barrier effects of roads (logit-transformed proportion of individuals or 

movements not crossed roads) based on observational studies changes with (a) species body 

mass (a) and (b) road width. 

Figure 3. Predicted probability of road crossing as (a) function of road width (m) for mammals 

with different body mass (kg), (b) function of body mass with different road width. Model: Logit 

(NOT CROSS) = 1.2693-0.1613 × Log (BODY MASS [g] + 1) + 0.6768× Log (ROAD WIDTH 

[m] + 1).    



159 
 

Figure 1.    



160 
 

Figure 2.   



161 
 

Figure 3.   



162 
 

Table 1. Estimated coefficients of meta-regressions for barrier effects of roads on mammals  

Variables Logit SE P value
a
 95 % CI 

Translocation study (n = 26)      

    Body mass
b
 (g) 0.32 0.45 0.48 -0.62 1.26 

    Road width
c
 (m) 0.17 0.32 0.60 -0.50 0.84 

    Intercept -0.82 1.59 0.37 -3.32 2.68 

Observational study (n = 89)      

    Body mass
b
 (g) -0.16 0.05 0.001 -0.26 -0.06 

    Road width
c
 (m) 0.67 0.20 0.001 0.28 1.07 

    Road surface (paved) 0.77 0.36 0.04 0.04 1.49 

    Data collecting method (tracking)
d
 -1.18 0.37 0.002 -1.91 -0.45 

    Intercept 1.27 0.50 0.01 0.29 2.25 

a
P value was calculated by permutation test 

b
Body mass was natural-log transformed  

c
Road width was natural-log transformed  

d
Tracking methods included radio telemetry, track, spool and powder tracking  
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Appendix D.2 Values of life history traits and reference information for species used in meta-analysis.  

Traits were collected as follows: Body mass (g) = average body mass of the two sexes; Body length (cm)= average head to body 

length of the two sexes; Order: ART=Artiodactyla; CAR= Carnivora; CHI= Chiroptera; DAS= Dasyuromorphia; DIP= Diprotodontia; 

ERI= Erinaceomorpha; SOR= Soricomorpha; ROD= Rodentia; Research type: T= experimental translocation, O= observation; 

Sources: ADW= Animal Diversity Web; ARK= Wildscreen Arkive; NMNH= Smithsonian Institution's National Museum of Natural 

History-North America mammals; QM= Queensland Museum; WAZA= World Association of Zoos and Aquariums. 

Species name Order Body 

mass 

Source Body 

length 

Source Type 
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ROD 111.1 Thorington Jr. et al. 2012 21.1 Thorington Jr. et al. 2012 O 
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http://www.qm.qld.gov.au/ 

11 QM- 

http://www.qm.qld.gov.au/ 

O 

Apodemus flavicollis ROD 19.5 ARK- 

http://www.arkive.org/yellow-

necked-mouse/apodemus-

flavicollis/ 

10.75 ARK- 

http://www.arkive.org/yellow-
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flavicollis/ 

T,O 

Apodemus sylvaticus ROD 20 ARK- 
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mouse/apodemus-sylvaticus/ 

9.07 ARK- 
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T 

Barbastella barbastellus CHI 9.75 ARK- 

http://www.arkive.org/barbaste

lle-bat/barbastella-barbastellus/ 

5.15 ARK- 

http://www.arkive.org/barbast

elle-bat/barbastella-

barbastellus/ 

O 
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Canis latrans CAR 14000 Bekoff 1977 117.5 Bekoff 1977 O 

Canis lupus CAR 43250 Mech 1974 145 Mech 1974 O 
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aphus.html 

207.5 WAZA-
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O 
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og/erinaceus-europaeus/ 
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bear/ursus-arctos/ 
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bear/ursus-arctos/ 
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Lynx lynx CAR 18450 Jędrzejewski et. al. 1996 105 ARK-

http://www.arkive.org/eurasia

n-lynx/lynx-lynx/  

O 

http://animaldiversity.org/site/accounts/information/Cervus_elaphus.html
http://animaldiversity.org/site/accounts/information/Cervus_elaphus.html
http://animaldiversity.org/site/accounts/information/Cervus_elaphus.html
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http://www.qm.qld.gov.au/ 

11.4 QM-

http://www.qm.qld.gov.au/ 

O 
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vole/microtus-agrestis/ 

10.25 ARK-

http://www.arkive.org/field-

vole/microtus-agrestis/ 

O 

Microtus ochrogaster ROD 42.5 Stalling 1990 11.85 Stalling, D. T. 1990 T,O 

Microtus pennsylvanicus ROD 24.1 Reich 1981 16.8 Reich 1981 T 

Myodes glareolus ROD 23.5 ARK-

http://www.arkive.org/bank-

vole/clethrionomys-glareolus/ 

10.25 ARK-

http://www.arkive.org/bank-

vole/clethrionomys-glareolus/ 

T,O 

Myotis bechsteinii CHI 10.5 ARK-

http://www.arkive.org/bechstei

ns-bat/myotis-bechsteinii/ 

5 ARK-

http://www.arkive.org/bechste

ins-bat/myotis-bechsteinii/ 

O 

Nyctalus leisleri  CHI 15.5 ARK-

http://www.arkive.org/leislers-

bat/nyctalus-leisleri/ 

5.8 ARK-

http://www.arkive.org/leislers

-bat/nyctalus-leisleri/ 

O 

Peromyscus eremicus ROD 20 Veal & Caire 1979 8.6 Veal & Caire 1979 O 

Peromyscus leucopus ROD 23 ADW- 

http://animaldiversity.org/site/a

ccounts/information/Peromysc

us_leucopus.html 

9.5 Lackey et al. 1984 T,O 

Peromyscus maniculatus ROD 17 ADW-

http://animaldiversity.org/site/a

ccounts/information/Peromysc

us_maniculatus.html 

7.85 ADW-

http://animaldiversity.org/site/

accounts/information/Peromy

scus_maniculatus.html 

T,O 

Petaurus gracilis DIP 405 Jackson 2011 25.1 Jackson 2011 O 

Pipistrellus pipistrellus CHI 5.5 ARK-

http://www.arkive.org/pipistrel

le-bats/pipistrellus-pipistrellus-

and-pipistrellus-pygmaeus/ 

4 ARK-

http://www.arkive.org/pipistre

lle-bats/pipistrellus-

pipistrellus-and-pipistrellus-

pygmaeus/ 

O 

Pipistrellus pygmaeus CHI 5.5 ARK- 4 ARK- O 

http://animaldiversity.org/site/accounts/information/Peromyscus_leucopus.html
http://animaldiversity.org/site/accounts/information/Peromyscus_leucopus.html
http://animaldiversity.org/site/accounts/information/Peromyscus_leucopus.html
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http://www.arkive.org/pipistrel

le-bats/pipistrellus-pipistrellus-

and-pipistrellus-pygmaeus/ 

http://www.arkive.org/pipistre

lle-bats/pipistrellus-

pipistrellus-and-pipistrellus-

pygmaeus/ 

Puma concolor CAR 50000 Currier 1983 150.5 ARK-

http://www.arkive.org/puma/p

uma-concolor/ 

O 

Rangifer tarandus  ART 186500 ARK-

http://www.arkive.org/reindeer

/rangifer-tarandus/ 

170 ARK-

http://www.arkive.org/reindee

r/rangifer-tarandus/ 

O 

Rattus fuscipes ROD 132.5 Taylor & Calaby 1988 16.25 Taylor & Calaby 1988 O 

Reithrodontomys  

fulvescens 

ROD 15.8 NMNH-

http://www.mnh.si.edu/mna/im

age_info.cfm?species_id=290 

6.7 Spencer & Cameron 1982 T 

Reithrodontomys 

megalotis 

ROD 11.5 NMNH-

http://www.mnh.si.edu/mna/im

age_info.cfm?species_id=292 

7.3 Webster & Jones. Jr. 1982 O 

Reithrodontomys 

montanus 

ROD 9.5 NMNH-

http://www.mnh.si.edu/mna/im

age_info.cfm?species_id=289 

5.55 Wilkins 1986 O 

Sigmodon hispidus  ROD 150 Cameron & Spencer 1981 17.1 Cameron & Spencer 1981 T,O 

Sorex araneus SOR 9.5 ARK-

http://www.arkive.org/commo

n-shrew/sorex-araneus/ 

6.4 ARK-

http://www.arkive.org/commo

n-shrew/sorex-araneus/ 

O 

Tamias striatus ROD 101 Thorington Jr. et al. 2012 14.73 Thorington Jr. et al. 2012 T,O 

Uromys caudimaculatus ROD 685 Nowak 1999 26.95 Nowak 1999 O 

Ursus americanus CAR 57850 Larivière 2001 150 Larivière 2001 O 
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