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Abstract 

Roads and other forms of linear infrastructure are rapidly proliferating worldwide, yet little is known about 

how roads affect the distribution and abundance of predators, particularly in relatively intact landscapes. 

We used a combination of motion-sensor cameras and spoor surveys to compare dingo, fox and feral cat 

activity on unsealed vehicle tracks (hereafter: roads) and up to 3 kilometres away, in relatively intact 

landscapes of the Great Western Woodlands in south-western Australia. We compared predator activity 

as indicated by independent sightings and spoor observations, in woodlands and shrublands: vegetation 

types with contrasting permeabilities. 

Predator activity was observed between 12 and 261 times more frequently on roads compared with off-

road for all species studied. Roads also appeared to affect predator activity up to 2.5 km away. Even poorly 

formed and abandoned roads concentrated predator activity and affected landscape-scale rates of 

predator observations. The effect of road proximity on predator activity was non-linear and different 

between vegetation types for dingoes and cats but not foxes. Our results provide new evidence of the 

effects of roads on predator activity in surrounding landscapes, with interacting effects of vegetation. They 

also reinforce previous findings e.g. stronger roads preference displayed by dingoes and foxes, than by 

cats. Roads and other linear infrastructure have strong effects on predator activity within intact 

landscapes, although further research is needed to characterise the implications for prey species. Road 

planning or approvals, as well as habitat restoration programs for threatened species, should account for 

the effects of roads on predator activity.  
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Highlights 

• Roads are proliferating globally but impacts on predator activity are not well known 

• We assessed dingo, cat and fox activity on- and for up to 3 km off-roads 

• Activity was between 12 and 261 times greater on roads compared with off-road 

• Motion-cameras yielded different results to scats & print surveys 

• These results have global ramifications, but can inform mitigation and conservation 
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Introduction 

Rapid global growth in linear infrastructure (e.g. roads) threatens detrimental impacts on surrounding 

ecosystems (Laurance 2018). Avoiding, mitigating and/or offsetting these impacts requires a solid 

understanding of their wide-ranging ecological effects (van der Ree et al. 2015a). Roads that penetrate 

into relatively intact areas often have disproportionately large consequences for affected ecosystems 

(Laurance et al. 2015). However, the landscape-scale effects of roads are poorly characterised and largely 

neglected in environmental impact evaluations (Jaeger 2015). In this paper, we examine how unsealed 

vehicle tracks in relatively intact landscapes affect predator activity at a landscape scale. 

Roads in otherwise intact landscapes can have a plethora of impacts on the ecosystems they pass through, 

with evidence emerging for changes in microclimate, facilitation of exotic invasions, edge effects, 

modifications to organism movements and effects on hydrological flows (Forman et al. 2003; van der Ree 

et al. 2015b; Raiter et al. 2018b). Predation is a key ecosystem process regulating fauna populations with 

follow-on effects for other trophic levels and processes (Laundré et al. 2013). Excess predation can be 

severely detrimental to populations and ecosystems, especially in the case of invasive mammalian 

predators which are one of the major threats to biodiversity globally (Salo et al. 2007). Changes in predator 

activity in relation to roads have been informally observed in many systems, but such changes have rarely 

been systematically evaluated and knowledge on the effect of roads and other linear infrastructure on 

landscape scale predation processes remains limited (May & Norton 1996; Basille et al. 2013; Doherty et 

al. 2015). In particular, little is known about predator use of roads compared to surrounding vegetation 

matrices, and the influence of other factors such as vegetation and traffic. 

Roads and other linear clearings can act as movement pathways or provide for improved access, and/or 

visibility and more efficient hunting and travel (James 1999; Doherty et al. 2015). Where animals use roads, 

roads have been found to increase habitat permeability and stimulate greater movement rates resulting 

in greater rates of prey encounter for predators (James 1999; Avgar et al. 2013). For example, James and 

Stuart-Smith (2000) found that wolves tend to be more common closer to roads and that caribou are at 

higher risk of predation when they are close to roads. Similarly, DeGregorio et al. (2014) found that rat 

snakes were frequently associated with unpaved road edges and that as a consequence, the distance to 

an unpaved road strongly influenced nestling survival for birds that they prey on.  

Although a number of studies have demonstrated the use of roads by mammalian predators, few have 

compared on-road activity with off-road activity (e.g. Cavallini 1994; Read & Eldridge 2010). Some 

predators, including jaguars and pumas, have been found to preferentially use roads to varying extents 

(Harmsen et al. 2010), while others such as lynx and black, brown and grizzly bears have been found to 

avoid roads (Brody & Pelton 1989; Dixon 1997; Suring et al. 1998; Basille et al. 2013; Grilo et al. 2015). 
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There is mixed evidence regarding road use by other species such as feral cats (Read & Eldridge 2010; D. 

Algar pers. comm. Department of Biodiversity, Conservation and Attractions) and wolves (Mech et al. 

1988; Latham et al. 2011), although for the latter, there may be other factors involved that explain these 

differences, such as land use and human hunting pressure. Factors that may affect the use or avoidance 

of roads and adjacent areas include traffic levels, traffic speed, habitat structure and density; lunar 

illumination; human activity; and interspecific interactions, both between different predator species, as 

well as between predators and prey (Brook et al. 2012; Avgar et al. 2013; Prugh & Golden 2014; Palmer et 

al. 2017).  

We used motion-sensor cameras and spoor inspections to quantify predator activity on, and for up to 3 

km away from, unsealed vehicle tracks (hereafter: roads) in relatively undisturbed landscapes of the 

globally significant Great Western Woodlands region in south-western Australia. We investigated the 

activity of one native apex predator, the dingo (Canis lupus dingo) and two invasive mesopredators, the 

feral cat (Felis catus) and the red fox (Vulpes vulpes) in two different vegetation types (woodland and 

shrubland) with contrasting structure and permeability.  

We hypothesised that for all three species, 1) on-road activity would be higher than off-road activity; 2) 

activity would be elevated near a road and reach a lower ‘background level’ at greater distances from the 

road; and 3) these effects would be more pronounced in shrublands, where vegetation density at predator-

height is high and the advantages of travelling by road may be greatest, compared to woodlands which 

have generally open understories.  

Methods 

2.1 Study area  

Our work was conducted in the western half of the Great Western Woodlands (Fig. 1), a region dominated 

by a relatively intact mosaic of eucalypt woodlands, thickets, and shrublands interspersed with salt lakes 

and banded ironstone formations. This region is the largest and most intact temperate woodland 

remaining on Earth at 16 million hectares in size; and comprises a refuge to over 300 vertebrate species, 

including many that have declined or become locally extinct elsewhere (Watson et al. 2008). Apart from a 

few small towns, the region has remained largely uncleared and undisturbed except for the effects of 

pastoralism (approximately one-third of the region) and extensive resource extraction operations, along 

with changing fire regimes and the effects of invasive species (Prober et al. 2012; Raiter et al. 2017). The 

Great Western Woodlands offers a model system for investigating the effects of roads within natural 

habitats on predator activity, as it has an extensive network of roads surrounded by relatively undisturbed 

landscapes (Raiter et al. 2017). The region also offers contrasting vegetation types to allow exploration of 
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habitat influences on road effects. Dingoes, cats and foxes are the three dominant mammalian predators 

in the region (Watson et al. 2008), further research is required into the consequences Note that there is 

some hybridisation between dingoes and ex-domestic feral dogs (Canis lupus familiaris), although research 

has found dingo purity in this area to be high (Stephens 2015).  

 
Figure 1: Map of study area showing transects by vegetation type. Major highways and roads are 

shown, along with the State Barrier Fence, a fence originally established to keep rabbits from invading 

westward but now used to keep dingoes and other wild dogs as well as emus out of the agricultural 

area to the west. The two transects west of the fence were established following recommendation by a 

wild dog control personnel (McEwan pers. comm.) who was aware of dingo activity in that area (a 

nature reserve) and did not conduct wild dog control activities there at that time. Dingoes were 

observed at both of these transects. Note that as per Raiter et al. (2017), many of the smaller roads 

have not been mapped. 

We established 16 transects, each starting at a road and extending perpendicularly for three kilometres 

into the surrounding vegetation. The roads varied from poorly formed vehicle tracks consisting of two 

wheel ruts, to graded, maintained tracks and all had low to very low traffic levels (average 7.3 vehicles per 

month (s.d. 14.3); Fig. 2a–b). Transects were placed in either woodland vegetation (n = 8), with relatively 

open understory, or shrublands (n = 8) with low, dense vegetation (Fig. 2c–d).  

Transects were located in generally flat tracts of relatively homogenous vegetation as identified by aerial 

images. Transects were situated with either no landscape features (e.g. rocky outcrop, salt lake) that may 

affect predator activity within 3 km, or such that the distance of these features was roughly the same along 

the whole transect so as not to bias predator activity in relation to the road. Similarly, anthropogenic 

disturbances (other than the study road) were avoided by at least 3 km (often >10km), although some old, 
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overgrown, exploration tracks were found along the study transects: these could not be entirely avoided. 

Similarly, we avoided areas subject to ‘pest control’, including trapping and baiting for wild dog and/or 

aerial cat baiting by at least 3km.  

 
Figure 2: Examples of vehicle tracks and vegetation types used in this study. a) unbladed track 

consisting of two wheel ruts b) maintained vehicle track c) woodland vegetation with relatively open 

understorey d) recently-burnt shrubland with relatively dense ground storey. 

Transects were generally spaced at least 7 km apart (or >14 km apart in the single case where two transects 

were placed on the same road) to ensure independence, with one exception where two transects were 

placed 4.7 km apart, although they were still >7 km apart by road. Transect length, spacing and buffer 

widths were determined as a compromise between optimal lengths based on average estimated widths 

of target species home ranges, and logistics. Dingoes, cats and foxes are estimated to have home ranges 

that average 3–300, 1-23, and 2-7 km wide, respectively (Meek & Saunders 2000; Fleming et al. 2001; 

Molsher et al. 2005; Carter et al. 2012; Bengsen et al. 2016). Thus, transects are likely to extend beyond at 

least the lower estimate of a home range for all species. Vehicle traffic was recorded and included in the 

analysis of both camera and spoor datasets. 
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2.2 Assessing predator activity 

Motion-sensor cameras 

At each transect, five camera monitoring stations were established: the first on-road and the rest at 

stratified random distances from the road as follows: off-road camera position 1: 50–200 m; position 2: 

200–1000 m, position 3: 1000–2500 m; and position 4: 2500–3000 m. Forty Reconyx (Holmen, Wisconsin, 

USA) HC600 Hyperfire No-Glow Covert Infrared cameras were rotated between the 80 camera stations 

over 12 months from July 2013 to July 2014 such that each transect was monitored for two out of four 

monitoring periods, for an average total of 174 nights per camera. Monitoring was always divided evenly 

between the vegetation types and the pattern of monitoring was varied for each transect to minimise 

seasonal biases in the data. Individual cameras were rotated between the different positions within 

transects to minimise the effect of any variations in camera performance on results. Additional data from 

a one-month pilot run in June 2013 on one woodland and one shrubland transect were incorporated into 

the final dataset.  

Cameras were attached to star pickets or trees 70-75 cm above ground (to see over low-growing shrubs), 

approximately facing south and at an angle of 0 to -5° to the horizontal. On-road cameras were placed 

within 1 m of the road edge and at an angle of approximately 25° degrees to it, as per Meek et al. (2012). 

Where vegetation obscured part of the camera detection zone (all shrubland sites), the vegetation was 

pruned such that at least 80% of the detection zone was evident; equalising detectability across cameras.  

Cameras were set on high sensitivity and fast shutter speed and programmed to take five rapid-fire 

pictures per trigger. We considered observations as being independent when separated by more than 30 

minutes, unless we could distinguish multiple individuals.  

Spoor surveys 

Visual inspections for animal spoor were conducted on foot along the full length of each transect in 

January, March-April and July 2014. One transect could not be surveyed in the March survey due to fallen 

trees blocking the access road. KR examined the ground on 2 m of each side of the walked route and 

recorded the location of all predator spoor (prints, scats or other evidence of species presence) observed, 

using a hand-held GPS. Spatial data was collated in ArcGIS 10.3. Road widths were measured and any spoor 

on a 10 m strip of road immediately adjacent to the transect was also recorded at the start of each transect 

spoor inspection. Spoor was identified to species using advice from experienced local wild dog control 

personnel and with reference to Triggs (2005) and Moseby et al. (2009). All predator scats were collected 

and sent to a scatologist for confirmatory identification (G. Storey; Scats About, Australian National 

University).  
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2.3 Data analysis 

We analysed the camera and spoor datasets separately. Due to the scarcity of data, spoor data from the 

different spoor surveys were pooled across visits, as were camera data from the different monitoring 

periods. Pooling the data was based on the assumption that while predator activity may vary from season 

to season, the effect of roads on predator activity will be consistent across the seasons (as per Cavallini 

1994; Read & Eldridge 2010; Brook et al. 2012, who did not report seasonal shifts and reported other 

spatial trends being consistent throughout the year). To explore correlates of predator activity, we built 

generalised additive mixed models (GAMMs) using the ‘mgcv’ package (version 1.8-7; Wood 2006, 2011) 

in R version 3.2.1 (R Core Team 2018). We used GAMMs rather than assuming linear fits, as scatterplots 

indicated non-linear relationships between predator activity and road proximity. Numbers of monitored 

nights and area surveyed, for the camera and spoor data respectively, were included in the models as 

offsets for monitoring effort. Transect identity was included as the random factor. Due to the large number 

of zeros in our datasets, we assessed the need for zero-inflated models by comparing distributions of on-

road and off-road datasets with randomly generated data produced by a Poisson process given an identical 

lambda (λ) parameter. We also compared Poisson and Zero-inflated models, and in both cases found that 

Poisson models were adequate and that overdispersion was not a significant issue according to model 

evaluation. 

For each response variable (i.e. counts of predator observations and observation type combination) with 

at least 20 observations, we created mixed-effects models using all possible combinations of the four 

potential predictor variables: on/off road status, road proximity (fitted using thin-plate regression splines), 

vegetation type and traffic. We also included an ‘intercept only’ model and models with two-way 

interactions between road proximity and vegetation type; on/off road status and vegetation type; and 

on/off road status and traffic, and ran each set of models with varying degrees of flexibility allowed in the 

smoothing spline (k values 3, 4, 5 and unrestrained). The final optimal and top-ranking models were 

selected using AIC from all available models.  

The spoor data was collated using a range of transect segment sizes (100, 250, 500 and 1000m, giving 496, 

208, 112 and 64 observations per species, respectively) and the full set of models was built using each 

segment-size dataset, to identify the optimal resolution for analysis. Only the most indicative models are 

presented here. The camera data consisted of 80 data points per species, reflecting the 80 camera stations. 

We used proportion of null deviance explained (hereafter: deviance explained) as a measure of goodness 

of fit as it is more appropriate than R squared for non-normal errors, but we also present adjusted R2 values 

for each model. Null deviance is computed taking account of any offset, so deviance explained can be 

substantially lower than R squared when an offset is present (Wood 2006). All datasets produced and 
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analysed in the course of this study are available online at 

https://doi.pangaea.de/10.1594/PANGAEA.895344 (Raiter et al. 2018a). 

Results 

We recorded 135 independent predator observations by motion-sensor camera over 13 950 trap nights 

and 110 independent predator spoor (11, 13 and 31 prints, and 9, 31 and 15 scats for dingoes, cats and 

foxes respectively) over approximately 1 130 000 m2 of spoor survey (Fig. 3; Table 1).   

We found evidence for predator activity on every (10 m) segment of road studied and there was a stark 

contrast between on-road and off-road predator activity. Predators were observed at 88% of on-road 

cameras and only at 20% of off-road cameras, with up to 25 and 2 sightings per camera station on-road, 

and off-road, respectively. The contrast is even greater for the spoor data: an average of 91 predator spoor 

per hectare were recorded on-road, compared to 0.97 predator spoor per hectare off-road — a 

hundredfold difference.   

Dingoes dominated on-road predator activity, being present on roads in 11 out of the 16 transects and 

accounting for 80% of all on-road predator activity observed. Overall, cats were the most ubiquitous 

predators, with evidence of their activity found on all 16 transects. Evidence of dingo and fox activity was 

found on 13 and 12 transects respectively; and there were either dingos or foxes, or both, on every 

transect. Transect random effects were significant in all top-ranking dingo and fox models as well as in 

most cat models. 

The camera and spoor datasets varied considerably, both in numbers of observations and in the trends 

they indicated, although there were some clear correlations. Table 1 shows summaries of the data by 

vegetation and distance from road for the different datasets. Predator activity was generally well described 

by the different models examined, with the top-ranking models explaining 49–96% of the null deviance 

(Table 2).  
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Figure 3: Examples of motion-sensor camera sightings of study species, and spoor observed. a) Dingo 

on shrubland road. b) Feral cat in woodland, ~1700 away from road. c) Red fox in woodland, 1950 m 

from road. d) (Larger) dingo and (smaller) cat prints going in opposite directions. e) Fox print. f) 

Feral cat scat showing remains of the Ash-grey mouse (Pseudomys albocinereus). g) Fox scats with 

remains of cat, reptiles, beetles and centipedes in contents. h) Dingo scat with large claw protruding. 
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Table 1: Summary of predator observations by vegetation type and distance from road, collected via 

a) motion-sensor cameras and b) spoor surveys (scat and print observations combined). 8 transects 

were monitored for each vegetation type in both datasets. 

a) observations on motion-sensor cameras 
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Table 2: Relationships of predator activity to predictor variables in the top-ranking generalised 

additive mixed models for dingo, cat and fox activity, offset by trap-nights or area as appropriate. 

Models were selected using AIC; the most parsimonious model in each case is shown in bold. 
Response 
variable1 

On-road 
mean 
estimated 
effect (s.e.) 

Road 
proximity2 

Vegetation: 
woodland mean 
estimated effect 
(s.e.) 

traffic3 

estimated 
effect (s.e.) 

df4  deviance 
explained 
(adj. R2) 

ΔAIC 

Dingo 
sightings on 
camera 

119 (1.7) n/a5 - - 15.92 96%  (0.99) 0.0 

119 (1.7) n/a5 0.2 (108.6) - 15.92 96%  (0.99) 0.01 

119 (1.7) n/a5 - 0.78 (241) 15.96 96%  (0.99) 0.07 

119 n/a5 0.2 (166.5) 1.38 (256) 15.97 96%  (0.99) 0.07 

Dingo spoor 
(100 m 
transect 
segments,  
k6 = 5) 

601 (4.8) spline7  spline 
interaction7 

- 14.65 59%  (0.27) 0.0 

525 (4.7) 8 spline spline interaction -0.91 (3.7) 17.98 62%  (0.31) 0.68 

603 (4.7) spline spline interaction 0.74 (2.7) 16.61 61%  (0.30) 0.79 

Cat sightings 
on camera  
(k6 = 4)  

- spline7 spline interaction7 - 9.24 58%  (0.47) 0.0 

0.35 (3.4)  spline spline interaction - 10.39 59%  (0.48) 1.00 

- spline spline interaction 0.77 (2.2) 10.41 58%  (0.49) 1.74 

Cat spoor 
(1000 m 
transect 
segments,  
k6 = 3) 

27.1 (2.1) - 5.9 (1.7) - 8.59 58%  (0.63) 0.0 

127 (3.0)9 - 6.9 (1.8) - 9.69 60%  (0.63) 0.11 

26.2 (2.3) spline 5.9 (1.7) - 9.17 60%  (0.70) 0.30 

123 (3.2)10 spline 6.9 (1.8) - 11.15 62%  (0.70) 0.41 

26.9 (2.1) - 5.7 (1.8) 1.07 (1.6) 9.26 59%  (0.63) 0.59 

127 (3.0)11 - 6.7 (1.8) 1.08 (1.6) 10.36 61%  (0.64) 0.89 

26.0 (2.3) spline 5.7 (1.8) 1.07 (1.6) 10.72 61%  (0.70) 0.89 

123 (3.2)12 spline 6.7 (1.8) 1.08 (1.6) 11.81 63%  (0.70) 0.99 

47.0 (2.5)13 spline 5.7 (1.8) 1.1 (1.6) 11.67 63%  (0.68) 1.23 

Fox spoor 
(100 m 
transect 
segments,  
k6 = 3) 

910 (2.2) spline7 7.2 (1.8) 0.13 (2.7) 10.38 49%  (0.20) 0.00 

788 (2.3)14 spline 7.1 (1.8) 0.05 (4.4) 12.51 50%  (0.22) 0.62 

712 (3.7)15 spline 6.9 (1.9) 0.13 (2.7) 12.38 49%  (0.20) 1.94 

892 (2.2) spline 5.0 (2.0) - 13.1 50%  (0.20) 1.97 

Note: dashes indicate absence of variable in model; n/a indicates a variable that was excluded from models in 
the model selection process due to the data being too sparse for testing this variable. 1: Models are of the 
form y = e^(intercept + β1*x + β2*x2 …); all parameters and standard errors shown have been backward 
transformed for interpretability. 2: non-linear relationship modelled using thin-plate regression spline 
(‘spline’). 3: traffic is a continuous variable reported as average vehicles per day. 4: df= total estimated 
degrees of freedom 5: The effect of road proximity could not be tested with the dingo camera data as there 
were too few off-road data points in this dataset. 6: k is the dimension of the basis used to represent the 
smooth term; it determines how ‘flexible’ the smoothing spline is. 7: See Fig.4 for predicted splines from 
optimal models. 8: interaction with traffic: traffic effect for on-road locations → 5.7 (s.e. 3.7). 9: interaction 
with veg: on-road and woodland → -2.1 (s.e. 4.4). 10: interaction with veg: on-road and woodland → 0.1 (s.e. 
4.5). 11: interaction w. veg: on-road and woodland → 0.12 (s.e. 4.5). 12: interaction w. veg: on-road and 
woodland → 0.12 (s.e. 4.5). 13: interaction w. traffic: traffic effects on-road → 0.002 (s.e. 1.5). 14: interaction 
w. traffic: traffic effect on-road → 6.43 (s.e. 5.1). 15: interaction w. veg: on-road and woodland → 1.32 (s.e. 
3.2). 
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3.1 Dingo activity 

Dingo activity was strongly biased toward roads, with 90% of all dingo observations occurring on-road. On-

road activity averaged 105 and 261 times the average off-road for the camera and spoor data respectively. 

The top-ranking models reflected this, with on/off-road status consistently included (Table 2). The camera 

data models indicated greater dingo activity in shrublands, although this primarily reflected on-road 

activity — there were only two off-road dingo observations via camera in shrublands.  

The optimal spoor data model identified an effect of road proximity on dingo activity that varied with 

vegetation type. In shrublands off-road spoor observations were generally low and restricted to within 1 

km from the road. In contrast, off-road spoor activity in woodlands peaked ~ 2.5 km away from roads (Fig. 

4a).  

3.2 Cat activity 

Cats showed the weakest preference for roads with only 21% of cat observations occurring on roads, 

although the chances of observing cat activity on-road were still 12 and 30 times greater than off-road, 

based on the camera and spoor datasets respectively. The top-ranking cat camera models indicated a 

strong effect of road proximity that varied with vegetation type: peaks in cat activity were predicted at 

approximately 1.5 km from roads in woodlands and 2.3 km from roads in shrublands (Fig. 4b). On/off-road 

status and traffic were both included in some top-ranking cat camera models, with large uncertainty 

around parameter estimates.  

The cat spoor data indicated slightly different relationships. The top-ranking models indicated a strong, 

positive association between roads and cat spoor. Road proximity was not included in the optimal model; 

it did feature in other top-ranking models; but these did not include an interaction with vegetation type. 

All top-ranking cat spoor models indicated a positive association with woodlands, contrasting with the 

greater number of cats observed in shrublands on camera.  

3.3 Fox activity 

Three out of the four foxes recorded on camera were on roads, although this dataset was too small for 

statistical analysis. In contrast, fox spoor was the most abundant out of all the species. On-road fox spoor 

records were 150 times more frequent per unit area than off-road records and all the top-ranking models 

confirmed the strong association between fox spoor and roads. The effect of road proximity for off-road 

fox spoor was similarly strong, with models predicting greater fox activity immediately adjacent to roads 

and again at approximately 2 km away from roads, with a relative ‘trough’ in fox activity in between (Fig. 

4c). Fox spoor models indicated greater activity in woodlands and a negative association with traffic, 

although uncertainty on estimates for the latter are high. 
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Figure 4: Thin-plate regression spline relationships between predator activity and distance from road 

for the optimal models which included this effect. Splines appear with or without interactions with 

vegetation type, as per the optimal model. Points indicate raw data. a) Dingo spoor, showing an 

interaction with vegetation type; b) feral cat camera data, showing an interaction with vegetation 

type; c) red fox spoor data; no interaction with vegetation type was included in the top-ranking models 

here. 
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Discussion 

Our results show that roads have a strong influence on the activity of all three predators studied. Road 

effects, either in the form of on-road versus off-road status or road proximity, appeared in every top-

ranking statistical model. In the majority of cases, on-road predator activity was many times greater than 

off-road activity: findings which correspond with those of  Towerton et al. (2011).  

Out of the species studied, dingo and fox biases toward on-road activity were the strongest, whereas cat 

biases were equivocal. Thus, the results for dingoes and foxes support our first hypothesis that on-road 

activity would be greater than off-road activity. This hypothesis holds true for the cat spoor data, but only 

for woodlands using the cat camera data: in shrublands, the activity at ~1600 m away from a road is greater 

than that predicted on-road. These findings mirror a previous study which indicated that while dingoes 

and foxes tend to walk along roads, cats were less likely to (Read & Eldridge 2010).  

Overall our second hypothesis, that activity of the three study predators would be greatest near roads and 

reach a lower ‘background’ level further away was rejected, except in the case of dingo activity in 

shrublands, as indicated by the spoor data, although data points are sparse and thus conclusions uncertain. 

The dingo camera data also suggest such a trend, though were too sparse to be analysed. For dingoes in 

shrublands, roads may facilitate access to otherwise relatively impenetrable or unattractive vegetation, or 

simply act as a strong concentrating force: dingo activity on shrubland roads was the highest recorded on 

cameras.  

Plotted predictions of dingo spoor in woodlands, cat camera sightings in both woodlands and shrublands 

and fox spoor across both vegetation types indicated potential peaks in predator activity at distances 

~1.52.5 km away from roads. If these peaks are real ecological phenomena, we are unaware of 

mechanisms which may explain them. To our knowledge such off-road aggregations of species have only 

been reported once before (Fortin et al. 2013) with no explanation of their underlying mechanisms. 

Possible explanations may include prey aggregations away from roads or increased predator activity at 

territory boundaries, which may be aligned in respect to roads. However, these results are based on sparse 

datasets and thus may not represent actual ecological phenomena. They may be an artefact of the 

methodology or an unrecorded variable, or may be weak signals with statistical significance but no real 

ecological meaning.  

Overall, it is not clear what the ‘background rate’ of activity for any species is, or if in fact such a rate exists. 

Nevertheless, our data suggest that all predators are also active to a degree away from roads (except 

possibly dingoes in shrublands). 

Our third hypothesis, that the effects of roads would be more pronounced in shrublands than woodlands, 

was not consistently supported. The top-ranking dingo spoor models did provide support for this 
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hypothesis, indicating that in shrublands activity is largely restricted to roads, whereas there is substantial 

off-road dingo activity in woodlands. This may mean that dingoes move more easily through woodlands 

than shrublands and that roads facilitate dingo access to shrubland areas that they otherwise would not 

frequent. Cat spoor was observed 121 and 16 times more frequently per unit area on-road compared with 

off-road, in shrublands and woodlands respectively, also indicating an effect of vegetation on road 

preference, and this was reflected by some top-ranked models. Still, the camera data demonstrate that 

cats do occur in shrublands at great distances from roads, so it is unlikely that they require roads to access 

these areas. For the remaining datasets, there were either only minor interactions between vegetation 

and road effects (cat camera data); an interaction effect opposite of that hypothesised, whereby road bias 

is greater in woodlands (fox spoor data), or insufficient off-road data was available to test for the 

interaction (dingo camera data).  

Traffic was low and variable across the study area and generally appeared to be a minor predictor with 

large uncertainty around its effect estimates. Where included in the top-ranking models, estimates 

indicated a reduction in dingo and fox activity with increasing traffic, suggesting that dingoes and foxes 

may tend to avoid roads with more traffic. The traffic effect is mixed for the cat models with most top-

ranking spoor models indicating a positive traffic effect, and one camera model indicating a negative effect.  

4.1 Ecological considerations 

If animal movements can be viewed as tactics to optimise the efficiency with which animals exploit their 

habitats (Brody & Pelton 1989), it certainly appears that the species studied gain substantial benefits from 

road use. Such benefits may include more efficient hunting and travel and easier navigation (James 1999; 

Avgar et al. 2013; Doherty et al. 2015). However, it is not apparent whether these benefits lead to overall 

increases in numbers of predators or predation pressure in roaded areas, or simply a concentration of 

activity along roads. 

Concentrations of predator activity along a road can result in increased direct predation pressure on local 

prey species. It can also result in effective habitat loss or reduction in habitat quality where prey species 

wholly or partly avoid adjacent areas (Brown et al. 1999; James 1999). For prey species that persist within 

a road effect zone that has elevated predation rates, the increased predation risk can detriment physically: 

chronic stress, reduced feeding, suppressed breeding and reduced fertility (Avgar et al. 2013; Boonstra 

2013). Elongated areas of high predator activity may also effectively create semi-permeable barriers to 

movement for prey species (Beyer et al. 2014).  

Roads may also provide more direct access to areas where predators do not usually hunt, allowing 

predators to penetrate further into the range of species that may be more sensitive to predation than prey 

species in the predator’s regular habitat (James 1999). This may be the case for dingoes in shrublands and 
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may also partially explain why foxes and cats (which appear to penetrate shrublands more than dingoes) 

have been more devastating to small mammals than the original dingo populations.  

This paper has focused on predator activity as a surrogate for predation pressure or risk and not on 

estimating actual predator abundances. Abundances are often difficult to estimate for elusive and often 

solitary animals (Bengsen et al. 2011) and abundance measures alone may not reflect the full effect of 

roads. This is because distribution and movement patterns of predators may result in encounter rates for 

prey species that are not directly proportional to their densities (Skogland 1991; James 1999). Abundance 

may simply indicate average predation pressure over a larger area and not reflect important finer-scale 

changes in predation dynamics, and thus, predator activity may be more useful (and easier to measure) 

for determining road impacts.  

4.2 The value of multiple measurement methods 

The two different methodologies largely complemented each other and yielded similar results overall. 

However, some differences between results from camera and spoor data were evident, possibly reflecting 

differences in detectability between the different methodologies (discussed in detail in Online Appendix 

1). Despite a general agreement between our observations and findings reported in the literature, there 

were also some differences, which may also point to differences in detectability. In contrast with Vine et 

al. (2009) who concluded that cameras were amongst the most efficient methods for detecting foxes, our 

fox camera data were too sparse to be analysed at all, although our fox spoor data were the most abundant 

amongst the species studied. Previous work has indicated that animals can detect cameras (Meek et al. 

2014) and in our study foxes may have avoided cameras and/or the human scent that may have remained 

on them.  

Differences between observations based on different methodologies suggest that the results obtained 

from one method may not represent the whole picture of predator activity in an area. While several 

measures were implemented in this study to address potential detectability issues, some potential 

detectability issues could not be addressed sufficiently to rule them out (Online Appendix 1). However, we 

suggest that our approach of using a combination of different methodologies is a powerful way of 

overcoming this issue, as the consistency of trends across different methodologies (each with different 

detectability issues) provides an indication of how robust these trends are.  

For example, apart from some of the cat camera models, on-road activity was many times higher across 

the different methodologies, as well as across the species studied, indicating that this trend is unlikely to 

be simply an artefact of methodology biases. Even within the ‘spoor survey’ methodology, the inclusion of 

both scat and print observations minimised potential detectability biases (e.g. softer ground surfaces may 

have been more likely to retain animal prints, but scats may also have been more frequently covered or 
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buried by softer soils: biases that may have at least partially cancelled each other out). In any case, biases 

associated with soil texture are unlikely to affect observations from camera surveys.  

We argue, therefore, that it may be worth considering combining multiple monitoring methodologies 

where possible, at least until a single best method is identified for a given situation. While logistical or 

budgetary constraints might militate against this, in this study the spoor surveys generated a substantial 

amount of useful data while only minimally adding to the time and money that was required to service the 

motion sensor-cameras. Combining methodologies would also be valuable for predator species which are 

often cryptic and require large monitoring efforts to obtain sufficient data for analysis. Research into what 

detectability biases exist, and how they can be managed or accounted for, would benefit such approaches. 

Research into the equivalence of datasets based on different methodologies, that would allow such 

datasets to be combined, would also be valuable. These insights have important implications for the field 

of ecological monitoring in which there is currently a strong movement towards the use of motion-sensor 

cameras to the exclusion of other monitoring methods.  

4.3 Broader implications for further research and management 

The recent proliferation of literature aimed at understanding and mitigating the environmental impacts of 

infrastructure expansion reflects a burgeoning concern around the rapidity and pervasiveness of this 

expansion (e.g. Laurance et al. 2015). Our analysis contributes valuable insights into the implications of 

this trend for both native and invasive predators, although further research is required into the 

consequences of these trends for prey species. 

Our study has demonstrated that even unbladed roads with little or no traffic through open, permeable 

vegetation have significant effects on predator activity and these effects may extend for a few kilometres 

into the surrounding vegetation. Although the effects of unsealed vehicle tracks may in many cases be 

smaller than those of large roads, unsealed vehicle tracks commonly make up a large component of linear 

infrastructure networks in relatively intact areas (Raiter et al. 2017).  

Options for mitigating impacts of roads include avoiding the creation of new roads in intact landscapes 

and careful consideration of routing for roads that cannot be avoided, to maintain large trackless areas 

where possible. Also, consolidating existing road networks and rehabilitating abandoned or unneeded 

roads can help to reduce impacts. Compensatory schemes could require projects which entail the creation 

of new roads to rehabilitate at least an equivalent distance of roads elsewhere within that region.  

This investigation also offers insights for species conservation, invasive predator control and monitoring 

programs. For example, where conservation of a prey species requires predator control, rehabilitating 

roads in that area may be a more effective long-term strategy than baiting it. Also, where invasive 

predators in an area are found to frequent roads, control efforts could be optimised by targeting control 
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efforts (e.g. baiting or trapping) to roads. Monitoring approaches and management decisions based on 

studies that focus monitoring on or near roads should consider that those studies may present an 

unrepresentative picture of fauna activity in the landscape. 

The effects of roads on predator activity in relatively intact landscapes are part of a suite of indirect or 

enigmatic impacts that are not systematically accounted for in impact evaluations and that can, in sum, 

often be worse than the direct impacts of the infrastructure (e.g. habitat clearing). These impacts need to 

be incorporated into ecological impact evaluations; otherwise they can undermine the potential for 

successful impact mitigation (Raiter et al. 2014; Laurance et al. 2015).  
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Appendix 1 of 1 (Online Supplemental Material)  

 Detectability and the value of complementary field assessments  

A1.1 Factors influencing detectability 

Overall, the two different methodologies assessing predator activity (motion-sensor and spoor surveys) 

produced similar results, although there were some notable differences in trends observed, such as the 

contrasting importance and effects of on/off-road status and road proximity observed between camera 

and spoor data for cats. Differences in trends observed point to likely differences in detectability 

between the different methodologies. Several factors are likely to affect detectability including those 

listed in Table A1. 

Table A1: Some factors likely to influence detectability for the two different monitoring methods  

Motion-sensor camera survey Spoor survey 

Avoidance of cameras and/or open spaces 
which the cameras are focused on (due to 
remaining human scent, disturbance caused by 
vegetation pruning, avoidance of clearings, 
etc.), or preferences for and/or curiosity in 
these locations. 

Ground texture/ soil granulometry which may influence 
a) how easily an imprint is made b) how visible that print 
is to a human observer, and c) how long the print lasts in 
an identifiable form (e.g. clay holds prints for much 
longer than sand). Soil crusts may prevent prints from 
forming but if walked upon in wet conditions, may also 
hold prints for long periods of time. 

Sensitivity of motion-sensor cameras (including 
to speed and directionality of animal 
movement). Note: several camera trials were 
performed prior to the start of the 
investigations reported here and it was noted 
in most cases that some cameras failed to 
detect some animal movements, despite 
animal movements fulfilling stated detection 
requirements.  

Weather: rain and wind may wash or blow away prints or 
leave them unidentifiable; and cover scats. Temperature 
and moisture/humidity may affect scat breakdown rates 
(scat breakdown rated in general, in these areas, are 
unknown).  

Moist soil following rain is generally more likely to 
preserve print markings. 

Ambient temperature (the cameras used in this 
investigation only detect motion of objects that 
are at temperatures substantially different 
from the ambient air temperature, as do most 
infra-red cameras).  This means that animals 
with similar temperature to background are 
unlikely to be detected (common during 
warmer months). Ambient temperature can 
also affect detection range. 

Ground-story vegetation may obscure spoor. Branches 
that move in the wind may ‘sweep’ ground of prints or 
‘sweep away’ scats. Leaf litter and other plant debris can 
hide prints and scats and affect scat breakdown rates. 

Camera failure, dysfunction, and theft. Note: all 
of these occurred infrequently during the 
reported survey.  

 

 

Speed of animal movement/animal weight distribution 
may affect print markings, as well as other factors which 
may affect rates at which spoor are left by animals – 
defection rates may vary between animals walking along 
tracks and animals walking through the vegetation 
matrix, and this may vary between species (e.g. dingoes 
and foxes are more likely to use scats as territory 
markings, whereas cats are less likely to). 
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A1.2 Measures taken to minimise detectability issues 

We implemented the following measures to minimise the effect of variations in detectability on predator 

activity assessment results, for motion-sensor cameras: 

• We used top-of-the range, covert, motion-sensor cameras with the fastest available trigger 

speed. 

• We adjusted camera settings to maximise detectability (e.g. maximise range during night mode, 

at the cost of image quality and shutter speed, high trigger sensitivity, rapidfire picture intervals 

with 5 pictures per trigger, and no ‘quiet period’). We also performed walk tests on all cameras 

to ensure they were detecting our movements after installing them at camera stations. 

• We recorded the camera position along the transect (position 1=on-road; positions 2-5 = off-

road, at increasing distances from roads) and randomly rotated cameras between camera 

positions every time cameras were relocated, such that a single camera was never positioned 

on-road or at the same off-road position twice; reducing potential bias associated with varying 

detection effectiveness between cameras. 

• Where vegetation obscured part of the camera detection zone (all shrubland sites), the 

vegetation was pruned such that at least 80% of the detection zone was evident; equalising 

detectability across cameras. We tested visibility by having a subject walk across the camera 

detection zone at 8 and 16 m away from the camera and recording the percentage of 20 

randomized locations where an object tied at a height of 10 cm was visible to an observer 

viewing from the same height and location of the camera. 

• We pointed all cameras to within 45 degrees of south, to maximise and standardize detection 

rates (as per Meek et al. 2012).  

• We repeatedly examined all camera detection zones for scats and prints to validate captured 

images with spoor data. 

• We cased and locked on-road cameras and provided written explanations of their use written on 

every camera to minimise camera theft. 

• In the single case where a camera was stolen, and in two cases where cameras malfunctioned, 

this was accounted for in the data analysis by reducing trap nights according to the amount of 

time the camera was out of action. 

• We ran surveys for a longer period than what is generally reported in the literature – 12 months 

– to maximise data collected and minimise the effects of detectability issues in certain seasons 

(e.g. potentially lower detectability during warmer ambient temperatures). 

• We minimised any activities that would leave human scent or traces at or near transects, 

especially around camera stations. We also left substantial time frames between servicing 

cameras to allow for human scents to dissipate after a relatively short proportion of each 

monitoring duration.  

We implemented the following measures to minimise the effect of variations in detectability on predator 

activity assessment results, for spoor surveys: 

• We recorded both scats, prints, and other evidence of predator activity to minimise the 

detectability issues associated with each spoor type. For example, while prints may not be visible 

For review only



Raiter et al 2018 Vehicle tracks are predator highways Biological Conservation 

25 

on hard ground, scats are likely to be more easily detectable and less easily covered/buried than 

on soft ground. 

• We conducted a pilot study of soil granulometry variation, and recorded ground texture along 

transects to assess the degree to which ground surface texture varies along transect lengths and 

between on-road and off-road environments. While we did observe variations in ground surface 

texture, we found that overall the different textures were relatively evenly scattered throughout 

transects, and that the texture of the ground on-road was representative of at least a large 

proportion of the ground surface off-road. We concluded that the variation observed along the 

transects was too fine-scaled to incorporate into the analysis (e.g. soft, ‘printable’ hard ground 

for 50 m; hard ground for 15 m, moderately soft ground for 25 m etc.), particularly given the 

relatively sparse data and consequent limitations on statistical power for assessing relationships 

between soil granulometry and print detections. 

• We noted that ground-storey vegetation was generally denser in shrublands compared to 

woodlands. We walked more slowly and observed more carefully in areas where vegetation 

made it more difficult to observe spoor on the ground, to even out to the extent possible the 

likelihood of detecting spoor in different ground-storey vegetation densities. We also suggest 

that the effect of increased ‘printability’ of softer shrubland ground surfaces may have 

somewhat offset the effect of decreased visibility of scats and prints. 

• We conducted each round of spoor surveys within several days from beginning to end, surveying 

each transect in each round, to maximise consistency of prior weather conditions that may affect 

print detectability. On-road and off-road components of each transect were always surveyed 

immediately before or after each other. These would minimise any bias in results due to weather 

conditions. 

A1.3 Multiple methods to manage detection uncertainty  

We implemented several measures designed to minimise detection issues. Several other detection issues 

are unlikely to have affected the trends we observed by affecting all areas consistently (e.g. possible 

reduced animal detectability during high background temperature conditions on warm days). However, 

there remain some factors influencing detectability that may have affected our results, and that we 

couldn’t account for in this study due to insufficient information (e.g. species defection rates on/off 

tracks) and/or insufficient statistical power (effect of fine-scale variations in soil granulometry along 

transects, particularly in comparison with on-road sections).  

Differences between observations based on different methodologies suggest that the results obtained 

from one method may not represent the whole picture of predator activity in an area. While several 

measures were implemented in this study to address potential detectability issues, some factors 

affecting detectability could not be sufficiently addressed. We suggest that our approach of using a 

combination of different methodologies is a powerful way of overcoming this issue as the consistency of 

trends across different methodologies (each with their own detectability issues) provides an indication of 

the robustness of these trends.  

For example, apart from some of the cat camera models, on-road activity was many times higher across 

the different methodologies, as well as across the species studied, indicating that this trend is unlikely to 

be simply an artefact of methodology biases. Even within the ‘spoor survey’ methodology, the inclusion 

of both scat and print observations minimised potential detectability biases (e.g. softer ground surfaces 

may have been more likely to retain animal prints, but scats may also have been more frequently 

covered or buried by softer soils: biases that may have at least partially cancelled each other out. In any 

case, biases associated with soil texture are unlikely to affect observations from camera surveys.  
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We argue, therefore, that it may be worth considering combining multiple methodologies where 

possible, at least until a single best method is identified for a given situation. While logistical or 

budgetary constraints might militate against this, in this study the spoor surveys generated a substantial 

amount of useful data while only minimally adding to the time and money that was required to service 

the motion sensor-cameras. Combining methodologies would be particularly valuable for predator 

species which are often cryptic and require large monitoring efforts to obtain sufficient data for analysis. 

Research into what detectability biases exist, and how they can be managed or accounted for, would 

benefit such fauna monitoring. Research into the equivalence of such datasets, that would allow datasets 

based on different methods to be combined would also be valuable. These insights have important 

implications for the field of ecological monitoring in which there is currently a strong movement towards 

the use of motion-sensor cameras to the exclusion of other monitoring methods.  
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