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Abstract. In a recent publication, Fox et al. (2019) described a three-year trial of a ‘virtual fence’ installed to reduce
wildlife roadkills in north-eastern Tasmania. The authors reported a 50% reduction in total roadkills, concluding that the
‘virtual fence’ had the potential to substantially reduce roadkill rates. The field of roadkill mitigation has a long history of
promising techniques that are ultimately found wanting, so we evaluated the conceptual basis of the ‘virtual fence’ and the
design and analysis of the trial. Of the two stimuli emitted by the ‘virtual fence’, its lights only partly match the sensory
capabilities of the target species, its sound frequency is suitable but the intensity is unknown, and both stimuli are artificial
and lack biological significance, so will be prone to habituation once novelty wanes. The trial, conducted in three phases,
revealed a total of eight methodological flaws ranging from imprecise measurements, confounding effects of treatments,
low statistical power, violation of test assumptions and failure to consider habituation. Greater caution is needed in
interpreting the findings of this study, andwell designed, long-term trials are required to properly assess the ‘virtual fence’.
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Introduction

Fox et al. (2019) reported the results of a three-year trial of a
‘virtual fence’ installed in northern Tasmania to reduce roadkill
of mammals. The authors concluded that the ‘virtual fence’ has
‘enormous potential to substantially reduce roadkill’, and
advocated a ‘roll-out of these devices at other identified hotspots
in Tasmania’. Unfortunately, the pathway to roadkill mitigation
is littered with the remains of promising techniques, each
promoted enthusiastically at first. Evaluation of these techniques
has too often been hampered by poorly designed studies, but
many new techniques have ultimately been found to be
ineffective (D’Angelo and van der Ree 2015; Rytwinski et al.
2016; Benten et al. 2018b). Considerable caution is therefore
essential when evaluating any new technique such as the ‘virtual
fence’ tested in Tasmania.

In our judgement, the trial of the ‘virtual fence’ conducted by
Fox et al. (2019) has serious shortcomings: its conceptual basis is
unsound, the study design and data analysis are deficient, and the
conclusions lack sufficient caution. We consider each of these
components to generate a measured assessment of the findings
and their implications for roadkill mitigation.

The ‘virtual fence’ concept

According to Fox et al. (2019), ‘virtual fence’ technology was
developed in Austria to curb roadkills of ungulates. Following a

five-year trial inAustria, which purportedly reduced roadkills by
80–90%, the technology was launched across Europe in 2003.
Surprisingly, Fox et al. cite only a personal communication as the
source of this background information. Furthermore, we could
find no scientific evaluations of this technology 15 years since its
European launch, using either the University of Melbourne
Librarydatabases orGoogleScholar. Theonlydatawecouldfind
were summarised in aMasters of Science internship report by de
Vries (2015). She presented the results of a study of roadkills of
deer on six Austrian roads for 3 years before and 5 years after a
‘virtual fence’ trial began; the average reduction in roadkills was
93.6%, but neither the deer species, nor the location and lengths
of the roads, were specified. She attributed these data to Moser
(2007), whose work was published in German in OÖ Jäger, the
magazine of a provincial Austrian hunting association, rather
than a peer-reviewed scientific journal. This lack of robust,
independent and accessible evaluation of a new technology is
unusual and concerning. In the absence of such data, we examine
what is known about ‘virtual fence’ technology and draw on the
sensory and behavioural biology of the target species to predict
the effectiveness of this technology for roadkill mitigation.

The ‘virtual fence’ is described as an electronic system that
generates sound and light stimuli when activated by the
headlights of approaching vehicles. According to Fox et al.
(2019), the ‘virtual fence’ unit had strobing LEDs, which emit
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blue and amber light, and two sound settings, one for rural areas
and a higher frequency for residential areas. In the sections that
follow,weexaminewhat scientific trialshavebeencompleted for
each sensory modality in turn, and then in combination. We
synthesise what is known for deer (Cervidae), which have been
more widely studied, then follow with what is known for
marsupials.

Effectiveness of light stimuli

The ‘virtual fence’, as tested by Fox et al. (2019), consists of an
array of units arranged alternately along both sides of the road.
Each unit is activated in turn by the lights of approaching
vehicles; the units are aligned so that the light they emit is
directed away from the road surface and towards the roadside
verge (Fox et al. 2019). As such, the ‘virtual fence’ has many
similarities to wildlife warning reflectors, which were first
developed in the 1950s to deter animals from entering roads
(Brieger et al. 2016). Wildlife warning reflectors are now
available in a range of designs produced by several
manufacturers (Benten et al. 2018a). In the absence of formal
tests of the ‘virtual fence’, we first draw on studies of these
reflectors.

Two recent, comprehensive reviews of wildlife warning
reflectors concluded that reflectorswere not effective in reducing
roadkill (Brieger et al. 2016; Benten et al. 2018a, 2018b). This
conclusion was based on 53 and 76 studies (respectively) of a
variety of reflectors, predominantly from Europe and North
America, but including some in Australia. Both reviews drew
attention to weak experimental design, noting that few studies
used aBefore–After–Control–Impact (BACI) design to allow for
both temporal and spatial variation in roadkills.

The ineffectiveness of reflectors can be attributed to three
phenomena: the target species may be unable to perceive the
stimulus, may perceive it but respond inappropriately, or may
perceive it but then habituate to it (D’Angelo and van der Ree
2015). All mammals have two classes of visual receptors: rods,
which function in dim light, and cones, which operate in daylight
and provide the potential for colour vision (Hunt et al. 2009). The
rods of deer have a peak sensitivity of 497 nm (Jacobs et al. 1994;
VerCauteren and Pipas 2003), equivalent to a blue-green colour.
Daylight vision in deer is dichromatic, with short-wavelength
cone receptors of peak sensitivity at ~455 nm andmedium/long-
wavelength cones peaking at ~540 nm (Jacobs et al. 1994,
VerCauteren and Pipas 2003; Cohen et al. 2014), corresponding
to blue and green light respectively. Colour sensitivity thus
provides an explanation for the ineffectiveness of wildlife
warning reflectors that reflect red light, such as Swareflex (e.g.
Waring et al. 1991; Reeve and Anderson 1993): deer simply
cannot detect long-wavelength light. However, devices that
reflected otherwavelengths, including blue-green andwhite (full
spectrum),were nomore effective than red reflectors in changing
the behaviour of white-tailed deer (Odocoileus virginianus) on
roadsides; instead, the presence of reflectors of any colour
increased the level of inappropriate responses, such asmovement
towards the road, and blue-green reflectors generated the most
inappropriate responses (D’Angelo et al. 2006).

The absence of any response, or the occurrence of an
inappropriate response, suggests that the artificial stimuli

produced by wildlife warning reflectors lack biological
significance, because they are not intrinsically associated with
any threat to deer (Schakner and Blumstein 2013). For example,
white-tailed deer perceived powerful green and blue lasers, but
weremerely curious about the lights played on vegetation and on
their heads, and did not flee the trial area (VerCauteren et al.
2006). Another common problem in applied behaviour is
habituation: deterrents soon become ineffective because animals
learn to ignore artificial stimuli that are not associated with
positive or negative reinforcement (Shivik et al. 2003;Blumstein
2016). As would be expected, deer habituate to wildlife warning
reflectors following repeated exposure. For example, fallowdeer
(Dama dama) initially gave alarm and flight responses when
exposed to reflectors, but showed increasing indifference to the
stimulus over subsequent nights (Uvjári et al. 1998). Further
illustrating the power of novelty, experimental white canvas
covers placed over reflectors, which had been on the roadside for
up to six years, evoked stronger responses by white-tailed deer
than did uncovered reflectors (Riginos et al. 2018).

Less is known about the visual system of marsupials, or their
response to wildlife warning reflectors. Studies of the tammar
wallaby (Notamacropus eugenii) have shown that this
macropodid marsupial has typical mammalian rods with peak
sensitivity at 501 nm, corresponding to blue-green light (Hemmi
et al. 2000). The tammar wallaby also has dichromatic vision,
with cones sensitive to only short and medium wavelengths,
corresponding to blue and green colours, respectively (Hemmi
1999;Hemmi et al. 2000;Deeb et al. 2003). This species shows a
corresponding surge in melatonin production when exposed to
short-wavelength light, but no physiological response to amber
(Dimovski and Robert 2018). Unexpectedly, there is evidence of
trichromatic vision in another macropodid, the quokka (Setonix
brachyurus), which has a third set of cones sensitive to longer
wavelengths (~540 nm) in the green band (Arrese et al. 2005).
Trichromacy has also been confirmed in three other marsupial
taxa: a peramelid (Isoodon obesulus), a dasyurid (Sminthopsis
crassicaudata), and the honey possum (Tarsipes rostratus)
(Hunt et al. 2009; Ebeling et al. 2010). However, none of these
diverse taxa have rod or cone pigments in the red band (Beazeley
et al. 2010) so marsupials are similar to deer in that respect.

Insensitivity to red light would account for the lack of any
effect of redSwareflex reflectors on roadkills ofmarsupialswhen
tested in a BACI study at four sites in Victoria (Aspinall 1994).
The species involved in that study were predominantly the
eastern grey kangaroo (Macropus giganteus), the swamp
wallaby (Wallabia bicolor), the common wombat (Vombatus
ursinus) and the koala (Phascolarctos cinereus). Similarly,
captive red kangaroos (Osphranter rufus) and red-necked
wallabies (Notamacropus rufogriseus) showed little or no
change in vigilance, or flight, in response to either red Streiter-
Lite or Swareflex reflectors along a simulated roadway (Ramp
and Croft 2006). However, there was also no appropriate
response by either species to white versions of these reflectors
(Ramp and Croft 2006).

There have been no equivalent studies of spectral sensitivity
in any species of Tasmanian marsupial. Nocturnal marsupials
typically have retinas that are dominated by rods, with peak
sensitivity of 502–509 nm (Beazeley et al. 2010). Predicting the
sensitivity of cones is less certain because of the complex
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phylogenetic distribution of dichromatic and trichomatic vision
(Hunt et al. 2009). Nonetheless, none of the marsupial species
known to be trichromatic is sensitive to wavelengths above
557 nm, which is still in the green band (Arrese et al. 2005). The
wavelength of the amber light (591 nm) produced by the ‘virtual
fence’ (Fox et al. 2019) is well above this sensitivity peak, so it is
unlikely that any marsupial could detect amber. In contrast, the
royal blue light (470 nm) produced by the ‘virtual fence’
(Fox et al. 2019) is a reasonable match to the peak sensitivity of
short-wavelength cones in both dichromatic and trichromatic
marsupials, suggesting that all the Tasmanian species would be
able to detect this light if it were bright enough to activate their
cones.

One feature of the ‘virtual fence’ is that it actively emits light
in reponse to a vehicle’s lights, rather than reflecting the vehicles’
light as wildlife warning reflectors do. Typical wildlife warning
reflectors reflect <0.1 lx at a distance of 2mwhen illuminated by
vehicle headlights, which is less than the intensity of a full moon
on a clear night (Sielecki 2001). The ‘virtual fence’ has the
potential to generate a brighter light stimulus than do wildlife
warning reflectors, so perhaps elicit a stronger response.
Unfortunately,Foxet al. (2019)didnotgive specifications for the
output intensity of the ‘virtual fence’ LEDs, or for other
components of the stimulus such as strobe frequency, duration
and interval.However, given thefindings for deerworldwide and
marsupials on the Australian mainland, it remains unclear why
the target species might respond to the blue light emitted by the
‘virtual fence’ in a way that is both appropriate and not prone to
habituation. Studies of road-crossing behaviour, using thermal
imaging (e.g. D’Angelo et al. 2006; Ramp and Croft 2006;
Riginos et al. 2018), would be needed to determine the character
and persistence of responses to the ‘virtual fence’.

Effectiveness of acoustic stimuli

The use of sound has a long history in efforts to deter wildlife
from roadways and other places (e.g. crops), withmany parallels
to wildlife warning reflectors. Reviews of acoustic deterrents
have concluded that studies of such devices typically have poor
experimental design, and there is little evidence of effectiveness
(Bomford and O’Brien 1990; D’Angelo and van der Ree 2015).
As with wildlife warning reflectors, acoustic stimuli may be
ineffective for three reasons: target species may not be able to
perceive the stimulus, may perceive it but not respond
appropriately, or may habituate to the stimulus (D’Angelo and
van der Ree 2015).

Much of the research on acoustic deterrence from roads has
been conducted on deer, and much of that has been on several
brands of wildlife warning whistles. Wildlife warning whistles
were first invented in Austria in the 1970s, and have been
marketed (under several brands) to deter deer from roads in
Europe andNorthAmerica (Romin andDalton 1992). The sound
output of whistles is purported to be in the ultrasonic range (>20
kHz), undetectable by the human ear (Scheifele et al. 2003).
These claims led to tests of the hearing range of deer. For
example, the hearing of white-tailed deer was found to be most
sensitive from 4 kHz to 8 kHz, well below ultrasonic levels
(D’Angelo et al. 2006). However, only three of six different
brands tested by Scheifele et al. (2003) actually produced

ultrasound, with a dominant frequency of only 12 kHz; the other
three had a much lower dominant frequency of 3.3 kHz. More
importantly, none of the six could be detected above vehicle
noise (Scheifele et al. 2003). Unsurprisingly, free-ranging mule
deer (Odocoilieus hemionus) did not alter their behaviour in
response to whistles fitted to a moving vehicle (Romin and
Dalton 1992).However, even a range of frequencies producedby
a pure-tone generator, each calibrated to 25 dB above the sound
of a moving vehicle, did not elicit appropriate road-crossing
behaviour in white-tailed deer (Valitzski et al. 2009): deer were
more likely to enter the road in response to the lowest frequency
(0.28 kHz), and showed no behavioural change for other
frequencies.

Taken together, these findings indicate that artificial, tonal
sounds, even if detectable by deer, are not effective for reducing
roadkill. As described for artificial light stimuli in the previous
section, tonal sounds may elicit no response at all, or elicit an
inappropriate response, such as entering the roadway
(e.g. Valitzski et al. 2009). Habituation to tonal sound is also
evident: fallow deer exhibited a moderate level of alarm and
flight from the roadside in response to low-frequency tones (5–14
kHz), followed by habituation after five nights (Ujvári et al.
2004). In contrast, broadcasting a sequence of natural sounds
(e.g. alarm calls and wolf howls) reduced reaction time and
increased flight frequency of roe deer (Capreolus capreolus)
when a train approached; moreover, the magnitude of these
responses did not decline over the five years of the study,
suggesting that the natural sounds were resistant to habituation
(Babi�nska-Werka et al. 2015).

Fox et al. (2019) described the ‘virtual fence’ unit as having
two frequency settings: 3.5–6.5 kHz for rural areas, and a higher
frequency range (7–13 kHz) for residential areas. Fox et al. did
not specify which setting was used in their trial of the ‘virtual
fence’. However, behavioural and electrophysiological studies
of the auditory systemofAustralianmarsupial taxa (Aitkin 1995;
Aitkin and Shepherd 2010) suggest that the Tasmanian species
would be sensitive to sound produced at both settings, but more
so for the higher setting. On the basis of brainstem responses, the
tammar wallaby showed highest neural sensitivity in the 8–16
kHz range (Cone-Wesson et al. 1997), while the pinnae provided
greatest amplification at lower frequencies, with maximum gain
at 5 kHz (Coles and Guppy 1986). Brainstem responses of the
northern quoll (Dasyurus hallucatus), a dasyurid, were triggered
over a wide frequency range of 0.5–40 kHz, but were most
sensitive at 8 kHz (Aitkin et al. 1994). The common brushtail
possum (Trichosurus vulpecula), a phalangerid that occurs in
Tasmania, had more sensitive brainstem responses than the
quoll’s overall, and was most sensitive at a higher frequency,
17–19 kHz (Gates and Aitkin 1982). Behavioural assays of
possums showed that hearing sensitivity increased from 2 to
15 kHz, andwas sustained from 20 to 35 kHz (Osugi et al. 2011).

Although sensitivity tests indicate the potential to detect a
stimulus, sound intensity determines whether the target species
can actually perceive a stimulus over a distance and above
background noise. For example, the signal generated by the Shu-
Roo, an electronic vehicle-mounted device, was not detectable
above the noise produced by any of four different types of
vehicles when they were moving (Bender 2001). Unfortunately,
Fox et al. (2019) did not specify the intensity of the signal
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produced by the ‘virtual fence’ device, or provide any other
specifications for its signal characteristics. They also did not
provide any data on traffic volume or speed over time (see Ramp
et al. 2016). Traffic noise comes mainly from the tyres and
engine, and is dependent on the number of vehicles passing, the
mix of vehicle types, their speed, and the road surface gradient
(Department of State Growth 2015).

In the absence of any other information, we assume that the
signal producedby the ‘virtual fence’unit is artificial rather thana
replica of some natural sound. Artificial sounds designed as
deterrents have been tested in several Australianmarsupials, and
have consistently been shown to be ineffective. One such device,
the Roo-Guard, did not change the behaviour of tammar
wallabies (Muirhead et al. 2006), eastern grey kangaroos
(Bender 2003) or red kangaroos (Bender 2003). Similarly, the
behaviour of eastern grey and red kangaroos did not change in
response to the Shu-Roo (Bender 2001). In the only Australian
test of a wildlife warning whistle, the Hobi ‘Ultrasonic Animal
Alert’ had no detectable effect on behaviour and did not change
the total rate of wildlife roadkill in northern Tasmania (Magnus
et al. 2004). In contrast, several studies have shown appropriate
responses to natural sounds. Playback of foot-thumps, which are
given by macropods in predation contexts (Bender 2006; Rose
et al. 2006), increased the vigilance of tammar wallabies
(Blumstein et al. 2000), red-neckedwallabies (Ramp et al. 2011),
red-necked pademelons (Thylogale thetis) (Blumstein et al.
2002; Ramp et al. 2011), eastern grey kangaroos (Bender 2005)
andwestern grey kangaroos (Macropus fuliginosus) (Biedenweg
et al. 2011). Other natural acoustic stimuli, such as dingo howls,
bird alarm calls and conspecific distress calls, affected behaviour
in some studies (Blumstein et al. 2002; Ramp et al. 2011) but not
in others (Blumstein et al. 2000; Biedenweg et al. 2011). Like
deer, marsupials appear to be more likely to respond innately to
natural rather than artificial sounds, particularly those signifying

predation risk (Blumstein et al. 2000, 2002). If the sound emitted
by the ‘virtual fence’ is artificial, then it is less likely to produce
an appropriate response.

Combining acoustic and visual stimuli

The ‘virtual fence’ produces both acoustic and visual stimuli
(Fox et al. 2019). In their comprehensive review of roadkill
mitigation in Europe, Langbein et al. (2011) identified several
products that produce combinations of sound and light stimuli
(e.g. WEGU-GFT acoustic wildlife warning reflector,
EurocontorEcopollars andWIWASOL-II) intended todeter deer
and other ungulates from roads. The underlying assumption is
that mixing signal modalities will increase the response rate or
reduce the likelihood of habituation by the target species. The
efficacy of such devices was incisively appraised by Langbein
et al. (2011): ‘As has often been the case regarding optical
reflectors and other wildlife deterrents in the past, various
preliminary findings reported in the hunting press or other
general media claim good results with such devices in reduction
of ungulate collisions, mostly during the first one or two years
after installation. However, firm evidence for lasting effects
remains lacking in the published scientific literature and results
of trials undertaken in differing countries or situations . . . remain
contradictory’. We contend that the same caveats apply to the
‘virtual fence’ tested by Fox et al. (2019).

Study design and analysis

Fox et al. (2019) conducted their studyon a13-kmstretch of rural
road fromArthur River toMarrawah (Route C214) in north-west
Tasmania. The study took place over three phases: a
preinstallation survey, a before/after contrast of ‘virtual fence’
extensions, and a longer contrast of ‘virtual fenced’ and unfenced
sections of road (Fig. 1).

Pre-installation survey 

Fenced/unfenced contrast 

0
km

2 3  1  8  7  6  5  4  9 1312  11  10  

Fence extension 1-km mark  

Extended fence Initial fence 
Road divided into ten 1.3-km segments  

Before/after contrast 

1.3-km mark  

Compared 12 months before 
with 12 months after fencing  1 km Two fence extensions 0.9 km 

Total fence length = 5.1 km Compared fenced (adjusted for extensions) 
with unfenced over 3 years  
           

Fig.1. Schematicdiagramof the stretchof road innorth-westTasmaniamonitoredbyFoxet al. (2019) in a trial of
the ‘virtual fence’, illustrating the three phases of their experimental design and analysis.
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Preinstallation survey
Prior to installation of the ‘virtual fence’, roadkill data were
collected each day for four months (October 2013 to January
2014). The data recorded were the distance (in kilometres) of
each roadkill from the starting point of the stretch of road, and the
species of each roadkill where possible. Carcasses were then
removed from the road to prevent double counting. The authors
used this initial dataset to examine the distribution of roadkills
along the stretch of road, in order to determine whether the
planned location of the ‘virtual fence’ had a noticeably different
roadkill rate than the rest of the road.The authors divided the road
into 10 1.3-km segments and used a goodness-of-fit Chi-square
test to compare the observed frequency of roadkills (of all
species) per segment with a uniform expected distribution; the
null hypothesis of uniformity was accepted (P = 0.45). Three
flaws are evident in this first step of the design and analysis:
(1) the data were collected at a linear resolution of 1 km, using a
vehicle odometer; (2) the preinstallation survey was conducted
over only a four-month period, in spring and summer; and (3) the
statistical power of the goodness-of-fit test to a uniform
distribution of roadkill was low, given the small sample size.We
deal with each of these in turn.

The low resolution (1 km) for the locations of roadkill records
did not match the 10 1.3-km road segments before installation of
the ‘virtual fence’. This would give a 300-m difference between
the end of the first kilometre, as measured with the vehicle
odometer, and theendof thefirst 1.3-kmsegment.Theendsof the
second kilometre on the odometer and the second 1.3-km
segment would then be 600 m apart, and so on. We cannot
envisage how each roadkill record could have been allocated to
the 10 segments without substantial error.

The preinstallation survey sampled only one portion of
one year, so the extent to which these data represented the true
‘background’ level of roadkills, as claimed by the authors, was
unknown. Annual, seasonal and lunar variation in roadkill rate is
observed around the world (Farmer and Brooks 2012; Steiner
et al. 2014; Seo et al. 2015; Canova and Balestrieri 2019),
including Australia (e.g. Coulson 1982, 1989; Taylor and
Goldingay 2004). In Tasmania, Hobday and Minstrell (2008)
reported strong temporal variation in roadkills, although themost
common species (rufous-bellied pademelon, Thylogale
billardierii, and Bennett’s wallaby, Notamacropus rufogriseus)
recorded by Fox et al. did not show a statewide seasonal pattern,
despite strong seasonality of breeding (Rose and McCatney
1982; Curlewis 1989).

The small sample size of roadkills (n = 54) and the large
number of categories (ten 1.3-km road segments) used in this
analysis would have resulted in low statistical power. The power
of standard goodness-of-fit tests is typically low: even samples of
200 would achieve a power value of only 0.8 for an effect size of
60% over 2–4 categories (Watkins and Di Stefano 2013). Fox
et al. thus risked committing a Type II error, failing to reject a
false null hypothesis because their test lacked the power to detect
real differences in roadkill rates along the stretch of road. A
partial solution might have been to reduce the road categories to
two (unfenced and later ‘virtual fenced’) and adjust the expected
frequencies by the total length of each category. Unfortunately,
the data were not presented in a form that allowed us to conduct
that analysis.

Before/after contrast
The ‘virtual fence’ was installed along a 3.2-km stretch of the
road in February 2014 and daily surveys continued as earlier.
Nine months later (November 2015), the ‘virtual fence’ was
extended by a total of 1.9 km, 0.9 km at one end and 1.0 km at
the other, increasing the virtual fence length to 5.1 km. Fox
et al. calculated the monthly roadkill rate within this 1.9-km
extension over the 12 months before the ‘virtual fence’ was
extended, then compared it with the corresponding rate for
12 months after the extension, using a paired t-test. Fox et al.
did not present mean monthly data, but reported raw totals of
28 roadkills before the extension and 8 roadkills after, and
rejected the null hypothesis of no difference (P = 0.04). This
second step of the design and analysis has one flaw identified
earlier and three additional flaws: (1) the data were collected at
a linear resolution of 1 km as before; (4) the monthly replicates
were not independent; (5) the ends of the existing ‘virtual
fence’ were not considered; and (6) the before and after data
were collated over only 12-month periods. We expand on these
in turn.

The 1-km resolution of roadkill records did not match the
northern end of either the initial installation of the ‘virtual fence’,
beginning at the 6.8-kmmark, or extension to the ‘virtual fence’,
beginning at the5.9-kmmark.Aspreviously,wecannot envisage
howeach roadkill record could have been allocated to portions of
the road that were subsequently ‘virtual fenced’, or continued to
be unfenced, without error at the northern end.

A key assumption of a t-test is that observations are
independent of each other (Zar 1974). However, the monthly
roadkill data in this analysis were not independent: an animal
killed in one month was simply unavailable to be killed in
another month. It could be assumed that the individuals of each
specieswere drawn fromvery large populations, so that deaths of
individuals were effectively independent events. However, Fox
et al. did not stipulate this assumption, and without data on
population density and turnover for each species, the validity of
the assumption cannot be assessed.

Roadkill data used in the before/after comparison were
collected near each end of the initial ‘virtual fence’. This design
raises the ‘fence-end’ issue, which confounds interpretation of
the effectiveness of wildlife fencing (Rytwinski et al. 2016). If a
fence of any type forms an effective barrier to movement,
animals may attempt to cross the road at the end of the fence,
resulting in a concentration of roadkill. This exaggerates the
disparity between fenced and unfenced roadkill rates, so the
benefit of the fence becomes overestimated. The ‘fence-end’
issue is best known from studies of physical fences to exclude
deer from highways (e.g. Feldhamer et al. 1986; Parker et al.
2008). However, an experimental study of rufous-bellied
pademelons and Bennett’s wallabies showed that both species
shifted their home range centres and changed their habitat in
response to the erection of a physical macropod-proof fence
(Wiggins et al. 2010), so the ‘fence-end’ problem could apply to
the study by Fox et al. (2019). Assuming that the ‘virtual fence’
had some effect in their study, as expected for a novel stimulus,
the roadkill rate in the unfenced section before the ‘virtual fence’
extensionmayhavebeen inflated, so the reduction in roadkill rate
in the fenced section after the ‘virtual fence’ extension appeared
more marked than in reality.
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Fox et al. compared the 12-month period before the ‘virtual
fence’ extension with the corresponding 12-months after as a
way of accounting for monthly variation. While this approach
made some allowance for potential seasonal effects, it could not
allow for any variation between years. Given that a
largermonthlydatasetwas available, it is unclearwhy theauthors
did not use more of their data from the beginning of the study
before the ‘virtual fence’ extension (October 2013 to October
2015) and contrast it with matchingmonthly data collected up to
the end of the study in March 2017.

Fenced/unfenced contrast

Fox et al. (2019) continued to record roadkill data as earlier until
March 2017, three years after the initial installation of the ‘virtual
fence’. The authors then compared the monthly roadkill rates in
the ‘virtual fenced’ sectionof roadwith the twounfenced sections
of road (pooled), using a paired t-test. Roadkill rate was
expressed per kilometre of road, adjusted for the different lengths
of road before and after the ‘virtual fence’ extensions were
installed. The null hypothesis of nodifferencewas rejected for all
species combined (P = 0.0001), and for rufous-bellied
pademelons (P = 0.0001) and Bennett’s wallabies (P = 0.013)
separately;meanmonthly roadkill rateswere lower in the ‘virtual
fenced’ section than in the unfenced sections in each comparison.
This third step of the design and analysis had three flaws
identified earlier: (1) the datawere collected at a linear resolution
of 1 km; (4) the monthly replicates were not independent; and
(5) the ends of the existing virtual fencewere not considered. The
third step alsohad two additionalflaws: (7)measures of sampling
variation were not presented; and (8) possible habituation to the
stimuli was not addressed. We consider these flaws in turn.

As previously, there was a mismatch between the 1-km
resolution of roadkill records and the northern ends of the ‘virtual
fence’ as initially installed (6.8-km mark) and later extended
(5.9-km mark). Presumably, the boundaries between ‘virtual
fenced’ and unfencedwould have been apparent once the ‘virtual
fence’ units were installed, so roadkills could be confidently
allocated to their appropriate categories. However, Fox et al.
never specified precisely what they considered to be the fenced
segment of road: was it from the most northerly unit to the most
southerly, or did it perhaps include a zone of influence extending
12.5 m beyond the last unit (see Fox et al. 2019, fig. 2)?

Use of monthly roadkill data in this analysis violated the
t-test’s assumption of independent observations (Zar 2010). As
pointed out above, an animal killed in onemonth logically cannot
be killed in another. The data presented for rufous-bellied
pademelons by Fox et al. (2019, fig. 3) illustrate the likely
strength of this effect: marked seasonal peaks in roadkills
occurred in summer and early autumn each year, potentially
depleting the local population. An experimental cull of rufous-
bellied pademelons and Bennett’s wallabies showed that
surviving individuals of both species shifted their home range
centres and changed their habitat within a month (Wiggins et al.
2010), but it is unlikely that these fine-scale movements would
rapidly restore the population of susceptible individuals near the
road.

Roadkill data were collected for 9 months at each end of the
initial ‘virtual fence’, then collected for another 27months at the

ends of the extension to the ‘virtual fence’. This sampling regime
was thus at risk of a double ‘fence-end’ problem (Rytwinski et al.
2016). If the ‘virtual fence’ formed even a partial barrier to
movement, roadkills may have been concentrated beyond the
ends of the initial ‘virtual fence’, followed by a second set of
roadkills concentrated beyond the extended ‘virtual fence’. As
previously, this effect would inflate the roadkill rate along
unfenced stretches of road, falsely reducing the apparent roadkill
rate within the ‘virtual fence’.

Fox et al. (2019) did not present any measures of sampling
variation in their estimates of roadkill rates. Without data on
standard parameters such as minima and maxima, range,
standard deviation, standard error or coefficient of variation, it is
impossible to appreciate the variability in the data or the
implications of the patterns being described. For the Tasmanian
devil (Sarcophilus harissii), for example, Fox et al.
reported monthly roadkill rates of 0.035 km–1 within the ‘virtual
fence’ and 0.041 km–1 in the unfenced area, and argued that these
data ‘suggest that the ‘virtual fence’ reduced the number of devils
hit on the road’. This is a specious argument because of the
inherent variability in these data from only 19 incidents spread
over 36 months and split between two treatment groups.

Fox et al. (2019) did not give anyconsideration tohabituation.
This is a pervasive problem in the entire field of wildlife
deterrence (Shivik et al. 2003; Blumstein 2016), including
roadkill mitigation. Indeed, the occurrence of any wildlife on
roadsides, despite the loud noises and bright lights produced by
passing vehicles, illustrates the strength of this phenomenon (e.g.
Ben-Ami and Ramp 2013, Goldingay et al. 2018). Inspection of
the monthly roadkill rates recorded by Fox et al. (2019, fig. 2)
suggests that the rates in the ‘virtual fenced’ and ‘unfenced’
sectors have essentially converged by the third year of the trial,
but formal analysis would be required to determine the role of
time as a factor.

Conclusion

Discussing their findings, Fox et al. (2019) stated that ‘this study
clearly demonstrates that virtual fence technology shows great
potential in reducing roadkill rates’. We strongly disagree.
Rather, we argue that ‘virtual fence’ technology follows a
familiar path in roadkill mitigation, which too often leads to
failure. The technology is based on misconceptions about
wildlife behaviour, which apply equally to marsupials in
Tasmania. A clear evaluation of the effectiveness of the ‘virtual
fence’ is simply not possible, due to themany flaws in the design
and analysis of this study.

Fox et al. (2019) concluded their paper with ‘The obvious
reduction in roadkill in this trial of virtual fence technology is
encouraging and should support roll-out of these devices at other
identified roadkill hotspots in Tasmania, which, with concurrent
monitoring, may be used to demonstrate the widespread
applicability of the device in reducing roadkill state-wide’.
Again,we disagree.At best, this trial should be considered a pilot
study,whichhas generated data on roadkill rates, albeitwith poor
spatial resolution and no measure of sampling variation. These
data could make a useful contribution to the design of future
trials, with acceptable statistical power, for a robust assessment
of the ‘virtual fence’. We concur with Rytwinski et al. (2015),

Reappraisal of the ‘virtual fence’ Australian Mammalogy 127



who outlined strong design principles for evaluating road
mitigation measures, while also acknowledging that ideal
designs may be difficult to achieve in practice. Nonetheless, a
higher degree of experimental rigor is required to properly
evaluate the ‘virtual fence’, and far more caution is required
before this technology is ever applied on a broader scale.
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