
INTRODUCTION

There is a growing body of evidence that bats are
affected by the construction and operation of roads
(Altringham and Kerth, 2016). Effects include
deaths due to collisions between vehicles and bats
(Lesiński et al., 2010; Iković et al., 2014); loss of
habitat available for bats to roost within, forage and
commute along (Altringham and Kerth, 2016); frag-
mentation of populations (because roads act as bar-
riers — Bennett et al., 2013); and increased distur-
bance by noise (West, 2016) and light (Stone et 
al., 2009; Smith et al., 2017). In some cases these 
effects appear to be species-specific (Kitzes and
Meren lender, 2014) and habitat-specific (Pourshou -
shtari et al., 2018). However, there has been little in-
vestigation into whether these impacts vary with
traffic volume. We used Chalinolobus tuberculatus,
(the New Zealand long-tailed bat) a vespertilionid,
as a model species to investigate the effects of
overnight traffic volume on bats.

Chalinolobus tuberculatus is an edge-adapted
species (O’Donnell, 2000; O’Donnell et al., 2006;
Borkin and Parsons, 2009) considered to be vulner-
able to extinction; classified as Threatened-Nation -
ally Critical by the Department of Conservation
(New Zealand Government) and the International
Union for Conservation of Nature (O’Donnell,
2008; O’Donnell et al., 2018). These bats are 
central-place foragers, and as such their distribu-
tion is limited by the need to return to a roost each
day (Daniel and Williams, 1984; Sedgeley and
O’Donnell, 1999, 2004; Borkin and Parsons, 2011a,
2011b). In the past, they have been thought to be 
relatively resilient to landscape changes because of
their presence in a diverse range of habitats, includ-
ing indigenous forest, exotic plantation forests
(Borkin and Parsons, 2010), agricultural areas
(Sedgeley and O’Donnell, 2004), and on the edges
of urban areas (Dekrout et al., 2014). However,
there is now concern about the veracity of this 
assumption, with long-tailed bats recorded at lower
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rates where the density of roads, street lights, and
housing is higher (Le Roux and Le Roux, 2012). Bat
records have also been shown to decline with dis-
tance from forested areas (Smuts-Kennedy, 1994),
and C. tuberculatus have been injured and killed, at
least occasionally, when their roosts have been
felled (Borkin and Parsons, 2010) or they have been
hit by vehicles (Moore, 2001).

Chalinolobus tuberculatus are known to com-
mute and forage along remote forestry roads and
roads that bisect their habitat in national parks
(O’Don nell, 2000; Borkin and Parsons, 2009). 
D. S. Le Roux (in litt.) provided some evidence that
activity of C. tuberculatus reduces with proximity to
roads, and this is supported by overseas’ research
which has found that activity of other bat species de-
clines closer to roads (Berthinussen and Altringham,
2012; Kitzes and Merenlender, 2014). If roads are
acting as barriers to bat movement, then they could
be resulting in the fragmentation of bat populations.
However, it remains unknown what factors asso-
ciated with roads may limit bat activity. Traffic 
volume could be an important consideration; part-
icularly given that traffic volumes have increased 
in many parts of the world over the past few de-
cades (van der Ree et al., 2011), including New
Zealand.

The aim of this study was to investigate the rela-
tionship between C. tuberculatus activity and traffic
volumes along roads and highways in New Zealand.
Given that long-tailed bats are known to forage
along forest edges, including quiet sections of for-
est roads and private roads (O’Donnell, 2000;
O’Donn ell et al., 2006; Borkin and Parsons, 2009),
road impacts may be related to traffic volume 
rather than the presence of a road. If traffic levels 
are affecting bat behaviour, then observations of 
bat activity will decline with increasing traffic vol-
ume. This research objective is particularly relevant
given that traffic volumes in New Zealand have 
increased by 75% since records began in 1989 (Wen,
2015). 

MATERIALS AND METHODS

Traffic Volumes and Bat Activity

This research was undertaken within the austral summer 
and autumn between December 2015 and April 2016. Bat activ-
ity was measured by identifying bat calls recorded using auto-
mated bat detectors. Wildlife Acoustics SMZC Zero Crossing
bat re corders (ZC units) used in this study have been estimated
to detect bats, at 40 kHz, the peak amplitude of long-tailed bat
calls, up to 38 metres from the units (I. Agranat, unpublished
data).
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Site Selection

We measured bat activity by locations along New Zealand’s
State Highways that are: (1) within known or potential long-
tailed bat habitat and (2) sites where traffic volume is monitored
by the New Zealand Transport Agency (Wen, 2015).

At each monitoring site, ZC bat detector units were put out
in pairs, with one unit placed at the edge of the ‘highway’ along
a forest edge, line of trees, or other linear landscape feature,
while the other was placed alongside another piece of forest
edge or linear landscape feature that was ≥ 200 metres ‘distant’
from the road. We chose this distance because Berthinussen and
Altringham (2012) found that noise pollution due to roads 
appeared to reduce to near ambient levels at around 200 metres,
and Altringham and Kerth’s (2016) review of the effects of
roads on bats considered that the effects of light pollution from
road lighting and vehicle lights would only operate over rela-
tively short distances. Side roads were not used for the partner
ZC unit unless it was a forestry road. This is because forestry
roads are usually closed to vehicles at night and bat activity
along this edge would therefore not be affected by traffic at
night, or only very occasionally. At some traffic monitoring sites
only one pair of ZC units was deployed, while at other sites,
where habitat extent allowed, more than one pair of ZC units
were deployed. Where two or more pairs of ZC units were de-
ployed along the same section of road, pairs were placed ≥ 250
metres apart (Fig. 1). This distance was chosen to ensure that
bats were not simultaneously recorded at two pairs of sites, and
so that between-pair distances were greater than within-pair 
distances.

ZC units were set to ‘record at night’ mode — from sunset
to sunrise — for two entire nights. MetService (New Zealand
weather forecasting service) weather forecasts were used to en-
sure that the ZC units were not used during periods of rain.
Sunset and sunrise times were recorded automatically by the
units. ZC unit location, distance to the road edge, and distance
to the pair partner were recorded using a hand-held GPS unit.
All ZC units were within two metres of the ground. 

Bat Passes

A long-tailed bat pass was defined as a series of two or more
calls, each with peak amplitude at or around 40 kHz, separated
from other calls by a period of silence lasting at least one second
(Thomas, 1988). Calls of New Zealand bats are readily distin-
guishable from other nocturnal sounds also recorded on bat
recorders, including insects, birds, wind, and rain. 

Bat calls were identified using Kaleidoscope Version 3.1.5
(Wildlife Acoustics Inc). Recordings were processed and 
converted from Zero Crossing file format to an audible.wav file
format. Identification of calls was undertaken manually by
viewing a spectrogram and/or listening to the .wav file of each
recording. Call shapes (or wave forms) were defined as pulses
on the spectrogram, or clicks on the corresponding audible .wav
file, each with a peak amplitude at or around 40 kHz. The 
number of bat passes per night was tallied for each ZC unit at
each site. 

Traffic Volume Data

Data on traffic volume were provided by the New Zealand
Transport Agency. This data was used to establish three bat 



activity covariates: 1) Day-time traffic volume. For day-time
traffic volume we used a metric called Annual Average Daily
Traffic (AADT) volume (Wen, 2015). The most recent year this
was available for was 2014. These data were assumed to corre-
late with the traffic volumes over the study period; 2) Percent -
age heavy traffic volume. Percentage heavy traffic (Heavy) is an
estimate of the proportion of the AADT which is deemed to
comprise a heavy vehicle, i.e. greater than 3.5 tonnes for the
current year (Wen, 2015). This was also available for the 2014
calendar year. These data were assumed to correlate with the
traffic volumes over the study period; 3) Night-time traffic vol-
ume. A standard ‘average overnight traffic per night’ was deter-
mined by summing traffic that passed the count site location be-
tween 20:00 hours and 06:00 hours over seven nights during the
traffic monitoring period and then calculating its mean. The
seven-day traffic monitoring period utilised was closest by date

to the period over which bat monitoring took place, unless traf-
fic monitoring was continuous and the first seven days of the
same month was then used. The period from 20:00 hours to
06:00 hours was chosen because this encompassed sunset times
for most of the locations sampled over the summer and autumn
monitoring period. These data were available for 2015–2016.

Data Analyses

Bat detection data were analysed using generalised linear
mixed-effects models using the package lme4 (Bates et al,.
2015) in R (Ihaka and Gentleman, 1996). Models included two
nested random effects: 1) transport monitoring site, and 2) bat
monitoring site, i.e. each ZC pair. Initial modelling attempts as-
sumed a negative-binomial distribution, but several models
failed to converge, so a binomial distribution was used, by 
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FIG. 1. Schematic diagram of bat monitoring sites along highways. All bat monitoring sites were established at locations where traffic
volumes are being monitored by the New Zealand Transport Agency. At some traffic monitoring sites only one pair of bat detectors 

was established but, at other sites, when habitat extent allowed, more than one pair was established



simplifying the data to be either no bats (0) detected or one bat
(1) detected. With the exception of % heavy traffic, data on traf-
fic volume was log transformed. 

Only sites where bats were detected at least once were mod-
elled. This was done because we were not confident that sites
where bats were not detected were occupied by bats. Addition
of sites where bats were not detected, and may not have been
present, leads to zero inflation in the data, and provides no ad-
ditional information on the specific hypotheses that we are try-
ing to address. We also removed one further bat monitoring site
because the paired ZC units were 1.5 km apart and this was not
consistent with our overall study design.

We ran models with the following fixed effects, all of which
had the presence and absence of bats (BP) as the dependent vari-
able: BP~Intercept (intercept only, no predictor), BP~Position
(highway versus distant — categorical covariate), BP~Day traf-
fic (day-time traffic volume), BP~Night traffic (night-time traf-
fic volume), BP~Heavy (% heavy traffic), BP~Position*Day
traffic (interaction), BP~Position*Night traffic (interaction),
BP~Posi tion*Heavy (interaction). All of these models had the
random effect bat monitoring site nested within the random ef-
fect transport monitoring site. The models were ranked using
AIC and Akaike Weights (Burnham and Anderson, 2002). The
model with the smallest AIC value is considered to be the most
parsimonious in the model set given the data and the number of
parameters. Akaike Weights are the probability that a model is
the best model in that model set (Burnham and Anderson, 2002).
The intercept model is a ‘null model’, essentially modelling
nothing, and any models that are ranked below it are considered
to be uninformative.

Used Abbreviations and Acronyms

AADT — Annual Average Daily Traffic volume; AIC —
Akaike information criterion; BP — presence or absence of
bats; ZC — Wildlife Acoustics SMZC Zero Crossing Bat
Recorders; FC — Frequency Compression Automated Bat
Monitoring units produced by the New Zealand Department of
Conservation; NZ Transport Agency — New Zealand Transport
Agency; R — Programme used to analyse and model data;
SMZC — Song Meter Zero Crossing.

RESULTS

Between December 2015 and April 2016, 57 traf-
fic monitoring sites were sampled across both the
North and South Islands of New Zealand (Fig. 2).

Within these traffic monitoring sites, a total of 108
bat monitoring sites (paired ZC units) were de-
ployed. Chalinolobus tuberculatus was the only bat
species detected during this study.

When bat monitoring sites where no bats were
detected were removed, data remained for 39 traffic
monitoring sites and 56 bat monitoring sites. Distant
ZC units averaged 291 metres from the roads 
(± 10.75 SE), while the average highway ZC unit
was 18 metres from the roads (± 1.95 SE). The sum
of bat detections was 760 for distant ZC units (mean
6.6, range = 0–90) and 518 for highway ZC units 
(0 = 4.5, range = 0–64). The median number of 
bat passes for distant ZC units was 1 and for high-
way ZC units it was 0.

For the generalised linear mixed effects models,
the top model in the model set was the interaction
effect between position (highway ZC, distant ZC)
and night-time traffic volume, with an Akaike
weight of 0.95 (Table 1). The interaction effect in
this model was statistically significant (Z = -2.89,
P = 0.0037). The second and third ranked models,
both with Akaike weights of 0.02, were the interac-
tions between position and % heavy traffic, and po-
sition. Position was the highest ranked individual
covariate model (i.e. model without an interaction
effect). This model predicts that bats are more likely
to be detected at distant ZC units compared with
highway ZC units (odds ratio for the high-
way = 0.49, odds ratio for distant = 1.76). The inter-
action effect between position and day-time traffic
volume failed to converge.

For the top model, the coefficient describing the
relationship between distant sites and night-time
traffic volume was 0.05 with a SE of 0.21, indicating
there was not a strong relationship between distant
ZC units and night-time traffic volumes. However,
the coefficient describing the relationship between
highway ZC units and night-time traffic volumes
was -0.73 with a SE of 0.25 (CV = 34%) indicat-
ing a negative relationship between bat detections
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TABLE 1. Models of bat activity and traffic volume ranked using AIC. The model Position*Day traffic failed to converge, so is not
presented in this table

Model k (Fixed effects) AIC Delta AIC Akaike weight

Position*Night traffic 4 297.30 0.00 0.95
Position*Heavy 4 304.69 7.39 0.02
Position 2 305.44 8.14 0.02
Day traffic 2 307.76 10.46 0.01
Heavy 2 307.95 10.65 0.00
Night traffic 2 308.37 11.07 0.00
Intercept 1 309.63 12.33 0.00



and night-time traffic volumes. We used the ‘pre-
dict’ function in R to get the predicted probabilities 
for each site and plotted them against night-time
traffic volumes (Fig. 3). Bat activity along high-
ways can be high when traffic rates are low (close to
zero), but this activity declines rapidly as traffic rates
reach ≥ 1,000 vehicles per night (Fig. 3A). In con-
trast, at distant sites there is no clear relationship be-
tween bat activity and night-time traffic volumes
(Fig. 3B).

DISCUSSION

Bat Responses to Traffic Volumes

The top model from our analysis predicts that,
for paired monitoring devices, with one near the
highway and one 200 metres or more from the high-
way, the distant monitoring device is more likely to
detect long-tailed bats than the monitoring device
near the highway. It also predicts that bat activity

                                                                                  More traffic, less bat activity 325

FIG. 2. Locations of bat monitoring sites used in this study



along highways will be negatively correlated with
night-time traffic volume, while bat activity 200 me-
tres away appears to be unaffected.

Our study aimed to monitor as many sites as pos-
sible with varying traffic volume. Consequently, we
did not investigate how varying distance from the
highway correlates with bat activity, but instead
used distance as a categorical covariate (beside
highway; ca. 200 metres distant from the highway).
Our results show that C. tuberculatus activity can be
high along roads with low night-time traffic vol-
umes, but this activity can decrease to very low 
levels along roads with high night-time traffic vol-
umes. Modelling of foraging activity by Myotis so-
dalis has predicted that when daily traffic volumes
greater than 200 vehicles/5 min occurred a road
acted as a barrier to bats (Bennett et al., 2013).
Bennett et al. (2013) found that when traffic vol-
umes were low, roads acted as filters. That is, bat-
vehicle encounters prevented bats from crossing 
a road but they were still able to cross the road 
eventually. Roads became a barrier to movement at
higher traffic volumes, when bats were unable to
cross the roads (Bennett et al., 2013). 

Establishing whether, or to what extent, this ob-
served decline in bat activity is related to impacts on
bat survival and population viability was beyond the
scope of this study, but is an important next step.
Forman et al. (2002) showed that collisions between
many wildlife species and vehicles increase with 
increased traffic volume, vehicle speed, and proxim-
ity to wildlife corridors and habitat. However, to

date, no research has specifically investigated the 
relationship between bat mortality rates due to 
roadkills and traffic volumes (Altringham and
Kerth, 2016), although Fensome and Mathews
(2016) commented that casualty rates appear to be
higher along roads with higher traffic volumes than
along low volume roads. However, if long-tailed
bats respond to a threat by moving away from it 
at speed, then roads with high traffic volumes may
be acting as substantial barriers (cf. Jacobson et 
al., 2016).

Possible Behavioural Reasons for Declining Bat
Activity at High Traffic Volumes

While traffic volumes may have direct impacts
on long-tailed bat survival, it may also affect their
behaviour, which may result in indirect effects. The
following paragraphs consider possible mechanisms
for this effect. Determination of the causal mecha-
nisms that explain the reduction in C. tuberculatus
activity along New Zealand highways is an impor-
tant priority.

Overseas studies suggest that the effects of roads
on bats may depend on the habitat preferences of the
individual species (Kerth and Melber, 2009) and
their tolerance of light (Lacoeuilhe et al., 2014) and
noise (Schaub et al., 2008; Bennett and Zurcher,
2013). It appears that, in general, roads may be more
of a barrier to bats which largely or only forage
within or in very close proximity to taller vegeta-
tion, such as New Zealand’s Mystacina tuberculata
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FIG. 3. Predicted probabilities from the top model plotted against night-time traffic volume for A — bat detectors closely adjacent to
highways and B — bat detectors 200 metres or more from highways (distant). Night-time traffic volume is the number of vehicles 

using a highway between 20:00 hours and 06:00 hours

A B



(lesser short-tailed bat), than those species which
forage in open areas or edges such as C. tubercula-
tus (cf. Kerth and Melber, 2009). However, roads
with low traffic volumes can act as positive filters to
bat movement while high traffic roads are barriers to
their movement (Abbott et al., 2012; Bennett et al.,
2013). Zurcher et al. (2010) suggested that bats per-
ceive vehicles as a threat and may exhibit predator
avoidance behaviour in response to their presence,
e.g. changing direction quickly in response to an 
approaching vehicle. The only study of C. tubercu-
latus that has investigated their relationship with
noise suggests that they can become habituated to 
it, although this study only addressed aircraft noise
(Le Roux and Waas, 2012). Effects of anthropogenic
noise, such as traffic noise, on New Zealand’s other
extant bat species — M. tuberculata — may differ
from those on C. tuberculatus. This is because,
whilst foraging on the ground M. tuberculata appear
to locate their prey by listening for prey-generated
noises (Jones et al., 2003). Antrozous pallidus also
listens for prey-generated noise whilst foraging, and
has been shown to take longer to find prey in the
presence of anthropogenic noise (Bunkley and 
Bar ber, 2015). Whether C. tuberculatus also listen 
for the invertebrates they depredate has not been 
investigated.

Edges are profitable foraging areas for C. tuber-
culatus due to the relatively high abundance of in-
vertebrates (Pawson et al., 2008), protection from
wind (Davies-Colley et al., 2000), and ease of navi-
gation (Kalcounis-Rueppell et al., 2013). However,
it is possible that roadside sites may become rela-
tively unprofitable foraging areas, because foraging
may need to be interrupted by the need to avoid ve-
hicles (Zurcher et al., 2010; Bennett and Zurcher,
2013), and invertebrates may be affected by vehicle
noise and associated light (Morley et al., 2014). In
Europe, Myotis daubentonii is thought to reduce
their foraging activity due to the need to avoid traf-
fic (Luo et al., 2015). Modelling of foraging activi-
ty by the Myotis sodalis also found that foraging
success was lower alongside busier roads (Bennett
et al., 2013).

The impact of increased light associated with 
increased traffic rates on C. tuberculatus is difficult
to predict without further research. This is because
over seas research has shown that bats can be
grouped into two groups: those that avoid artificial
light and those that may be attracted to light for for-
aging opportunities (Lacoeuilhe et al., 2014). In the
UK, Stone et al. (2009) found that Rhinolophus 
hipposideros avoided light. In Canada, however,

Fur longer et al. (1987) observed that other bat spe -
cies forage around street lights. 

Lack of response of long-tailed bats at sites dis-
tant from a road to traffic volumes could be related
to a reduction in traffic noise and light. The rate at
which bats turn away from vehicles is thought to be
related to both the noise at the location where they
encounter the vehicle and the noise of the vehicle 
itself (Bennett and Zurcher, 2013). Bennett and
Zurcher (2013) attributed increases in avoidance be-
haviour by bats to the disturbance threshold (a noise
threshold above which bats would be more likely 
to reverse their route and avoid vehicles) for each
particular species. They found that M. sodalis had 
a threshold of approximately 88 dBA, although this
could vary between species. Research in New Zea -
land has found that noise produced by heavy traffic
is regularly equivalent to or in excess of this thresh-
old, although it can vary dependent on both road 
surface and location (Divett and Cenek, 2008). Con -
sequently, it is possible that increased traffic volume
results in higher road noise, causing bat activity near
to a road to decrease. Importantly for this research,
Bonsen et al. (2015) found that all traffic noise
above 5 kHz was lost within the first 150 m from 
a road. This frequency does not overlap with the
peak amplitude of C. tuberculatus echolocation
calls, so traffic noise at distant sites may not affect
their echolocation. The effects of light are also like-
ly to reduce within short distances from roads 
(Al tringham and Kerth, 2016).

We found that C. tuberculatus activity along
New Zealand’s highways is negatively correlated
with night-time traffic volume. The extent to which
this is driven by behaviour versus mortality is un-
known, but bat activity at adjacent paired sites,
≥ 200 metres from highways, showed no relation-
ship with night-time traffic volume. Whether, or to
what extent, reductions in bat activity along high-
ways affects the long-term viability of C. tubercu-
latus populations is a high priority for assessment. If
busy highways are acting as barriers to C. tubercu-
latus populations then they may be fragmenting
landscapes and resulting in bat populations becom-
ing isolated. A further important priority is to estab-
lish the mechanisms that underpin why bat activity
is lower in high traffic areas. Understanding this will
help with the development of effective mitigation
methods.
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