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1 | INTRODUCTION

Continued growth in the use of artificial light at night ranks among the
most important global threats to biodiversity (Davies & Smyth, 2017,

Abstract

The rapid global spread of artificial light at night is causing unprecedented disrup-
tion to ecosystems. In otherwise dark environments, street lights restrict the use of
major flight routes by some bats, including the threatened lesser horseshoe bat Rhi-
nolophus hipposideros, and may disrupt foraging. Using radio tracking, we examined
the response of individual female R. hipposideros to experimental street lights placed
on hedgerows used as major flight routes. Hedgerows were illuminated on one side
over four nights using lights with different emission spectra, while the opposite side
of the hedge was not illuminated. Automated bat detectors were used to examine
changes in overall bat activity by R. hipposideros and other bat species present.
R. hipposideros activity reduced significantly under all light types, including red light,
challenging a previously held assumption that red light is safe for bats. Despite this,
R. hipposideros rapidly adapted to the presence of lights by switching their flight
paths to the dark side of the hedgerow, enabling them to reach foraging sites with-
out restriction. Red light had no effect on the activity of the other species present.
Slow-flying Myotis spp. avoided orange, white and green light, while more agile Pip-
istrellus spp. were significantly more active at these light types compared to dark
controls, most probably in response to accumulations of insect prey. No effect of
any light type was found for Nyctalus or Eptesicus spp. Our findings demonstrate
that caution must be used when promoting forms of lighting that are thought to be
safe for wildlife before they are tested more widely. We argue that it is essential to
preserve dark corridors to mitigate the impacts of artificial light at night on bat

activity and movements.
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Gaston, Duffy, Gaston, Bennie, & Davies, 2014; Gaston, Visser, &
Holker, 2015). Nearly one quarter of the world's land surface inhabited
by humans now experiences light-polluted nights (Falchi et al., 2016),

with artificially lit areas growing on average by two per cent each year,
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both in radiance and extent (Kyba et al., 2017). In Europe, as much as
88% of the land surface is affected by light pollution (Falchi et al.,
2016). Negative impacts of lighting have been demonstrated for a
wide variety of organisms, with effects observed at all levels of biologi-
cal complexity from gene expression to ecosystem functioning (Ben-
nie, Davies, Cruse, & Gaston, 2016; Bennie, Duffy, Davies, Correa-
Cano, & Gaston, 2015; Davies, Bennie, & Gaston, 2012; Fonken &
Nelson, 2014; Gaston, Bennie, Davies, & Hopkins, 2013; Honnen,
Johnston, & Monaghan, 2016; Lewanzik & Voigt, 2014). Strictly noc-
turnal animals such as bats are considered most at risk and have been
a focus of research in recent years (e.g., Rydell, 1992; Gutierrez, Pes-
soa, Aguiar, & Pessoa, 2014; Lacoeuilhe, Machon, Julien, Le Bocq, &
Kerbiriou, 2014; Lewanzik & Voigt, 2017; Rowse, Harris, & Jones,
2016; Rydell, EkI6f, & Sanchez-Navarro, 2017; Spoelstra et al., 2017;
Stone, Jones, & Harris, 2009, 2012 ).

Street lights are a primary source of light pollution in semi-natu-
ral ecosystems. The effects of street lights on bats are varied, and
behavioural responses appear to be species-specific. Some fast-flying
bats may benefit by exploiting accumulations of positively phototac-
tic insect prey that aggregate at lights and so are considered to be
light-opportunistic. The predictability and increase in density of
insect prey at street lights combined with the impairment of prey
defence mechanisms (Acharya & Fenton, 1999; Minnaar, Boyles,
Minnaar, Sole, & McKechnie, 2014; Svensson & Rydell, 1998; Wake-
field, Stone, Jones, & Harris, 2015) may improve foraging efficiency
for light-opportunistic bats, and the activity of bats recorded regu-
larly at street lights, such as Pipistrellus spp., is generally highest at
lights that emit short wavelengths, that is those most attractive to
insects (Blake, Hutson, Racey, Rydell, & Speakman, 1994; Rydell,
1992; Spoelstra et al., 2017; Stone, Wakefield, Harris, & Jones,
2015), supporting the hypothesis that bats are drawn to street lights
primarily for foraging.

In contrast, slower-flying bats, which are thought to be more vul-
nerable to predation by aerial-hawking birds that hunt by vision, are
typically light-averse (Spoelstra et al., 2017; Stone, Jones, & Harris,
2009, 2012 ). The deterrence effect of artificial light on light-averse
bats has been demonstrated at roosts (Boldogh, Dobrosi, & Samu,
2007; Rydell et al., 2017; Zeale et al., 2016) and at habitats used for
commuting and foraging (Azam et al., 2018; Spoelstra et al., 2017,
Stone, Jones, & Harris, 2009, 2012 ), and this effect is consistent
across a range of lighting technologies (Spoelstra et al., 2017; Stone,
Jones, & Harris, 2009, 2012 ). Previous experiments found that both
high-pressure sodium (HPS) (Stone, Jones, & Harris, 2009) and white
light-emitting diode (LED) lights (Stone, Jones, & Harris, 2012)
restricted the use of major flight routes by threatened lesser horse-
shoe bats Rhinolophus hipposideros, raising concern about their ability
to reach preferred foraging sites and feed during hours of peak
insect activity. In the absence of data on the wider movements of
individual bats, however, it was not possible to establish the impact
on factors that may affect fitness, such as ranging behaviour and
habitat selection. This is an important knowledge gap that must be
addressed if we are to understand the conservation implications of
light pollution on bats.

As evidence for the detrimental impacts of artificial light at night
continues to grow, attention is now turning towards how best to
mitigate its ecological effects. New lighting technologies allow for
greater flexibility in the control of light emissions from individual
street lights, and so options such as dimming, part-night lighting and
altering the spectrum of lights are being explored (Azam et al., 2015;
Day, Baker, Schofield, Matthews, & Gaston, 2015; Gaston, Davies,
Bennie, & Hopkins, 2012; Rowse, Harris, & Jones, 2018; Spoelstra
et al., 2017). While dimming and part-night lighting are useful in
reducing light pollution overall, the opportunity to deliver benefits
for bats may be limited. Significant reductions in activity by Myotis
and Rhinolophus spp. occur under broad-spectrum LEDs even when
light levels are considerably lower than those typically used for pub-
lic street lighting (Stone et al., 2012). In addition, as street lights typi-
cally remain switched on during the hours around dusk and dawn
when bat activity is highest, the majority of current part-night light-
ing schemes are unlikely to deliver significant benefits for bats (Azam
et al., 2015; Day et al., 2015; Gaston et al., 2012).

Studies examining the response of bats to different light spectra
are limited, but there are spectrum-dependent effects among both
light-opportunistic and light-averse bats (Spoelstra et al., 2017).
Spoelstra et al. (2017) found Pipistrellus spp. were significantly more
active around white and green light compared to dark controls, but
equally active in red light and darkness. In contrast, Myotis and Pleco-
tus spp. avoided white and green light but were also equally active
in red light and darkness, raising the possibility that red light may be
used to mitigate the impact of light pollution on bats (Spoelstra
et al., 2017). However, it is unclear whether these results are appli-
cable to other species of bat.

In this study, we examine the response of the light-averse bat
R. hipposideros to street lights with different emission spectra, includ-
ing red light. In addition to acoustic monitoring of bat activity, we
use radio tracking to examine the impact of lights on individual R.
hipposideros. Ranging behaviour and habitat use can be quantified
using radio tracking and are likely to affect fitness and so provide
better measures of the impact of lighting than bat activity recorded
on detectors. We illuminated one side of the hedgerow while keep-
ing the other side in darkness to investigate the extent to which the
preservation of dark corridors can mitigate the impacts of lighting.
This is the first study that we are aware of to examine the response
of individual bats to street lighting, providing new insight into the
ability of bats to adapt to novel sources of light pollution in their

environment.

2 | MATERIALS AND METHODS

2.1 | Light types

We examined the response of bats to four types of street light:
high-pressure sodium (HPS) (DW Windsor Ltd, Hertfordshire, Eng-
land), neutral white light-emitting diode (LED) (CU Phosco, Hertford-
shire, England), and two induction lamps that emit narrowband

wavelengths predominantly in the green and red part of the visible
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spectrum (QL Company, Vessem, Netherlands), hereafter referred to
as orange, white, green and red light, respectively. Images of each
light type in situ during experiments and their respective emission
spectra are provided in Supporting Information Figure S1. We used
HPS lights as these were among the most widely used light types in
Europe prior to the widespread installation of neutral white LEDs.
Irradiance measurements for each light type were recorded in a
dark room at the University of Bristol using a cosine corrector
attached to a 400 pm diameter UV-visible fibre-optic cable. The
cable was connected to a spectrometer (USB2000, Ocean Optics,
FL, USA) controlled by a PC running SpectraSuite (v. 6, Ocean
Optics). A Gershun tube was used to reduce the acceptance angle,
that is the amount of light that falls on the sensor, to ensure that
irradiance measurements were only recorded for photons emitted

directly from the lights.

2.2 | Lighting experiments

Experiments were undertaken on hedgerows used as major commut-
ing routes by R. hipposideros at eight maternity roosts in south-west
England and Wales between July and September 2014. We selected
sites located within dark agricultural landscapes comprising predomi-
nantly pasture, semi-natural woodland and low- to medium-density
housing. Each experiment lasted for five nights: A single dark control
night with street lights in situ but switched off was followed by four
consecutive nights illuminated using the four light types. The order
of light types was randomized across sites to control for order
effects of light treatments.

Prior to installing street lights, acoustic monitoring surveys were
undertaken on all hedgerows around maternity roosts to determine
relative levels of bat activity. Two portable street light columns were
installed the following day on the hedgerow with the highest
recorded R. hipposideros activity, hereafter referred to as the experi-
mental hedge. The columns were positioned 30 m apart, mimicking
the spacing commonly used for public street lights in the UK (Stone
et al.,, 2009), and at each site, the lights were located between 100
and 300 m from the R. hipposideros roost (mean 168.1 + 67.0 m).
Lights were powered by a Honda EU26i portable silenced generator
(Honda UK, Slough, UK) located at least 50 m from the experimental
hedge. On each treatment night, the lights were switched on 30 min
before sunset and switched off 30 min after sunrise. Previous exper-
iments using a similar experimental set-up showed that the generator
had an audible noise output of 49 dB at 7 m and did not affect bat
activity when positioned 50 m from the experimental hedge (Stone,
Jones, & Harris, 2009, 2012 ).

Hedges were illuminated on one side to a mean light level of
55.01 £ 3.90 Ix. This is within the range used during previous experi-
ments using orange HPS (Stone et al., 2009) and white LED (Stone
et al,, 2012) light and is equivalent to that emitted by public street
lights in the UK (Stone et al., 2009). Hedges were sufficiently high
(mean height 6.7 £+ 4.1 m) and densely vegetated to control light
spill, such that the opposite side of the hedge remained compara-
tively dark (0.74 £+ 0.73 Ix). llluminance (in lux) was measured using a
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T-10 illuminance meter (Konica Minolta Sensing Inc., Osaka, Japan)
held 1.75 m above ground level at the hedge below the lights and at
the same position on the opposite side of the hedge. The illuminance
meter was held horizontally, such that the sensor was pointed
directly upwards towards the light source. A weather station (Tycon
Systems Inc., Bluffdale, USA) was positioned in open ground within
50 metres of the experimental hedge to record total nightly rainfall,

mean nightly temperature and mean nightly wind speed.

2.3 | Acoustic monitoring of bat activity

We used Song Meter SM2BAT+ Bat Recorders (Wildlife Acoustics
Inc., MA, USA) to monitor bat activity on each side of the experi-
mental hedge from 30 min before sunset to 30 min after sunrise.
Bat echolocation calls were recorded in full spectrum using the fol-
lowing detector settings: sample rate 384 kHz; minimum frequency
16 kHz; maximum frequency 120 kHz; maximum recording time
15 s; and trigger level 18 dB. Calls were analysed in BatSound v.4
(Pettersson Elektronik, Uppsala, Sweden) and identified manually to
species using call parameters described in Russ (2012) or to a spe-
cies group when calls lacked diagnostic features. Calls were grouped
into four species/species groups: R. hipposideros, Myotis spp., Pip-
istrellus spp. and a group including Nyctalus and Eptesicus spp. Other
rarely recorded species, including Barbastella barbastellus, Plecotus
spp. and Rhinolophus ferrumequinum (total 100 passes; 0.2% of over-
all bat activity), were removed from the dataset.

We identified a bat pass as a call sequence containing three or
more pulses and when the time between calls exceeded four times the
inter-pulse interval (Parsons & Jones, 2000). Feeding activity by Pip-
istrellus spp. under control and light treatments was examined by iden-
tifying diagnostic terminal feeding buzzes within recordings. These
highly frequency-modulated calls are emitted at high repetition rates
by bats when attempting to capture prey (Kalko, 1995). Relative feed-
ing activity was measured using a “buzz ratio,” calculated as the pro-

portion of feeding buzzes to bat passes recorded each night.

2.4 | Radio tracking and analysis of spatial data

We used radio tracking to determine the home range areas and
habitat preferences of adult female R. hipposideros during each night
of the experiment. At least two nights prior to beginning the experi-
ments, bats were caught using handheld nets as they emerged from
the roost at dusk and their reproductive state determined to ensure
that neither heavily pregnant nor lactating females with dependent
young were tagged (Mitchell-Jones & McLeish, 2004). Radio tags
(PicoPip Ag337, 0.31 g: Biotrack Ltd, Wareham, UK) weighing <6.5%
of body weight were fitted between the scapulae of 12 adult female
bats at each site using an ostomy adhesive solution (Salts Health-
care, Birmingham, UK). Bats were followed each night using a R1000
receiver (Communications Specialists Inc., Orange, CA, USA) and a 3-
element Yagi antenna, and locational fixes recorded every 5-10 min
between dusk and dawn using the “homing-in” method (Davidson-
Watts, Walls, & Jones, 2006; Jones & Morton, 1992; White &
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Garrott, 1990; Zeale, Davidson-Watts, & Jones, 2012) to examine
foraging behaviour. Any night with less than 90% contact time with
a bat was excluded as we could not identify the complete pattern of
movements throughout the night. Experiments were performed
under licence from Natural England (licence number 20,120,837),
and the study was approved by the University of Bristol's Home
Office Liaison Team and Ethical Review Group.

Home range areas were calculated after plotting radio fixes in
ArcGIS 10 (Esri Inc., Redland, CA, USA). Fix data were imported into
Ranges 7 (Anatrack Ltd, Wareham, Dorset, UK) and used to calculate
individual home range areas (100% minimum convex polygons;
MCPs) and core foraging areas (cluster cores) (Davidson-Watts et al.,
2006; Zeale et al., 2012). Analysis of utilization distribution disconti-
nuities (Kenward, 2001) showed that up to 15% of fix locations
increased the size of foraging areas disproportionately, and, since
examination of these fixes revealed that they were primarily
recorded as bats commuted between roosts and foraging areas, 85%
cluster cores were used to define core foraging areas.

Habitat preferences were examined by comparing the habitat
composition of core foraging areas (85% cluster cores) to that avail-
able (100% MCPs) (Davidson-Watts & Jones, 2006; Davidson-Watts
et al., 2006; Zeale et al., 2012). Compositional analysis (Composi-
tional Analysis Plus Microsoft Excel tool 6.2, Smith Ecology Ltd,
Abergavenny, Gwent, UK) was used to determine whether habitats
were used in proportion to their availability or whether selection
was occurring and to rank habitat types (Aebischer, Robertson, &
Kenward, 1993). Habitat data were extracted from digital maps
developed in-house using ArcGIS 10 and the five broad habitat cate-
gories described in Supporting Information Table S1.

2.5 | Statistical analysis

Analyses were performed in R v.3.4.2 (R Core & Team, 2016) using the
significance level p < 0.05. We found no difference in mean nightly
temperature (F435 = 0.26, n = 8 sites, p = 0.90), total nightly rainfall
(F435 = 1.01, n =8 sites, p =0.41) or mean nightly wind speed
(F435 = 0.53, n = 8 sites, p = 0.71) among treatment nights, and so
these variables were excluded from further analyses to achieve model
simplification. To examine the effect of light type on bat activity, we
fitted repeated measures generalized linear mixed effects models with
a negative binomial distribution to counts of bat passes for each spe-
cies group on each side of the experimental hedge using the glmer.nb
routine in the Ime4 package (Bates, Machler, Bolker, & Walker, 2015).
Treatment type was included as a fixed effect while site was included
as a random effect to control for variation between sites. We fitted
the same model to counts of feeding buzzes to examine the effect of
light type on feeding activity by Pipistrellus spp. and fitted a logistic
regression model with a binomial distribution to buzz ratio (proportion)
data using the glmer routine in Ime4. Full and reduced models with
and without light treatment were compared using the Irtest routine in
the Imtest package (Zeileis & Hothorn, 2002). Post hoc pairwise com-
parisons of treatment types were made using the Ismeans package
(Lenth, 2016) with Bonferroni-corrected probabilities.

To determine whether the presence of lights on commuting
routes affected the ranging behaviour of R. hipposideros, we used the
Imer routine in Ime4 to fit linear mixed effects models with a Gaus-
sian distribution to three response variables derived from radio
tracking data: home range area (100% MCP), core foraging area
(85% cluster core) and maximum range span (distance from roost to
furthest edge of core foraging area). Site and bat were included as
random factors, with bat nested within site to control for variation
among sites and bats. Finally, to examine whether the location of
core foraging areas differed under each light treatment, we calcu-
lated the per cent overlap of core foraging areas for control-light

treatment pairs for each bat under each light type using
@+®
2

where a dark control core foraging area C and a light treatment core
foraging area L overlap each other by area O and fitted the same linear
mixed effects model to these data. Where necessary, response vari-
ables from radio-tracked bats were transformed to meet the assump-
tions of homoscedasticity and normality (Altman, 1991). Underlying
data are available at the University of Bristol data repository, data.bris,
at https://doi.org/10.5523/bris.31dvqglelivhby2dap2tm0zgz94.

3 | RESULTS

3.1 | Bat activity at experimental hedges

We recorded a total of 57,558 bat passes on experimental hedges dur-
ing the 40 nights of monitoring. Most records were of Pipistrellus spp.
(49,465 passes; 85.9%), followed by R. hipposideros (5,085; 8.8%), Nyc-
talus and Eptesicus spp. (2,133; 3.7%) and Myotis spp. (875; 1.5%). We
found significant effects of street lights on bat activity for all species
groups except Nyctalus and Eptesicus spp., which showed similar activ-
ity levels across treatment types (Table 1). Rhinolophus hipposideros ac-
tivity declined significantly on the lit side of the experimental hedge
under all light types compared to the dark control night, with white
light having the strongest, and red light the weakest, effect (Figure 1).
The reduction in passes on the lit side of the hedge was mirrored by a
corresponding significant increase in passes on the opposite dark side
of the hedge for all light types (Figure 1).

Myotis spp. activity declined significantly on the lit side of the
experimental hedge under orange, white and green light compared
with the dark control night (Figure 2). Their activity also declined under
red light, but the effect was not significant (Figure 2). We found no sig-
nificant effect of any light type on the activity of Myotis spp. on the
dark side of the hedge (Table 1; Supporting Information Table S2).
Activity by Pipistrellus spp. increased significantly on the lit side of the
hedge under orange, white and green light, with the greatest activity
recorded under green light (Figure 2). A comparatively small increase
in activity under red light was not significant (Figure 2). The same
response for Pipistrellus spp. was observed on the dark side of the
hedge (Table 1; Supporting Information Table S2). The number of

feeding buzzes emitted by Pipistrellus spp. increased significantly under
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TABLE 1 Results from negative binomial generalized linear mixed
effects model comparisons with and without light treatment for bat
activity (passes) and Pipistrellus spp. feeding activity (buzzes), and
logistic regression models with binomial distribution for Pipistrellus
spp. buzz ratio data (number of feeding buzzes divided by the
number of passes). In each model, light treatment (treatment) was
included as a fixed effect while site (site) was included as a random
factor

df AIC loglik df ¥ p
Bat activity (passes)

Rhinolophus hipposideros (lit side)

Site 3 403.04 -198.52

Treatment + Site 7 38599 -186.00 4 25.05 <0.0001
R. hipposideros (unlit side)

Site 3 40086 -197.43

Treatment + Site 7 38955 -187.78 4 1931 <0.001
Myotis spp. (lit side)

Site 3 26812 -131.06

Treatment + Site 7 25597 -12099 4 20.15 <0.001
Myotis spp. (unlit side)

Site 3 266.65 -130.33

Treatment + Site 7 267.89 -126.95 4 6.76 0.15
Pipistrellus spp. (lit side)

Site 3  606.50 -300.25

Treatment +Site 7 576.53 -281.26 4 37.97 <0.0001
Pipistrellus spp. (unlit side)

Site 3 56985 -281.93

Treatment + Site 7 551.26 -268.63 4 2659 <0.0001

Nyctalus and Eptesicus spp. (lit side)
Site 3 27871
284.46

—136.36
Treatment + Site 7 -13523 4 226  0.69
Nyctalus and Eptesicus spp. (unlit side)

Site 3 273.69 -133.85

Treatment + Site 7 278.17 -132.09 4 352 047
Pipistrellus spp. feeding activity

Number of buzzes (lit side)

Site 3 41782 -205.91

Treatment + Site 7 39401 -19001 4 31.81 <0.0001
Buzz ratio (lit side)

Site 2 43312 -21456

Treatment + Site 6 43671 -21235 4 441 035

all light types compared to dark control nights, except under red light
where the increase was not significant (Table 1; Supporting Informa-
tion Table S2). We found no difference in buzz ratio among treatment
types, demonstrating that feeding activity increased in proportion with
overall activity under each light type.

3.2 | Response of radio-tagged bats

We tagged a total of 96 R. hipposideros across the eight study sites.
We obtained radio tracking data for the dark control night and each
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of the four light treatments from at least eight bats at each site.
Incomplete data sets for individual bats were due to loss of radio
contact or tag failure and were excluded from the analyses. On aver-
age, we obtained 54.0 + 11.2 fixes from each bat on each night of
our experiments. Range data for dark control nights (Table 2) show
that, on average, bats foraged at a distance of 2.0 = 0.9 km from the
maternity roost and used only 14.3% + 7.6% of their individual
100% MCP for foraging. Bats foraged in similar-sized (mean
17.6 + 5.4 ha) core foraging areas that were largely spatially sepa-
rated. An example of the type of spatial organization exhibited by
radio-tracked bats is provided in Figure 3.

When we fitted linear mixed models to the spatial data (Table 3),
we found no effect of treatment type on any of the variables tested,
that is bats foraged in similar-sized core foraging areas that were
located in the same place and travelled similar distances to reach
their core foraging areas during dark control and light treatment
nights. Compositional analysis to determine habitat preferences
revealed that bats consistently preferred to forage in woodland
above all other habitat types (Table 4). Grassland and riparian habi-
tats were the next most preferred habitats. Arable and built-up areas
consisting mainly of medium-density residential housing were least
preferred. We observed no difference in habitat preferences
between treatment types (Table 4).

4 | DISCUSSION

Vegetation corridors such as hedgerows provide important move-
ment and dispersal pathways for wildlife and the loss of these path-
ways, either through direct removal or disturbance, for example from
artificial lighting, poses a significant threat to bats (Lacoeuilhe,
Machon, Julien, & Kerbiriou, 2016). Here, we show that R. hip-
posideros is significantly deterred from using hedgerow commuting
routes when street lights are introduced. The effect is consistent
across a range of light types, including red light, demonstrating that
red light may be safe for bats only in specific circumstances. (Spoel-
stra et al, 2017; Spoelstra, Ramakers, van Dis, & Visser, 2018).
Despite being deterred, R. hipposideros adapted quickly by switching
flight paths and exploiting dark corridors on the opposite side of
experimental hedges. As a result, we observed no effect of our
street light set-up on the ranging and foraging behaviour of radio-
tracked R. hipposideros. The home range sizes of bats in this study
and the preference for foraging in woodland are consistent with pre-
vious studies (Bontadina, Schofield, & Naef-Daenzer, 2002; Downs
et al., 2016; Knight, 2006; Zahn, Holzhaider, Kriner, Maier, & Kayik-
cioglu, 2008).

Our findings suggest that hedgerow commuting routes will
become unsuitable for R. hipposideros if illuminated on both sides.
Stone et al. (2012) demonstrated that R. hipposideros is deterred by
white LED street lights at illuminances of 3.6 Ix. Other species, such
as Myotis spp., are deterred below 1 Ix (Azam et al., 2018), and so
even low levels of light can significantly disrupt the behaviour of
light-averse bats. To minimize impacts on R. hipposideros, we recom-
mend that light trespass on hedgerow commuting routes should not
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TABLE 2 Mean home range areas (100% MCPs), core foraging
areas (85% cluster cores) and range spans (mean maximum nightly
distance from roost to furthest edge of 85% cluster core) for 64
adult female Rhinolophus hipposideros from eight maternity roosts

(n = 8 bats per site) radio-tracked before (dark) and during four light
treatments

Home range area Foraging area Range span
Night (ha)® (ha)? (km)?
Dark 157.8 £ 98.9 17.6 £ 5.4 2.0+ 0.9
Orange 158.5 + 104.9 18.0 £ 5.4 21+09
White  153.1 + 98.4 18.1+54 21+08
Green  154.2 + 109.1 17.7 £ 5.9 20+0.8
Red 1564 + 92.4 172 +54 21+08

®Mean * standard deviation.

exceed that recorded on the dark side of our experimental hedges
(0.74 Ix). If R. hipposideros is forced to use alternative flight routes,
this may have fitness consequences, particularly if alternative routes
limit access to foraging sites or provide poorer cover from predatory
birds (Boughey, Lake, Haysom, & Dolman, 2011; Hein, Castleberry,
& Miller, 2009; Lacoeuilhe et al., 2016; Verboom & Huitema, 1997).
In this study, hedgerows with the highest R. hipposideros activity

tests (Supporting Information Table S2)

were most often those that provided the shortest and most direct
route from roosts to the nearest available woodland (e.g., Figure 3),
and so it is important that these flight lines in particular are pro-
tected from light pollution and managed to provide vegetation cover
that maximizes benefits for bats (Boughey et al., 2011).

Among the other bat species recorded at experimental hedges,
Myotis spp. were deterred by orange, white and green lights, but not
by red light. Similarly, Spoelstra et al. (2017) found Myotis and Pleco-
tus spp. to be deterred by white and green, but not red, light. Aver-
sion to light appears to be common among slow-flying Myotis spp.,
and, in extreme cases, artificial lighting has entombed bats within
roosts (Zeale et al., 2016). While bats appear to be sensitive to
wavelengths throughout the visible spectrum (Wang et al., 2004;
Zhao et al., 2009), they may be relatively more sensitive to shorter
wavelengths, and this could explain the greater tolerance of longer-
wavelength red light by some light-averse species (Miiller et al.,
2009; Spoelstra et al., 2017).

Unlike R. hipposideros, we did not find a corresponding increase
in activity by Myotis spp. on the dark side of experimental hedges
when they were deterred by lights on the lit side, that is Myotis spp.
appeared to move away from the site when deterred, probably
because Myotis spp. were recorded sporadically during the night
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FIGURE 3 Example of the spatial
organization of core foraging areas (dashed
line polygons) used by Rhinolophus
hipposideros (n = 8 bats) in relation to the
roost (white cross) and experimental hedge
(black line from roost). Some bats had
multiple core foraging areas. Woodland is
shown as grey shaded areas, encompassed
by the colony home range area (solid line
polygon) that delimits all radio tracking
fixes recorded for all bats. Data presented
are for the dark control night prior to
illuminating the experimental hedge with

street lights

TABLE 3 Results from linear mixed effects model comparisons
with and without light treatment for four measures of Rhinolophus
hipposideros ranging and foraging behaviour derived from radio
tracking data: (a) size of 100% MCP home range area, (b) size of
85% cluster core foraging area, (c) maximum range span (distance
from roost to furthest edge of core foraging area) and (d) per cent
overlap of core foraging areas for control-light treatment pairs. In
each model, light treatment (treatment) was included as a fixed
effect while site and bat were included as random factors, with bat
nested within site (site/bat)

Spatial data df AIC loglik daf x> p
log Home range area

Site/Bat 4 -12.99 10.47

Treatment + Site/Bat 8 -8.33 1217 4 339 0.50
sqrt Core foraging area

Site/Bat 4 368.87 -180.43

Treatment + Site/Bat 8 37290 -17845 4 397 041

log Maximum range span

Site/Bat 4 -779.02 393.51

Treatment + Site/Bat 8 —774.02 39501 4 301 0.56
Core foraging area overlap

Site/Bat 4 4487.70 -2239.90

Treatment + Site/Bat 7 449330 -2239.70 3 041 094

suggesting low-level use of sites for foraging. In contrast, R. hip-
posideros activity remained largely stable at experimental hedges
across treatment nights, even when bats were deterred from the lit
side, probably due to the higher dependency of R. hipposideros on
these sites as important commuting routes linking roosts to foraging
areas. Even so, Myotis spp. activity on the dark side of the hedgerow
remained stable during lit treatments, indicating that good manage-
ment of light spill, can mitigate disturbance to both R. hipposideros
and Myotis spp.

We found Pipistrellus spp. to be significantly more active around
orange, white and green light compared to dark controls, but equally
active in red light and darkness, as reported by Spoelstra et al.
(2017). We observed the same response by Pipistrellus spp. on both
the lit and dark side of experimental hedges, probably because (a)
the flight paths of Pipistrellus spp. foraging in and around the light
cones of streetlights intersected hedges, and (b) the echolocation
calls of Pipistrellus spp. are sufficiently intense to be detected on
both sides of the hedge simultaneously. Similarly, we recorded the
same response on both sides of experimental hedges for Nyctalus/
Eptesicus spp., which also fly above the height of hedges and emit
high-intensity calls. In contrast, R. hipposideros flies close to vegeta-
tion along the sides of hedges and emits high-frequency calls that
attenuate rapidly, and so individual R. hipposideros are unlikely to be
detected simultaneously on both sides of hedgerow commuting
routes.

Foraging activity by Pipistrellus spp. also increased under orange,
white and green light, indicating that these light types provided
greater foraging opportunities compared to dark controls. Feeding
buzzes increased only in proportion with overall activity, however,
indicating that the rate at which Pipistrellus spp. attempted to catch
insect prey at lights was no higher than in darkness. However, even
if foraging efficiency is not significantly improved, the increased pre-
dictability of prey resources at street lights is likely to be of benefit.

While Spoelstra et al. (2017) found Pipistrellus spp. to be most
active in white light, we found activity to be significantly higher in
green light. Although we cannot rule out the possibility that bats
were attracted to green light by positive phototaxis (Voigt, Roeleke,
Marggraf, Pétersons, & Voigt-Heucke, 2017), the green lights used in
this study emitted additional short wavelengths that were not emit-
ted by the lights used by Spoelstra et al. (2017) and so may have
been more attractive to insects (Barghini & de Medeiros, 2012; Som-

ers-Yeates, Hodgson, McGregor, Spalding, & ffrench-Constant, R. H.,
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TABLE 4 Foraging habitat preferences in 85% cluster cores for 64 adult female Rhinolophus hipposideros radio-tracked at eight maternity
roosts (n = 8 bats per site) under dark control and orange, white, green and red light treatments. Habitat categories to the left of > are used in
higher proportion to those to the right, with 3> showing a significant difference between adjacent habitat types

Treatment Ranked habitat types

Dark Woodland > Grassland >>
Orange Woodland > Grassland >>
White Woodland > Grassland >>
Green Woodland > Grassland >>
Red Woodland > Grassland >>

*

p
Riparian > Arable >> Urban <0.001
Riparian > Arable >> Urban <0.001
Riparian > Arable >> Urban <0.001
Riparian > Arable >> Urban <0.001
Riparian > Arable >> Urban <0.001

*p-value < 0.05 shows habitat use is non-random, that is selection of habitats has occurred.

2013; van Langevelde, Ettema, Donners, WallisDeVries, & Groe-
nendijk, 2011), and therefore also Pipistrellus spp.

Other context-dependent factors are also likely to influence for-
aging behaviour at lights and make direct comparisons between
studies difficult. Sonar jamming, for example, is used by some bats
when competing with conspecifics for food (Corcoran & Conner,
2014), and some Pipistrellus spp. increase their flight speed and fly at
lower altitudes when foraging at lights, presumably to mitigate the
increased risk of predation at lights (Polak, Korine, Yair, & Holderied,
2011). Further research is needed to better understand how artificial
lighting influences interactions between bats and to what extent dif-
ferent species are advantaged or disadvantaged. Where Pipistrellus
spp. are advantaged, competition for food might contribute to the
decline of light-averse species with similar diets, such as R. hip-
posideros (Arlettaz, Godat, & Meyer, 2000). Moreover, light-averse
species are typically rarer and of greater conservation concern than
their light-opportunistic counterparts (Lacoeuilhe et al., 2014).

We found no effect of lights on the activity of Nyctalus and
Eptesicus spp. and did not observe them foraging at our lights, even
though they forage above street lights (Catto, Hutson, Racey, &
Stephenson, 1996; Kronwitter, 1988; Rydell, 1992). Nyctalus and
Eptesicus spp. are “open space foragers” (Denzinger & Schnitzler,
2013) and emit low-frequency, high-intensity echolocation calls that
can be detected at distances up to 100 metres, so many of our
recordings may have been from bats that were not interacting with
our experimental set-up. As a result, we urge caution when inter-
preting our findings for Nyctalus and Eptesicus spp.

While the use of red light may help to mitigate the impact of
artificial light for some species, our findings demonstrate that it is
not universally safe for bats and should not always be considered a
suitable alternative to preserving dark corridors. Our findings demon-
strate that caution must be used when promoting forms of lighting
that are thought to be safe for wildlife before they are tested more
widely. Preserving dark corridors requires a landscape-scale approach
to managing light pollution to ensure that links between important
habitats are maintained throughout bat core sustenance zones, that
is the area surrounding a communal roost within which habitat avail-
ability and quality will have a significant influence on the resilience
and conservation status of the bat colony (Bat Conservation Trust,
2016). We argue that a coherent and resilient “nocturnal network,”
that is a network of areas or habitats without artificial lighting

(Lacoeuilhe et al., 2014), will be necessary to protect bats and other

nocturnal animals against the growing impacts of light pollution.

ACKNOWLEDGEMENTS

We thank the homeowners and landowners who provided access to
their property; James Goldsmith for assistance with data analysis;
John Abernethy, Anastasia Bristow, Fiona Carr, Jon Flanders, James
Goldsmith, Nicholas Hawkins, Sonia Sanchez-Navarro, Joanna Riley,
Emma Simpson-Wells and Lucy Taylor for assistance with fieldwork;
and CU Phosco Ltd, Environment Lighting Ltd and QL Company for
providing lights and technical advice.

CONFLICT OF INTEREST

We declare we have no competing interest.

ORCID

Matt R. K. Zeale

Gareth Jones

http://orcid.org/0000-0002-4997-9577
https://orcid.org/0000-0002-1904-3735

REFERENCES

Acharya, L., & Fenton, M. B. (1999). Bat attacks and moth defensive
behaviour around street lights. Canadian Journal of Zoology, 77, 27—
33. https://doi.org/10.1139/298-202

Aebischer, N. J., Robertson, P. A., & Kenward, R. E. (1993). Compositional
analysis of habitat use from animal radio-tracking data. Ecology, 74,
1313-1325. https://doi.org/10.2307/1940062

Altman, D. G. (1991). Practical statistics for medical research. London, UK:
Chapman & Hall.

Arlettaz, R, Godat, S., & Meyer, H. (2000). Competition for food by
expanding pipistrelle bat populations (Pipistrellus pipistrellus) might
contribute to the decline of lesser horseshoe bats (Rhinolophus hip-
posideros). Biological Conservation, 93, 55-60. https://doi.org/10.
1016/50006-3207(99)00112-3

Azam, C., Kerbiriou, C., Vernet, A., Julien, J.-F., Bas, Y., Plichard, L., ... Le
Viol, I. (2015). Is part-night lighting an effective measure to limit the
impacts of artificial lighting on bats? Global Change Biology, 21, 4333—
4341. https://doi.org/10.1111/gch.13036

Azam, C, Le Voil, |, Bas, Y., Zissis, G., Vernet, A., Julien, J.-F., & Ker-
biriou, C. (2018). Evidence for distance and illuminance thresholds in
the effects of artificial lighting on bat activity. Landscape and Urban
Planning, 175, 123-135. https://doi.org/10.1016/j.landurbplan.2018.
02.011


http://orcid.org/0000-0002-4997-9577
http://orcid.org/0000-0002-4997-9577
http://orcid.org/0000-0002-4997-9577
https://orcid.org/0000-0002-1904-3735
https://orcid.org/0000-0002-1904-3735
https://orcid.org/0000-0002-1904-3735
https://doi.org/10.1139/z98-202
https://doi.org/10.2307/1940062
https://doi.org/10.1016/S0006-3207(99)00112-3
https://doi.org/10.1016/S0006-3207(99)00112-3
https://doi.org/10.1111/gcb.13036
https://doi.org/10.1016/j.landurbplan.2018.02.011
https://doi.org/10.1016/j.landurbplan.2018.02.011

ZEALE €T AL

Barghini, A., & de Medeiros, B. A. S. (2012). UV radiation as an attractor
for insects. Leukos, 9, 47-56. https://doi.org/10.1582/LEUKOS.2012.
09.01.003

Bat Conservation Trust (2016). Core sustenance zones: Determining zone
size (7 pp) London, UK: Bat Conservation Trust. Retrieved from
https://www.bats.org.uk/data/files/Core_Sustenance_Zones_Expla
ined_-_04.02.16.pdf

Bates, D., Machler, M., Bolker, B., & Walker, S. (2015). Fitting linear
mixed-effects models using Ime4. Journal of Statistical Software, 67,
1-48. https://doi.org/10.18637/jss.v067.i01

Bennie, J., Davies, T. W., Cruse, D., & Gaston, K. J. (2016). Ecological
effects of artificial light at night on wild plants. Journal of Ecology,
104, 611-620. https://doi.org/10.1111/1365-2745.12551

Bennie, J., Duffy, J. P., Davies, T. W., Correa-Cano, M. E., & Gaston, K. J.
(2015). Global trends in exposure to light pollution in natural terres-
trial ecosystems. Remote Sensing, 7, 2715-2730. https://doi.org/10.
3390/rs70302715

Blake, D., Hutson, A., Racey, P., Rydell, J., & Speakman, J. (1994). Use of
lamplit roads by foraging bats in southern England. Journal of Zoology,
234, 453-462. https://doi.org/10.1111/j.1469-7998.1994.tb04859.x

Boldogh, S., Dobrosi, D., & Samu, P. (2007). The effects of the illumina-
tion of buildings on house-dwelling bats and its conservation conse-
quences. Acta Chiropterologica, 9, 527-534. https://doi.org/10.3161/
1733-5329(2007) 9[527:TEOTIO]2.0.CO;2

Bontadina, F., Schofield, H., & Naef-Daenzer, B. (2002). Radio-tracking
reveals that lesser horseshoe bats (Rhinolophus hipposideros) forage in
woodland. Journal of Zoology, 258, 281-290. https://doi.org/10.
1017/50952836902001401

Boughey, K. L., Lake, I. R, Haysom, K. A, & Dolman, P. M. (2011).
Improving the biodiversity benefits of hedgerows: How physical char-
acteristics and the proximity of foraging habitat affect the use of lin-
ear features by bats. Biological Conservation, 144, 1790-1798.
https://doi.org/10.1016/j.biocon.2011.02.017

Catto, C. M. C,, Hutson, A. M., Racey, P. A., & Stephenson, P. J. (1996).
Foraging behaviour and habitat use of the serotine bat (Eptesicus
serotinus) in southern England. Journal of Zoology, 238, 623-633.
https://doi.org/10.1111/j.1469-7998.1996.tb05419.x

Corcoran, A. J., & Conner, W. E. (2014). Bats jamming bats: Food compe-
tition through sonar interference. Science, 346, 745-747. https://doi.
org/10.1126/science.1259512

Davidson-Watts, I., & Jones, G. (2006). Differences in foraging behaviour
between Pipistrellus pipistrellus (Schreber, 1774) and Pipistrellus pyg-
maeus (Leach, 1825). Journal of Zoology, 268, 55-62. https://doi.org/
10.1111/j.1469-7998.2005.00016.x

Davidson-Watts, I., Walls, S., & Jones, G. (2006). Differential habitat
selection by Pipistrellus pipistrellus and Pipistrellus pygmaeus identifies
distinct conservation needs for cryptic species of echolocating bats.
Biological Conservation, 133, 118-127. https://doi.org/10.1016/].bioc
on.2006.05.027

Davies, T. W., Bennie, J., & Gaston, K. J. (2012). Street lighting changes
the composition of invertebrate communities. Biology Letters, 8, 764—
767. https://doi.org/10.1098/rsbl.2012.0216

Davies, T. W., & Smyth, T. (2017). Why artificial light at night should be
a focus for global change research in the 21st century. Global Change
Biology, 24, 872-882. https://doi.org/10.1111/gcb.13927

Day, J., Baker, J., Schofield, H., Matthews, F., & Gaston, K. J. (2015).
Part-night lighting: Implications for bat conservation. Animal Conserva-
tion, 18, 512-516. https://doi.org/10.1111/acv.12200

Denzinger, A., & Schnitzler, H.-U. (2013). Bat guilds, a concept to classify
the highly diverse foraging and echolocation behaviours of microchi-
ropteran bats. Frontiers in Physiology, 4, 164. https://doi.org/10.
3389/fphys.2013.00164

Downs, N. C., Cresswell, W. J., Reason, P., Sutton, G., Wells, D., & Wray,
S. (2016). Sex-specific habitat preferences of foraging and commuting
lesser horseshoe bats Rhinolophus hipposideros (Borkhausen, 1797) in

_ . 5917
_Global Change Biology WILEY

lowland England. Acta Chiropterologica, 18, 451-465. https://doi.org/
10.3161/15081109ACC2016.18.2.012

Falchi, F., Cinzano, P., Duriscoe, D., Kyba, C. C. M,, Elvidge, C. D., Baugh, K.,
Furgoni, R. (2016). The new world atlas of artificial sky brightness. Science
Advances, 2(6), e1600377. https://doi.org/10.1126/sciadv.1600377

Fonken, L. K., & Nelson, R. J. (2014). The effects of light at night on cir-
cadian clocks and metabolism. Endocrine Reviews, 35, 648-670.
https://doi.org/10.1210/er.2013-1051

Gaston, K. J., Bennie, J., Davies, T. W., & Hopkins, J. (2013). The ecologi-
cal impacts of nighttime light pollution: A mechanistic appraisal. Bio-
logical Reviews, 88, 912-927. https://doi.org/10.1111/brv.12036

Gaston, K. J., Davies, T. W., Bennie, J., & Hopkins, J. (2012). Reducing
the ecological consequences of night-time light pollution: Options
and developments. Journal of Applied Ecology, 49, 1256-1266.
https://doi.org/10.1111/j.1365-2664.2012.02212.x

Gaston, K. J., Duffy, J. P., Gaston, S., Bennie, J., & Davies, T. W. (2014).
Human alteration of natural light cycles: Causes and ecological conse-
quences. Oecologica, 176, 917-931. https://doi.org/10.1007/s00442-
014-3088-2

Gaston, K. J., Visser, M. E., & Holker, F. (2015). The biological impacts of
artificial light at night: The research challenge. Philosophical Transac-
tions of the Royal Society of London B, 370, 20140133. https://doi.
org/10.1098/rstb.2014.0133

Gutierrez, E. A, Pessoa, V. F.,, Aguiar, L. M. S., & Pessoa, D. M. A. (2014).
Effect of light intensity on food detection in captive great fruit-eating
bats, Artibeus lituratus (Chiroptera: Phyllostomidae). Behavioural Pro-
cesses, 109, 64-69. https://doi.org/10.1016/j.beproc.2014.08.003

Hein, C. D., Castleberry, S. B., & Miller, K. V. (2009). Site-occupancy of
bats in relation to forested corridors. Forest Ecology and Management,
257, 1200-1207. https://doi.org/10.1016/j.foreco.2008.09.054

Honnen, A.-C., Johnston, P. R, & Monaghan, M. T. (2016). Sex-specific
gene expression in the mosquito Culex pipiens f. molestus in response
to artificial light at night. BMC Genomics, 17, 22. https://doi.org/10.
1186/512864-015-2336-0

Jones, G., & Morton, M. (1992). Radio-tracking studies on habitat use by
greater horseshoe bats (Rhinolophus ferrumequinum). In I. G. Priede, &
S. M. Swift (Eds.), Wildlife telemetry: Remote monitoring and tracking of
animals (pp. 521-537). Chichester, UK: Ellis Horwood.

Kalko, E. K. V. (1995). Insect pursuit, prey capture and echolocation in
pipistrelle bats (Microchiroptera). Animal Behaviour, 50, 861-880.
https://doi.org/10.1016/0003-3472(95)80090-5

Kenward, R. E. (2001). A manual for wildlife radio tagging. London, UK:
Academic Press.

Knight, T. (2006). The use of landscape features and habitats by the les-
ser horseshoe bat (Rhinolophus hipposideros) (193 pp). University of
Bristol, Bristol, PhD thesis.

Kronwitter, F. (1988). Population structure, habitat use and activity pat-
terns of the noctule bat, Nyctalus noctula Schreb., 1774 (Chiroptera:
Vespertilionidae) revealed by radio-tracking. Myotis, 26, 23-85.

Kyba, C. C. M., Kuester, T., de Miguel, A. S., Baugh, K., Jechow, A,
Holker, F., ... Guanter, L. (2017). Artificially lit surface of Earth at
night increasing in radiance and extent. Science Advances, 3,
€1701528. https://doi.org/10.1126/sciadv.1701528

Lacoeuilhe, A., Machon, N., Julien, J.-F., & Kerbiriou, C. (2016). Effects of
hedgerows on bats and bush crickets at different spatial-scales. Acta
Oecologica, 71, 61-72. https://doi.org/10.1016/j.actao.2016.01.009

Lacoeuilhe, A., Machon, N., Julien, J.-F., Le Bocq, A., & Kerbiriou, C.
(2014). The influence of low intensities of light pollution on bat com-
munities in a semi-natural context. PLoS One, 9(10), e103042.
https://doi.org/10.1371/journal.pone.0103042

Lenth, R. V. (2016). Least-squares means: The R package Ismeans. Journal
of Statistical Software, 69, 1-33. https://doi.org/10.18637/jss.v069.i01

Lewanzik, D., & Voigt, C. C. (2014). Artificial light puts ecosystem ser-
vices of frugivorous bats at risk. Journal of Applied Ecology, 52, 388-
394. https://doi.org/10.1111/1365-2664.12206


https://doi.org/10.1582/LEUKOS.2012.09.01.003
https://doi.org/10.1582/LEUKOS.2012.09.01.003
https://www.bats.org.uk/data/files/Core_Sustenance_Zones_Explained_-_04.02.16.pdf
https://www.bats.org.uk/data/files/Core_Sustenance_Zones_Explained_-_04.02.16.pdf
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1111/1365-2745.12551
https://doi.org/10.3390/rs70302715
https://doi.org/10.3390/rs70302715
https://doi.org/10.1111/j.1469-7998.1994.tb04859.x
https://doi.org/10.3161/1733-5329(2007) 9[527:TEOTIO]2.0.CO;2
https://doi.org/10.3161/1733-5329(2007) 9[527:TEOTIO]2.0.CO;2
https://doi.org/10.1017/S0952836902001401
https://doi.org/10.1017/S0952836902001401
https://doi.org/10.1016/j.biocon.2011.02.017
https://doi.org/10.1111/j.1469-7998.1996.tb05419.x
https://doi.org/10.1126/science.1259512
https://doi.org/10.1126/science.1259512
https://doi.org/10.1111/j.1469-7998.2005.00016.x
https://doi.org/10.1111/j.1469-7998.2005.00016.x
https://doi.org/10.1016/j.biocon.2006.05.027
https://doi.org/10.1016/j.biocon.2006.05.027
https://doi.org/10.1098/rsbl.2012.0216
https://doi.org/10.1111/gcb.13927
https://doi.org/10.1111/acv.12200
https://doi.org/10.3389/fphys.2013.00164
https://doi.org/10.3389/fphys.2013.00164
https://doi.org/10.3161/15081109ACC2016.18.2.012
https://doi.org/10.3161/15081109ACC2016.18.2.012
https://doi.org/10.1126/sciadv.1600377
https://doi.org/10.1210/er.2013-1051
https://doi.org/10.1111/brv.12036
https://doi.org/10.1111/j.1365-2664.2012.02212.x
https://doi.org/10.1007/s00442-014-3088-2
https://doi.org/10.1007/s00442-014-3088-2
https://doi.org/10.1098/rstb.2014.0133
https://doi.org/10.1098/rstb.2014.0133
https://doi.org/10.1016/j.beproc.2014.08.003
https://doi.org/10.1016/j.foreco.2008.09.054
https://doi.org/10.1186/s12864-015-2336-0
https://doi.org/10.1186/s12864-015-2336-0
https://doi.org/10.1016/0003-3472(95)80090-5
https://doi.org/10.1126/sciadv.1701528
https://doi.org/10.1016/j.actao.2016.01.009
https://doi.org/10.1371/journal.pone.0103042
https://doi.org/10.18637/jss.v069.i01
https://doi.org/10.1111/1365-2664.12206

ZEALE ET AL

MWI LEY Elobal Change Biolog

Lewanzik, D., & Voigt, C. C. (2017). Transition from conventional to light-
emitting diode street lighting changes activity of urban bats. Journal
of Applied Ecology, 54, 264-271. https://doi.org/10.1111/1365-2664.
12758

Minnaar, C., Boyles, J. G., Minnaar, |. A, Sole, C. L., & McKechnie, A. E.
(2014). Stacking the odds: Light pollution may shift the balance in an
ancient predator—prey arms race. Journal of Applied Ecology, 52, 522—
531. https://doi.org/10.1111/1365-2664.12381

Mitchell-Jones, A. J., & McLeish, A. P. (2004). Bat workers’ manual, 3rd ed.
(p. 178). Peterborough, UK: Joint Nature Conservation Committee.

Miiller, B., Glésmann, M., Peichl, L., Knop, G. C., Hagemann, C., &
Ammermiiller, J. (2009). Bat eyes have ultraviolet-sensitive cone pho-
toreceptors. PLoS One, 4(7), €6390. https://doi.org/10.1371/journal.
pone.0006390

Parsons, S., & Jones, G. (2000). Acoustic identification of twelve species
of echolocating bat by discriminant function analysis and artificial
neural networks. Journal of Experimental Biology, 203, 2641-2656.

Polak, T., Korine, C., Yair, S., & Holderied, M. W. (2011). Differential
effects of artificial lighting on flight and foraging behaviour of two
sympatric bat species in a desert. Journal of Zoology, 285, 21-27.
https://doi.org/10.1111/j.1469-7998.2011.00808.x

R Core Team. (2016). R: A language and environment for statistical com-
puting. Vienna, Austria: R Foundation for Statistical Computing.
https://www.R-project.org

Rowse, E. G., Harris, S., & Jones, G. (2016). The switch from low-pressure
sodium to light emitting diodes does not affect bat activity at street
lights. PLoS One, 11(3), €0150884. https://doi.org/10.1371/journal.
pone.0150884

Rowse, E. G., Harris, S., & Jones, G. (2018). Effects of dimming LED
street lights on light-opportunistic and light-averse bats in suburban
habitats. Royal Society Open Science, 5, 180205. https://doi.org/10.
1098/rs0s.180205

Russ, R. (2012). British bat calls: A guide to species identification (p. 192).
Exeter, UK: Pelagic Publishing.

Rydell, J. (1992). Exploitation of insects around streetlamps by bats in
Sweden. Functional Ecology, 6, 744-750. https://doi.org/10.2307/
2389972

Rydell, J., EKIof, J., & Sanchez-Navarro, S. (2017). Age of enlightenment:
Long-term effects of outdoor aesthetic lights on bats in churches.
Royal Society Open Science, 4, 161077. https://doi.org/10.1098/rsos.
161077

Somers-Yeates, R., Hodgson, D., McGregor, P. K., Spalding, A., & ffrench-
Constant, R. H. (2013). Shedding light on moths: Shorter wavelengths
attract noctuids more than geometrids. Biology Letters, 9, 20130376.
https://doi.org/10.1098/rsbl.2013.0376

Spoelstra, K., Ramakers, J. J. C., van Dis, N. E., & Visser, M. E. (2018). No
effect of artificial light of different colors on commuting Daubenton’s
bats (Myotis daubentonii) in a choice experiment. Journal of Experimen-
tal Zoology Part A: Ecological and Integrative. Physiology. [Epub ahead
of print]. https://doi.org/10.1002/jez.2178

Spoelstra, K., van Grunsven, R. H. A.,, Ramakers, J. J. C., Ferguson, K. B.,
Raap, T., Donners, M,, ... Visser, M. E. (2017). Response of bats to light
with different spectra: Light-shy and agile bat presence is affected by
white and green, but not red light. Proceedings of the Royal Society of
London B, 284, 20170075. https://doi.org/10.1098/rspb.2017.0075

Stone, E. L., Jones, G., & Harris, S. (2009). Street lighting disturbs com-
muting bats. Current Biology, 19, 1123-1127. https://doi.org/10.
1016/j.cub.2009.05.058

Stone, E. L., Jones, G., & Harris, S. (2012). Conserving energy at a cost to
biodiversity? Impacts of LED lighting on bats. Global Change Biology,
18, 2458-2465. https://doi.org/10.1111/j.1365-2486.2012.02705.x

Stone, E. L., Wakefield, A., Harris, S., & Jones, G. (2015). The impacts of
new street light technologies: Experimentally testing the effects on
bats of changing from low-pressure sodium to white metal halide.

Philosophical Transactions of the Royal Society of London B, 370,
20140127. https://doi.org/10.1098/rsth.2014.0127

Svensson, A. M., & Rydell, J. (1998). Mercury vapour lamps interfere with
the bat defence of tympanate moths (Operophtera spp.; Geometri-
dae). Animal Behaviour, 55, 223-226. https://doi.org/10.1006/anbe.
1997.0590

van Langevelde, F., Ettema, J. A., Donners, M., WallisDeVries, M. F., &
Groenendijk, D. (2011). Effect of spectral composition of artificial
light on the attraction of moths. Biological Conservation, 144, 2274
2281. https://doi.org/10.1016/j.biocon.2011.06.004

Verboom, B., & Huitema, H. (1997). The importance of linear landscape
elements for the pipistrelle Pipistrellus pipistrellus and the serotine bat
Eptesicus serotinus. Landscape Ecology, 12, 117-125. https://doi.org/
10.1007/BF02698211

Voigt, C. C., Roeleke, M., Marggraf, L., Pétersons, G., & Voigt-Heucke, S.
L. (2017). Migratory bats respond to artificial green light with positive
phototaxis. PLoS One, 12(5), e0177748. https://doi.org/10.1371/jour
nal.pone.0177748

Wakefield, A., Stone, E. L., Jones, G., & Harris, S. (2015). Light-emitting
diode street lights reduce last-ditch evasive manoeuvres by moths to
bat echolocation calls. Royal Society Open Science, 2, 150291.
https://doi.org/10.1098/rs0s.150291

Wang, D., Oakley, T., Mower, J., Shimmin, L. C,, Yim, S., Honeycutt, R. L.,
... Li, W. H. (2004). Molecular evolution of bat colour vision genes.
Molecular Biology and Evolution, 21, 295-302. https://doi.org/10.
1093/molbev/msh015

White, G. C.,, & Garrott, R. A. (1990). Analysis of wildlife radio-tracking
data (p. 383). San Diego, CA: Academic Press.

Zahn, A., Holzhaider, J., Kriner, E., Maier, A.,, & Kayikcioglu, A. (2008).
Foraging activity by Rhinolophus hipposideros on the island of Her-
renchiemsee, Upper Bavaria. Mammalian Biology, 73, 222-229.
https://doi.org/10.1016/j.mambio.2007.02.005

Zeale, M. R. K,, Bennitt, E., Newson, S. E., Packman, C., Browne, W. J,,
Harris, S., ... Stone, E. (2016). Mitigating the impact of bats in his-
toric churches: The response of Natterer's bats Myotis nattereri to
artificial roosts and deterrence. PLoS One, 11(1), €0146782. https://d
oi.org/10.1371/journal.pone.0146782

Zeale, M. R. K., Davidson-Watts, I., & Jones, G. (2012). Home range use
and habitat selection by barbastelle bats (Barbastella barbastellus):
Implications for conservation. Journal of Mammalogy, 93, 1110-1118.
https://doi.org/10.1644/11-MAMM-A-366.1

Zeileis, A., & Hothorn, T. (2002). Diagnostic checking in regression rela-
tionships. R News, 2(3), 7-10.

Zhao, H., Rossiter, S. J., Teeling, E. C., Li, C., Cotton, J. A, & Zhang, S.
(2009). The evolution of color vision in nocturnal animals. Proceedings
of the National Academy of Sciences, 106, 8980-8985. https://doi.
org/10.1073/pnas.0813201106

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Zeale MRK, Stone EL, Zeale E,
Browne WJ, Harris S, Jones G. Experimentally manipulating
light spectra reveals the importance of dark corridors for
commuting bats. Glob Change Biol. 2018;24:5909-5918.
https://doi.org/10.1111/gcb.14462



https://doi.org/10.1111/1365-2664.12758
https://doi.org/10.1111/1365-2664.12758
https://doi.org/10.1111/1365-2664.12381
https://doi.org/10.1371/journal.pone.0006390
https://doi.org/10.1371/journal.pone.0006390
https://doi.org/10.1111/j.1469-7998.2011.00808.x
https://www.R-project.org
https://doi.org/10.1371/journal.pone.0150884
https://doi.org/10.1371/journal.pone.0150884
https://doi.org/10.1098/rsos.180205
https://doi.org/10.1098/rsos.180205
https://doi.org/10.2307/2389972
https://doi.org/10.2307/2389972
https://doi.org/10.1098/rsos.161077
https://doi.org/10.1098/rsos.161077
https://doi.org/10.1098/rsbl.2013.0376
https://doi.org/10.1002/jez.2178
https://doi.org/10.1098/rspb.2017.0075
https://doi.org/10.1016/j.cub.2009.05.058
https://doi.org/10.1016/j.cub.2009.05.058
https://doi.org/10.1111/j.1365-2486.2012.02705.x
https://doi.org/10.1098/rstb.2014.0127
https://doi.org/10.1006/anbe.1997.0590
https://doi.org/10.1006/anbe.1997.0590
https://doi.org/10.1016/j.biocon.2011.06.004
https://doi.org/10.1007/BF02698211
https://doi.org/10.1007/BF02698211
https://doi.org/10.1371/journal.pone.0177748
https://doi.org/10.1371/journal.pone.0177748
https://doi.org/10.1098/rsos.150291
https://doi.org/10.1093/molbev/msh015
https://doi.org/10.1093/molbev/msh015
https://doi.org/10.1016/j.mambio.2007.02.005
https://doi.org/10.1371/journal.pone.0146782
https://doi.org/10.1371/journal.pone.0146782
https://doi.org/10.1644/11-MAMM-A-366.1
https://doi.org/10.1073/pnas.0813201106
https://doi.org/10.1073/pnas.0813201106
https://doi.org/10.1111/gcb.14462

