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Abstract
Artificial light at night (ALAN) is a widespread and often understated ecological issue
impacting a variety of taxa, including bats. A possible solution to this problem is
through altering the spectral composition of lighting sources to wavelengths
acceptable for affected species. A new type of red light-emitting diode (LED)
streetlight, termed ClearField lighting, has been previously trialled in rural habitat in
the Netherlands and was found to not significantly alter the behaviour of any bat
species recorded. The present study tested these same ClearField lights in UK
urban parkland, where behavioural responses to ALAN may differ situationally, and
compared bat activity and behaviour to nights of darkness or with white LED lights.
Results found that bats from most UK genera (Nyctalus, Eptesicus, Myotis and
Plecotus) were unaffected by streetlighting of any type, likely due to experimental
limitations of the study. Two Pipistrellus species, however, showed polarised
responses to the streetlighting conditions. Red ClearField lights decreased the
activity of Pipistrellus pygmaeus compared with darkness, an effect not seen with
white streetlights. Conversely, Pipistrellus pipistrellus activity was unaffected by
either lighting condition but showed increased feeding occurrences under white
lights. Public opinion questionnaires were also conducted on nights trialling
ClearField lights and found that many people were receptive to these lights,
especially if they benefited local wildlife. It is proposed that red ClearField lights are
likely effective in balancing the night-time requirements of both people and wildlife
except in areas where high densities of P. pygmaeus are present.
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Lay Summary
Demand for increased night-time comfort and safety has resulted in artificial light at
night rapidly increasing in quantity and intensity during recent times. However, this
can cause severe issues for wildlife, particularly those that are nocturnal. Bats, in
particular, modify their behaviour in response to artificial lights; some species avoid
light as it enhances their risk of predation whereas others exploit artificial lighting to
catch their insect prey. A new type of proposed ‘bat-friendly’ light-emitting diode
(LED) red streetlight called ClearField lighting has been trialled in a rural town in the
Netherlands. This red streetlight has been found not to impact the behaviour of both
light-avoiding and light-attracted bats, but still allows colour and object perception for
humans. However, these lights have yet to be tested in the United Kingdom or a
more urban environment.
Southampton Common, the largest park in Southampton, UK, is a hub for local
wildlife but is also an important public recreation and commuting space. Public
demand for path streetlighting has been previously highlighted in surveys but this
need conflicts with bat conservation. Therefore, ClearField lights may be a solution
to balance the interests of both people and wildlife. The present study trialled red
ClearField lights in Southampton Common and compared their effect on bat activity
and behaviour to the impact of white LED streetlights by recording bats’ echolocation
calls. In addition, the opinions of members of the public regarding the new ClearField
lights were investigated by sampling night-time users of the park with questionnaires.
Results found that red ClearField lights reduced the activity of soprano pipistrelle
bats, which are usually classed as light-attracted species. In comparison, the activity
of common pipistrelle bats was found unaffected by ClearField red lights but this
species increased in their feeding activity on nights with white LED lights. Neither
white nor red streetlighting was found to affect any other bat species present. Public
response to ClearField lights was mostly positive, particularly when told they were
beneficial for wildlife. This study demonstrates that bats’ responses to artificial light
are strongly dependent on the situation and species present, and this should be
considered when managing areas of bat conservation importance. It is
recommended that a single path on Southampton Common be illuminated with
ClearField streetlights in an area where few soprano pipistrelles are present,
3

allowing the opportunity to further test these streetlights on both bats and other UK
wildlife over longer timescales.
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1.0 Introduction
1.1 Artificial Light at Night (ALAN)
In 2001, one of the first global studies investigating artificial light at night (ALAN)
found that around two-thirds of the world’s population live in areas above light
pollution thresholds, with over 50% of the European Union’s (EU) population having
already lost naked eye visibility of the Milky Way (1). Since then, night-time
brightness of the Earth’s surface has nearly doubled (2) and is further increasing by
3-6% per year (3). In particular, there have been significant localised increases in
ALAN across Europe (4), with western Europe seeing the largest surges (Figure 1).
Increases in ALAN mainly results from urban expansion, with the development of
suburban residential housing, industry and agriculture all being key contributors (5).
The proportion of people living in cities is rising, with a forecasted 1,527,000 km2 of
additional land predicted to be urbanized by 2030, an area nearly the size of
Mongolia. This will only further contribute to the global quantity of ALAN (6-8).
ALAN can disrupt through direct illumination of areas, which comes from many
sources including streetlights, vehicles, architectural lighting and security lighting (4).
Street lighting is one of the largest light polluters with a 2007 report estimating that
60 million streetlights are implemented in the EU alone (9, 10). Streetlights are not
currently covered by statutory pollution nuisance legislation (11) although in the
United Kingdom the government is beginning to consider the impacts of light
pollution on protected wildlife (12).
ALAN can be detrimental in two main ways; (1) by introducing light in unnatural
places and at unnatural times and (2) through the installation of light spectra different
to natural light types (5, 13). It is a unique issue as there are no records of historical
fluctuations in light pollution prior to now, unlike CO2, precipitation or temperature,
which naturally have varied over evolutionary time (13). Therefore, scientists are
unable to study and model historical data to predict ways ALAN may influence
ecosystems. ALAN is also a complex issue as it acts in synergy with other negative
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pressures such as human-induced climate change, habitat loss, pollution and
overexploitation (5).

Figure 1 – Increases in night-time brightness in Europe between 1995-2010.
a) Intercalibrated mean night-time brightness for Europe between 2005-2010.
b) Change in night-time brightness over a 10-year period, calculated using the
difference in mean values for the periods 1995-2000 and 2005-2010.
c) Percentage of total land surface area with detected changes in brightness
by more than 3 DN (digital number) units in countries of Europe. Increases
are coloured in orange, and decreases are coloured in blue. Countries
marked with a * only use data south of 65° latitude.
Figure from Bennie et al (4), generated using ESRI ArcMap 9.2
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Not only does it interact with human-induced climate change, but ALAN also
contributes to this issue by releasing greenhouse gas (GHG) emissions. Artificial
lighting contributed to 1,900 million tonnes (Mt) of CO2 globally in 2006 alone, threetimes more than emissions from aviation at the time (14). Light pollution can also
generate significant costs through inefficiency which, in the US, amounts to nearly 7
billion dollars per year (15). Consequently, worldwide focuses in artificial lighting
policy and technology have shifted to the energy efficiency and CO2 reduction of
lights (16). The modernisation and improvement of streetlighting infrastructure has
the potential to achieve economic and environmental targets (4). However, indirect
negative effects may occur resulting from increased lighting use and intensification,
particularly in formerly unlit areas (17). In addition, technological shifts can cause
changes in the dominant spectral composition of ALAN (16, 18), especially as public
demand shifts to lights which closely mimic the colour-rendering abilities of
daylight (19).

1.2 Wildlife and Artificial Lighting
Light acts as both information and a resource to many of Earth’s organisms and
altering night and day patterns can, therefore, have drastic consequences (20).
ALAN has been ranked as one of the top 10 emerging issues in biodiversity
conservation (21) and can impact all aspects of ecosystems and their interactions
(Figure 2). Many reviews have thoroughly discussed the impacts of ALAN on
ecosystems and species groups (3, 5, 21-26). However, on a global scale, effects
are poorly understood and are rarely considered in urban management policies,
especially compared to the vast knowledge regarding land-use change and
deforestation (6, 27). Information that has been gathered, however, paints a bleak
picture. ALAN pollutes every type of natural terrestrial ecosystem on Earth, with
Mediterranean-type ecosystems experiencing the worst increases in light pollution of
up to 45% during the period 1992-2012 (Figure 3). In addition, 60% of future urban
expansion is expected to occur within 50km of, or directly in, protected area
boundaries (29) and, as ALAN is closely tied to urbanisation, artificial lights will likely
start to pollute previously unlit biodiversity hotspots within the next few decades.
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Figure 2 – How artificial light at night (ALAN) can impact ecosystems
Routes by which ALAN can influence intra- and interspecific interactions between
organisms both directly and indirectly and therefore have consequences for
communities and ecosystems. Figure from Gaston et al (13)
For individual organisms, pollution of the night skies can interfere with their nocturnal
movement and migration by impacting species-specific perceptions of time-cues,
habitat features and visual stimuli (23, 28, 30, 31). For some, artificial lighting is an
attractant, which can cause exhaustion or even death if behaviour significantly
deviates from normal (32-36). Other organisms, such as many rodents, are deterred
by ALAN, avoiding heterogeneous patterns of light spatially and temporally. This can
reduce these animal’s daily activity and exclude them from important foraging habitat
(5, 37, 38). ALAN can also impact organismal function by disrupting circadian
rhythms, modifying species’ activity patterns and influencing the timing of key lifehistory events such as flowering and reproduction (2, 37, 39, 40).
A wide range of terrestrial taxa are influenced by ALAN, including birds (30, 34, 35,
41-45), amphibians and reptiles (26, 46-48), mammals (37, 38, 49) and invertebrates
(32, 36, 50, 51). Effects occur through a number of diverse mechanisms, with
different animals rarely reacting to ALAN in the same way (examples given in
Figure 4). Marine wildlife is also not unaffected by light pollution; coastal and marine
ALAN can disorientate sea turtle (53-55), bird (33-35) and fish (56, 57) movement
and influence marine predator-prey interactions (58, 59). Often these behavioural
impacts are transient, with natural responses remerging after the pollution source is
removed. However, ALAN can also act as an evolutionary pressure itself - for
example, nocturnal orb-web spiders preferentially create webs in artificially lit areas,
a behaviour that is genetically predetermined and therefore heritable (60).
10

Figure 3 – Percentage change in artificial light brightness in global ecosystems
between 1992-1996 and 2009-2012
Horizontal bars show the percentage of total land surface area occupied by a
particular ecosystem type increasing (orange) and decreasing (blue) in artificial light
brightness by more than 3 Digital Number (DN) units between 1992-1996 and 20082012. Pie charts show the percentage of natural ecosystems within each biome (e.g.
Montane) that had a brightness of 6 DN or higher. Figure from Bennie et al (28). For
the calculation of Digital Brightness see Bennie et al (28), Section 3.1.
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Figure 4 – Example experiments showing the effect of ALAN on different taxa
a) Salmon et al (48) - Disorientation of loggerhead turtle (Caretta caretta)
hatchling sea-finding after exposure to artificial lighting, compared to
orientation towards the ocean under darkness. The heavy line outside the
circle shows the placement of the artificial light when on, and the dotted line
shows its’ placement it when switched off
b) Davies et al (51) - Increase in the abundance of invertebrates from predator
and scavenger trophic groups resulting from high-pressure sodium
streetlighting illumination. Bars represent the average total number of
individuals collected through pitfall trapping under streetlights (white) and
between streetlights (grey; no lights)
c) Brainard et al (52) - The influence of artificial light intensity on the suppression
of pineal melatonin content after 30-minute exposure in Syrian hamsters
(Mesocricetus auratus)
d) Kempenaers et al (41) - Increased paternity gain for both adult and yearling
male blue tits (Cyanistes caeruleus) occupying edge territories with or without
streetlighting exposure. Paternity gain is the number of extra-pair females with
whom an individual sired at least one offspring. Data are point estimates and
95% confidence intervals from a generalised linear mixed model in which
territory category and age are fixed factors and male identity and season are
random intercepts. Numbers refer to sample sizes.
Figure from Gaston et al (13)
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Artificial lighting is particularly an issue for those active between dawn to dusk. With
approximately 69% of mammal species nocturnal (19), this can be widespread and
detrimental. Diurnal species are also impacted by ALAN, an effect particularly
prevalent in birds - for instance, the timing of egg-laying in forest-breeding songbirds
has advanced to earlier in spring as a result of light pollution, and adults have also
begun their dawn song earlier in the mornings (41). Other studies have found similar
effects in other bird species, suggesting this effect is widespread (44, 61, 62).
Some species cope well in urban ecosystems and are even synurbic, living in high
densities in urban areas (6, 63). Artificial lighting can directly advantage these
animals, concentrating prey sources (64), aiding visual orientation (65) and
extending their hours of activity (41, 59, 66). However, although this benefits
individual fitness, it can disrupt ecosystem interactions, as seen, for example, in the
disruption of the 65-million-year-old co-evolutionary arms race between Cape
serotine bats (Neoromicia capensis) and their moth prey (2, 50). If trophic
interactions are frequently disturbed, important ecosystem functions and services,
such as pollination or seed dispersal, may be irreversibly altered (18, 25, 51, 67)
(Figure 2). Even individuals gaining initial advantages from ALAN may also
experience negative effects. For example, in wading bird populations, artificial
illumination enhances prey intake rate by up to 83% but simultaneously increases
bird’s exposure to predators (68). Therefore, separate costs and benefits may be
delivered to a single individual, which can complicate matters and make impacts
difficult to estimate and quantify (18).

1.3 Spectral-Dependent Responses to ALAN
Factors influencing ALAN’s effect on an organism include the artificial light source’s
intensity, spatial patterning, reflectance and, importantly, its’ spectral composition
(69, 70). An artificial light’s spectral composition refers to the wavelengths of the light
beam emitted by the source. Different luminaires produce light in varying ways and
therefore emit distinct light wavelengths, ranging from ultraviolet (UV; ~10nm-400nm)
to visible (~390nm-740nm) to infrared (IR; ~740nm-1mm) radiation in varying
quantities (71). Daylight emits the full spectrum of visible light in high quantities.
however streetlighting sources vary in their spectral output (Figure 5). For example,
low-pressure sodium (LPS) lighting emits a single narrow bandwidth of light at
13

589nm whereas light-emitting diode (LED) white streetlights are typically broadspectrum, often emitting all wavelengths between 400-700nm with peaks in the blue
and green (13, 73).

Daylight
Low-Pressure
Sodium (LPS)

Mercury
Vapour

Fluorescent

Incandescent
Light-Emmiting
Diode (LED)

Figure 5 – The spectral radiance of different light sources and a corresponding
electromagnetic radiation spectrum
Spectral radiance of (a) daylight, (b) incandescent, (c), low-pressure sodium (LPS), (d)
light-emitting diode (LED), (e) mercury vapour (MV) and (f) fluorescent lighting. The
bottom section of the figure is a section of the electromagnetic spectrum showing
ultraviolet (UV), visible (VIS) and infrared (IR) radiation, with a black box and arrow
indicating the area of the spectrum corresponding to the x-axes of the spectral radiance
graphs. Figure adapted from Gaston et al (13) and Electrical Engineering Website (72)
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Policy shifts to more ‘eco-friendly’ and low-cost outdoor lighting has led to the
upgrading of many UK streetlights, predominately from mercury vapour (MV), orange
LPS or high-pressure sodium (HPS) lights to broad-spectrum LEDs or other shortwavelength-emitting lights (73-75). In particular, demand for LEDs has recently
increased, with a $5.4 billion market for outdoor LEDs in 2017 and a 40-55%
revenue growth forecast for the period of 2014 to 2022 (76, 77). Shifts from
narrowband-spectra MV, LPS and HPS lights to broad-spectrum LEDs may have
effects on local ecosystems previously unaccounted for (74). This change in
consumers’ lighting preferences has therefore caused concerns for the conservation
of wildlife, particularly nocturnal animals (10, 13, 78).
Many biological processes, such as photosynthesis, circadian rhythming and vision,
are sensitive to particular light spectra (5, 79). Therefore an organism’s response to
ALAN is often dependent on the interaction between spectral composition of the light
source used and the spectral sensitivity of the receiving organism (80). For example,
short-wavelength (blue) light is particularly disruptive to circadian rhythming,
impacting on mood and sleep regulation, whereas longer-wavelength red light has a
negligible impact (81).
Spectral-dependent responses have been investigated in a number of taxa, including
reptiles (82, 83), amphibians (84, 85), small mammals (37, 80, 86), insects (87-90)
and birds (30, 91, 92). Many mammals, insects and reptiles are sensitive to shortwavelength light. For example, a Dutch study found that wood mice evade all lit
areas of habitat but avoidance responses are less pronounced under longwavelength red light compared to short-wavelength light (80). In terms of reptiles,
both adult and hatchling turtle behaviour on beaches is significantly disrupted by
short-wavelength ALAN, but not by light of longer-wavelengths (82, 83). Birds, in
contrast, show sensitivity to long-wavelength light. For example, migratory birds can
get disorientated by long-wavelength red artificial lighting on oil rigs and ships,
particularly during overcast nights (30, 91, 93).
Moths and other insects are renowned for being attracted to ALAN. Artificial light
sources producing short-wavelength light and/or those emitting high UV contents are
generally more attractive to insects (32, 88-90, 94, 95). For example, flying insects
are frequently found accumulating around mercury vapour lights which contain a
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high proportion of short-wavelength light, but are rarer near LPS luminaires,
monochromatic long-wavelength producing lights (70). However, the strength of
attraction to particular light sources varies between insects, particularly in moths:
species with larger body masses and eyes are the most attracted to shortwavelength lighting types (88, 89).

1.4 Bats and Artificial Lighting
Due to their capability of true flight and therefore their widespread movements - both
nightly to exploit ephemeral food supplies and seasonally during migration – bats
have a high likelihood of encountering artificial lighting in their habitats (19). There
are over 1,400 species of bats worldwide, many of which are nocturnal; making up
one-third of global nocturnal mammals (19, 96). As of 2020, 15% of Chiropteran
species are listed as threatened by the International Union for the Conservation of
Nature’s (IUCN) Red List (97). 17 breeding bat species reside in the UK, making up
about a quarter of UK mammal species (98) and providing important ecosystem
services such as biological pest and disease control (99, 100). All UK bats are
nocturnal and insectivorous, with many species slow reproducers, giving birth to only
one offspring each year (16). Together, these characteristics make bats extremely
vulnerable to the influence of ALAN.
There are three main hypotheses as to why bats react to artificial lighting; [1]
predation risk, [2] prey availability and/or [3] spatial orientation ability (101). General
trends suggest that bats avoid lit habitat unless they provide an attractive foraging
ground, as light increases the risk of predation and impedes orientation (101, 102).
For instance, bat vision is more effective under dim light and can be disrupted by
high light intensities, with the high contrast between bright lights and surrounding
dark landscapes causing difficulties in the perception of adjacent habitat features like
lakes and hedgerows (19, 103, 104). This may hinder a bat’s ability to orientate itself
in an area of high light pollution.
Responses of bats to ALAN are species-specific (Table 1) and are generally
correlated with wing size and shape, echolocation call structure and speed of flight in
insectivorous bats (108). Species with long and narrow wings are fast and straight
fliers and aerial hawkers, utilising long and powerful echolocation calls suited for
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catching aerial insects across far ranges in open areas. In the UK, this includes bats
from the Pipistrellus, Nyctalus and Eptesicus genera, who are often positively
associated with artificial lighting (64, 108). Bats with short and broad wings fly slowly
and are manoeuvrable, using echolocation pulses suitable for the short-range
detection of insects in cluttered environments. These bats are often gleaners, picking
insect prey off vegetation and the ground, and this includes UK bats from the
Rhinolophus, Myotis and Plecotus genera who are generally deterred by artificial
lights (109-111).
Flight speed is the key characteristic linking bats with their behavioural responses to
ALAN. Slow-flying species have an increased predation risk from visually orientated
predators in strongly lit environments and therefore show extreme deterrence to
ALAN as predation risk is too high to compensate for increased foraging benefits in
lit areas (112-115). In comparison, larger-winged, faster-flying species can avoid
predation more easily and are more likely to exploit streetlights for foraging habitat.
This theory is supported by negative correlations between bat flight speed and
emergence time after sunset; faster-flying species emerge earlier when natural light
levels are higher to exploit crepuscular insect congregations (86, 116). Conversely,
slow-flying bat species emerge later and often conduct ‘light sampling’ behaviour
before emerging from roosts (19). Bats have also been observed flying faster when
foraging under artificial lights (101), further supporting this claim.
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Table 1: Key characteristics of UK bats in relation to artificial light pollution
Table listing the key characteristics of bat groups found in the United Kingdom and
their typical responses to artificial light at night (ALAN). Light-tolerant (or light-attracted)
bats tend to either tolerate or show attraction responses to light sources. Light-shy (or
light-adverse) avoid ALAN in their habitat. Further information regarding UK bat
species and artificial lighting is provided by Bat Conservation Trust guidance (106).
Species

Response
to ALAN

Pipistrellus
pipistrellus

Lightattracted/
Lighttolerant

Pipistrellus
pygmaeus

Lightattracted/
Lighttolerant

Pipistrellus
nathusii

Lightattracted/
Lighttolerant

Nyctalus spp.
(N. leisleri &
N. noctula)

Lightattracted/
Lighttolerant

Eptesicus
serotinus

Lightattracted/
Lighttolerant

Myotis
daubentonii

Light-shy/
Lightadverse

Myotis spp. (bar
M. daubentonii)

Light-shy/
Lightadverse

Plecotus spp. (P.
auritus &
P. austriacus)

Light-shy/
Lightadverse

Rhinolophus spp.
(R. hipposideros
& R.
ferrumequinum)

Light-shy/
Lightadverse

Slow-flying
Forage in cluttered environment

Stone, Jones
& Harris (16)

Barbastella
barbastellus

Light-shy/
Lightadvevrse

Slow-flying
Lepidopteran-specialist
Aerial-hawking and gleaning mix
Adapted to woodland river valleys

Bat Conservation
Trust (106)
University of
Bristol (107)

Key Characteristics
Syntonic
Fast- flying
Aerial-hawking
Key prey: Diptera
Urban adapter/exploiter
Syntonic
Fast-flying
Aerial-hawking
Key prey: Diptera
Strong preference for woodland edge
and riparian habitats
Aerial-hawking
Insect generalist
Key prey: Diptera & Lepidoptera
Forest and edge specialists
Forages close to water
Syntonic
Fast and high flying
Aerial-hawking
Open-habitat specialist
Syntonic
Fast and high flying
Aerial-hawking
Urban-tolerant
Insect generalist
Open and edge habitat specialists
Slow-flying
Aerial-hawking
Forages close to water
Cluttered habitat-adapted
Key prey: Diptera &Trichoptera
Slow-flying
Cluttered (woodland) environmentadapted
Allotonic
Gleaning (some aerial hawking)
Slow-flying
Adaptations for cluttered environment
Lepidopteran-specialist
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Key References
Rydell, Entwistle &
Racey (114)
Hale et al
(137; Table S2)
Stone, Jones
& Harris (16)
Hale et al
(137; Table S2)

Straka et al (102)
Laforge et al (118)
Krüger et al (105)
Hale et al
(137; Table S2)
Straka et al (102)

Hale et al
(137; Table S2)
Straka et al (102)
Rydell, Entwistle &
Racey (114)
Laforge et al (118)
Hale et al
(137; Table S2)
Stone, Jones
& Harris (16)
Straka et al (102)
Rydell, Entwistle &
Racey (114)
Stone, Jones
& Harris (16)

Both in the UK and further afield, Myotis, Plecotus and Rhinolophus species show
avoidance responses to artificial lights and are labelled as ‘light-shy’ or ‘light adverse’
(16, 115, 117-119). One study has found that Rhinolophus hipposideros commuting
activity reduces fivefold along lit hedgerows (115) and another showed that pond
bats (Myotis dasycneme) alter their flight trajectories when their usual commuting
paths were illuminated (120). Consequently, ALAN can fragment available habitat for
light-shy bats, forcing them to alter their commuting paths and increasing energetic
costs. Alternative flight routes may also provide no cover from predators (121, 122)
with implications for individual fitness. Furthermore, ALAN can exacerbate the effects
of typical habitat fragmentation, rendering large portions of available habitat
unusable and isolating bats from their foraging grounds, provoking roost
abandonment, inbreeding and population extinction (13, 19, 115).
Other species are classed as ‘light-attracted’ or ‘light-tolerant’ and can be very active
near artificial lights. This includes common pipistrelles (Pipistrellus pipistrellus) and
soprano pipistrelles (Pipistrellus pygmaeus) (123), species which both often forage
under artificial streetlights and tolerate lit environments (16). European species of the
Nyctalus (19, 124, 125) and Eptesicus (108, 118, 126-128) genera have also been
found to regularly forage around artificial lights. Light-tolerant bats are typically fastflying and show significant behavioural plasticity, exploiting a wide range of habitats
including urban areas (118). The majority of light-attracted bats are not drawn to
artificial lights themselves but are instead indirectly drawn to high accumulations of
their insect prey experiencing positive phototaxis towards lights (64, 108, 129).
Furthermore, lights also reduce moth predator evasion mechanisms, making them
behave as if they were flying during daylight (74). Typical light-attracted bats are
syntonic, meaning their echolocation calls fall within a moth’s natural hearing range,
so reducing moth anti-predator responses at lights can increase the likelihood of bats
successfully capturing prey and improve their foraging rates (2, 74, 130-132). Dietary
shifts to increased moth prey are evident in syntonic light-attracted Pipistrellus kuhlii,
who have evolved larger skulls in the last 65 years, likely a consequence of
increases in streetlighting in their home range (133).
However, recent research provides evidence for a change in consensus regarding
the ability of certain bat species to tolerate or thrive in urban and light-polluted
19

habitats (18, 27, 134). Artificial lighting may be locally beneficial to typical ‘lightattracted’ or ‘light-tolerant’ bats but disadvantages these same species on broader
scales (27). This is because widespread ALAN not only affects foraging but also
influences reproduction and commuting behaviour (18, 115, 134). For example,
intense light sources can cause aversion responses in even the most light-tolerant of
species (118). Artificial light can also increase the chance of bats’ collision with
stationary objects, posing an increased mortality risk (104). Direct illumination of
roosting habitat is also incredibly damaging to all bat species, delaying the onset of
emergence (115, 135), causing widespread roost abandonment (119) and even
entombing bats within their roosts (136). One recent study has even concluded that
ALAN has no net positive effects for most abundant European bat species (19). It
may be the case that localised advantages from ALAN are outweighed by global
negative impacts (27).
Responses to ALAN, particularly for ‘light-tolerant’ species, are likely contextdependent. Vegetation cover can alleviate the damage that ALAN causes to some
bat’s behaviour, especially in urban areas (27, 102, 118, 137). This is because bats
behave differently in narrow illuminated spaces with sufficient tree cover compared
to open habitat as predation risk is lower under these circumstances (18, 112).
However, ALAN in these closed, woodland habitats is still problematic; installing
artificial lights close to heavily vegetated areas negatively impacts both P. pygmaeus
and Myotis species (102). Therefore, the importance of preserving dark habitat
corridors for commuting bats has been greatly emphasised (6, 121).
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1.5 Spectral-Dependent Responses in Bats
Similarly to other mammals, altering the spectral composition of ALAN can alter a
bat’s behavioural response to light. For ‘light-attracted’ species, bats are
predominately drawn to the same light spectra as those attracting their insect prey –
artificial lights emitting high UV levels and short-wavelength visual light which
induces insect phototaxis and reduces moth defence behaviour (2, 74, 86, 108).
Pipistrellus pipistrellus and Pipistrellus nathusii, for example, are more active in
areas with UV-emitting streetlamps, likely due to high accumulations of moths under
these lights (102). This also means that these bats are less active near lights
emitting only longer-wavelength light, such as HPS and LPS lights, which attract up
to 55% fewer insects (19, 32, 64). The attraction of light-attracted bats to shortwavelength lights has been supported by several studies comparing behaviour under
both long-wavelength orange sodium and short-wavelength streetlights (64, 86, 111,
139, 140).
Light-adverse Myotis, Plecotus and Rhinolophus species, however, are strongly
intolerant to most lighting spectra, with very few lighting types causing deviations
from avoidance behaviour (16, 86, 102, 115). For example, one study found that 4
types of streetlighting spectra reduced the activity of R. hipposideros bats compared
to darkness (121). However, long-wavelength HPS lights do suppress Rhinolophus
hipposideros and Myotis spp. activity to lesser extents than broad-spectrum white
LEDs, suggesting that long-wavelength lights are the ‘lesser of two evils’ for light-shy
bats (16). Ambient natural light at dawn and dusk comprises of high proportions of
short-wavelength and UV light (141, 142). As light-shy bats are usually those
emerging later at night due to increased predation risk (116), they may associate
short-wavelength light as dangerous and show more extreme avoidance behaviours
towards these lighting types.
However, spectral dependency may differ situationally; specifically during bat
foraging, commuting or migrating. A choice-experiment using typically light-shy
Daubenton’s bats (Myotis daubentonii) found that commuting behaviour was
unaffected by LED light of any type (white, green and red) when using culverts to
pass under a road (143). Furthermore, studies investigating migrating
P. pygmaeus and P. nathusii have found evidence of positive phototaxis to both
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artificial green and red LED lights unrelated to attraction to high insect prey densities
(144, 145). There is evidence of both light-shy and light-tolerant bat species
possessing photopic colour vision, with sensitivity extending to ultraviolet emissions
(141, 142, 146). Although bats express opsins sensitive to all light wavelengths,
there is a possibility that other factors such as transmission and neural circuitry may
still impair a bat’s ability to perceive certain wavelengths (147).
Of all light spectra, long-wavelength red light may be significantly less damaging to
bats compared to shorter wavelengths. For example, one study found that
illuminating cave-dwelling by Myotis and Rhinolophus spp. roosts with red LED lights
resulted in similar emergence responses to darkness compared with amber and
white LEDs (148). Multiple other studies have also found a lack of behavioural
response to red lights by both typical light-shy and light-attracted bats (112, 121,
149), suggesting long-wavelength red spectra either are not perceived by or pose
little effect to bat behaviour.

1.6 ClearField Lighting
Adaptation and customisation of artificial light spectra to make them more tolerable
to wildlife could mitigate the effects of ALAN on ecosystems (69). LEDs are suitable
for this due to their design flexibility, longevity, controllability and customisation
(16, 150). Manipulating the spectral output of LED streetlights may benefit bat
conservation particularly due to their potential tolerance for longer-wavelength light.
Reducing ALAN’s effects through customising LED spectral outputs has been
previously trialled in birds, whereby short-wavelength green lighting is effective in
reducing misorientation in migrating species (30, 91). Global lighting company
Phillips Signify has developed and successfully trialled green LED ClearSky lights,
now utilised on oil rigs and offshore islands in the Netherlands to minimise bird
strikes in these areas (151). In a similar fashion to these bird-friendly lights, Philips
Signify has developed ClearField luminaires, LEDs whose spectral composition
predominantly emits red longer-wavelength visible light. Their purpose is to minimize
impacts on nocturnal species attracted to the blue-green part of the light spectrum
(insects) or those generally sensitive to short-wavelength light such as bats (80). The
lights retain enough continuous and broad-spectrum light for human colour and
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object perception (80), allowing for their implementation in places where human
visual capacity is required for safety and comfort at night.
ClearField lights have been successfully tested on bats in the Netherlands (112), and
are already installed in the rural Dutch town of Nieuwkoop (152). Initial trials of
ClearField lights occurred in a rural habitat previously undisturbed by artificial lighting
where effects on bat behaviour were compared to standard white LED and green
ClearSky LED lights at 8 field sites (112). Results showed that light-shy Dutch
Plecotus and Myotis species avoid white and green lights but were equally abundant
under ClearField red light and in darkness. ClearField lights also had no impact on
the behaviour of typically light-attracted Pipistrellus species, whereas white and
green ClearSky lights increased their activity. Concurrent insect trapping during
experiments showed Pipistrelle bat attraction was a direct response to light-induced
phototaxis of insect prey to the green and white lights. Although this experiment
provides evidence for ClearField lights having no potential impact on bat behaviour,
they have yet to be trialled in the UK or a more urban environment, where bats may
react differently.

1.7 Southampton Common
The value of semi-natural areas of cities is being increasingly emphasised,
particularly from the perspective of ecosystem services which have strong ties to
human wellbeing (18, 153, 154). Southampton Common (‘The Common’) is the
largest urban park in the city of Southampton, UK; a key recreational and wildlife
space comprising of around 365 acres (155). The park contains a combination of
rough grassland and mixed woodland, with small areas of lowland heath, lakes and
ponds (155). As a result, The Common is a local biodiversity hub, supporting a
variety of wildlife including a substantial bat population. A significant quantity of The
Common is designated as a Site of Special Scientific Interest (SSSI), predominantly
for its amphibia but with its’ bat population noted as important (156).
Principally, however, Southampton Common is designated as a public park (157)
and is a valued amenity to residents of Southampton and beyond (158). Often
people frequent The Common for leisure activities, such as dog walking and
exercise, and its’ wildlife value. The park is also used to travel around Southampton;
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during peak commuting periods The Common can experience over 1,100 users per
hour (159).
As Southampton Common is important to both wildlife and people, it is vital to
balance both parties’ requirements when making important decisions regarding its’
development and management. Scientists emphasise the importance of dark refugia
within urban-rural matrices to aid the persistence of light-sensitive bat and moth
species (2). However, this isn’t always possible - night-time personal safety and lack
of street lighting have been highlighted in public surveys as a key issues for
Southampton Common and there has been growing pressure to increase lighting
across the park (158, 160). This conflicts with the management of Southampton
Common as an SSSI and highlights issues regarding the potential adverse impacts
on its’ resident and transient bat populations. Knowledge about the number of bats
on Southampton Common is limited in the public sphere. However there are records
of bats on The Common and the immediate area, including Pipistrellus and
Barbastella species, both UK Biodiversity Action Plan species and therefore strongly
protected (161, 162).
Southampton City Council and Southampton Common Forum (a local management
group for the park) have collectively created an 11-year management plan for
Southampton Common, with its’ primary aim to increase public use of the park and
address management issues while enhancing biodiversity and protecting vulnerable
wildlife. One of the plan’s priorities is to ‘improve the safety of users of The Common,
especially after dark, through increasing both natural light and lighting along the main
paths’ (163). As mentioned, this conflicts with bat conservation on the Common
unless a solution to balance these two issues is found. One such solution may be
implementing ClearField lighting.

1.8 Project Aims
This study’s principal aim is to investigate the effects of two artificial lighting spectra,
white and ClearField LEDs, on UK bat behaviour and species diversity in
Southampton Common and compare these effects to a dark, no-lights regime. This
aim can be divided into 3 sub-aims:
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1. Determine how bat species composition differs between sites exposed to
white LEDs, red ClearField LEDs and under darkness
2. Investigate differences in the activity between typical light-tolerant and lightadverse bat species under each lighting regime
3. Examine how bat feeding and social behaviour differs between darkness and
the two different lighting regimes
A secondary aim is to assess members of the public’s perceptions of the new
ClearField LED lights by surveying night-time users of Southampton Common
through questionnaires.
These are the first known experiments trialling ClearField lights in both an urban
environment and the United Kingdom, the results of which can be used to inform
further management of Southampton Common and elsewhere in the country.
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2.0 Materials and Methods
2.1 Experimental Set-up
The study site, Southampton Common (‘The Common’), is a 365-acre urban park
located in the centre of Southampton, UK (155). Stratified sampling was used to
identify 8 sites across The Common currently unilluminated by streetlights,
representative of key bat habitat types and adjacent to frequently used public
footpaths (Figure 6). Multiple sites were close to potential bat feeding grounds, such
as water sources, and predicted roost sites, such as mature, dense forest (for a full
list of site features see Appendix 1). 7 of the 8 sites were located within the
Southampton Common Site of Special Scientific Interest (SSSI), as shown in
Figure 6.
All sites were sampled for three nights, each under a different lighting condition;
darkness (no lights; a control), white LED lights and ClearField red LED lights
(Philips Signify, Guildford, England). Both white and ClearField LED lights emit full
spectrum light with negligible UV emissions, with the ClearField lights having an
increased red and reduced blue visible light emissions (Figure 7). Comparison
images of both lighting types in situ are provided in Figure 7. Each site was first
sampled under a no-lights (dark) control followed by two further nights illuminated by
a different lighting type (‘lighting condition’). The order of the two lighting conditions
was randomised to ensure temporal independence, with 4 sites undergoing the white
lighting condition first and 4 sites with the ClearField lights first. For 3 sites,
experiments occurred on consecutive nights, but this was prevented for the other 5
sites due to poor weather and logistics. Experiments were conducted over summer
2019 between 2nd July and 27th August (for exact dates see Appendix 2), with a
further two nights used exclusively to hand out questionnaires to members of the
public on 5th and 20th September 2019. Experiments only occurred on nights with
sunset temperatures above 10°C, minimal rainfall and wind speeds below 20km/h as
beyond these thresholds bat activity significantly drops (164).
Setup of the experimental equipment at the study site was as follows. A 30m tape
measure was laid out in a line parallel to the main footpath (made of concrete for all
sites bar Site 1). Two 3.3m lighting fixtures were set up at points 0m and 30m along
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this line, mimicking streetlighting in the local area. For the initial set of experiments
(until the 2nd night of site 4) luminaires were fixed at the top of heavy-duty custommade galvanised steel lighting rigs. However, these original rigs were stolen during
storage and were consequently replaced with commercial telescopic aluminium
studio lighting supports of the same height for the remainder of the experiments.
These second supports were lighter and consequently were stabilised with leg
extensions, a diving weight belt and reflective guy-ropes (for visual comparison see
Appendix 3). Both sets of two white and two red luminaires were provided by Philips
Signify and were identical in appearance except for the colour of the LED lights
used. The lighting fixtures were oriented towards the parallel footpath so that the
lighting spill covered this area. Reflective cones, bands and warning triangles were
used to mark experimental equipment for any members of the public passing the
site.
Lights were powered by a Ford FG2500iS 2kW Petrol Inverter Generator in
‘economy’ mode, connected to the fixtures by arctic-grade waterproofed cables and
connectors. This is one of the quietest generators commercially available when
running in economy mode. Noise production was at 58 decibels (dB) 7m away from
the generator and, as ambient noise pollution has been found to disturb bats
primarily above 88dB (165), was therefore within an acceptable range. Furthermore,
the generator was positioned 25m away from the rigs using extender cables to
further reduce noise pollution effects, usually orientated behind the rigs if feasible or
to the side of set-up if not. The generator was switched on for all experimental
nights, including no-light, control nights, to keep any noise pollution from the
generator consistent between all treatments. For dark, control nights the generator
powered a pair of luminaires concealed in a camouflaged fishing tent.
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Figure 6 – Experiment study sites on Southampton Common

Map series showing the location of the 8 experimental sites used and Southampton
Common’s Site of Special Scientific Interest (SSSI) boundary. A yellow star indicates the
position of the ClearField lighting set-up on the questionnaire-only nights. Photos of each
site and its’ experimental setup are also included. Map series created using ArcGIS Pro
v.2.4.3 (167) and photo credit is to David Johnston, Southampton Common Forum
28

Figure 7 – Spectral composition and appearance of LED lighting of white and red
ClearField types
Spectral outputs of White LED and Red ClearField lighting types in (a) miliwatts per
nanometre (mW/nm) and (b) watts per nanometre (nW/nm). The spectral composition of
ClearSky Green light, a light designed to mitigate impacts on birds, is also included in the
graphs but are not use in the present study. Both figures are included to show that
ClearField lights show a significant peak at around 580-660nm but also contain enough
broad-spectra visible light for object and colour distinction. Photos show the white (c) and
ClearField red (d) LED light types in-situ during surveys. Figure (a) is modified from van
Grunsven et al (84) and Figure (b) from Spoelstra et al (112). Photos (c) and (d) are
accredited to David Johnston, Southampton Common Forum.

At an equidistant away from both lights (at the 15m line) a single 2.67m high
lightweight fibreglass pole, held up by reflective guy-ropes, was constructed. On this
pole a static Song Meter SM4BAT FS ultrasonic recorder (Wildlife Acoustics Inc.,
MA, USA) was installed to record bat activity. The Song Meter recorder was
connected to an SMM-U2 ultrasonic microphone (Wildlife Acoustics Inc., MA, USA)
which was mounted at the top of the 2.67m pole, facing the footpath. Recording was
triggered by sounds above 10kHz of an adequate amplitude and 16-bit full-spectrum
calls were recorded for a maximum time of 5 seconds. Calls were stored in wav files
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which were later analysed. GPS coordinates for each site were also taken from the
ultrasonic recorder position. Two Magenta heterodyne bat detectors (Versions 4 and
5; Magenta Electronics Ltd., Staffordshire, UK) were also used to supplement
general observations of bat activity and behaviour throughout the surveys.
Experiments began at official sunset, when lights were switched on and acoustic
recording began, and lasted for 3.5 hours. Recordings of environmental conditions
were taken at the start of the experiment and at 30-minute intervals for the
experiment duration using a 5-in-1 multifunction environmental meter (NHBS Ltd.,
Devon, UK) at approximately 1.3m off the ground. On-site readings consisted of wind
speed (mph), air temperature (°C), relative air humidity (%), ambient sound (dBA),
ambient light level (Lux) and estimated cloud cover (%; estimated visually). No
environmental readings were taken on the first night of Site 1 and ambient sound
readings were not taken until the 2nd night of Site 2. Average, minimum and
maximum values for each variable were calculated using Excel v.1098 (166) at a
later stage. At the experiment end, light levels of each luminaire were taken directly
under the light 1.5m from the ground.
At a later stage, the percentage tree cover of each site was also estimated using
satellite images taken on 18th June 2018 (WV04; Digital Globe). These images were
available from ArcGIS Pro v.2.4.3 (167) at a resolution of 0.31m and accuracy of
10.3m and were analysed on this same software at a 1:750 zoom. A buffer tool was
used to create a 50m buffer around each site and a 5x5m grid was overlaid on this
area. Grid squares which were within or intersected with the buffer layer and
contained trees were counted and this overall count was converted into a percentage
of the total squares intersecting the buffer. These values were used as an estimate
for the percentage tree cover of each site.
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2.2 Public Questionnaires
Questionnaires were handed out to members of the public passing-by the
experimental site during nights testing red ClearField lights. These questions
collected information about the participants’ use of Southampton Common after dark,
their views regarding the current provision of street lighting in The Common and their
opinions of the new ClearField lights, both before and after knowing their purpose.
An overview of the questions included in this questionnaire and their corresponding
numbering are listed in Table 2 (for a full version see Appendix 4). Before filling out
the questionnaire, the purpose of the new red lights was not disclosed to the
participant to avoid biased answers. Questionnaires were entirely anonymous, and
respondents completed a consent form before participating (Appendix 5). In addition
to the 8 ClearField sampling nights, on two further nights in September, a single
ClearField lighting rig was set up in the central crossroads of the main North-South
and East-West paths of The Common (Figure 6) and more questionnaires were
handed out to the public.
All questionnaire data management and pie and bar chart creation were conducted
using Excel v.1098 (166). WordClouds.com (168) was used to create word clouds
listing words commonly included in open-ended questions 1.7, 3.4 and 3.6 (Table 2).
For each word cloud, all participant responses were added to a list before similarly
repeated words (e.g. lighting and lights) and words which added little meaning
without prior context (e.g. but, Common, potentially) were removed. Some words
were combined into understandable short phrases. All remaining words and phrases
were weighted based on the number of times they were present in the responses
and this weighting represented the size of the word. For questions 3.5 and 3.6
‘negative’ words were coloured red, ‘positive’ words were coloured green, ‘mixedopinion’ words were coloured blue and ‘neutral’ or ‘descriptive’ words were coloured
black for distinction.
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Table 2 - List of questions from public questionnaires
Table listing the questions asked in the public questionnaires given to people passing the
experimental site on nights testing ClearField lights
Question Number

Question

Part 1: Use of Southampton Common
1.1

What do you identify yourself as?

1.2

What is your age group?

1.3

Which Southampton neighbourhood, if any, do you live in?
How often do you use Southampton Common at night/after
dark (after sunset and before sunrise)?
What are your main reasons for using Southampton
Common after dark?
What are your main concerns with using Southampton
Common after dark?
What is the most important action for facilitating
(improving/increasing) your use of Southampton Common
after dark?

1.4
1.5
1.6
1.7

Part 2: Red (ClearField) Lighting Questions
2.1

How well can you see under the red light?

2.2

How well do these red lights compare to your pre-conception
of red lights?

Part 3: Night Lighting in Southampton Common
3.1

What do you think about the current provision of street
lighting in the Southampton Common?

3.2

Do you use different paths at night on Southampton
Common when in a group of people (2+ individuals) vs when
on your own?

3.3

If you would like to see more streetlights, where on
Southampton Common would you like them to be
implemented?

3.4

A new type of red streetlight has been developed that
enables object recognition and colour perception. How safe
would you feel with these red lights?

3.5

If current path lights were converted to red lights, would your
use of Southampton Common at night be affected?

3.6

These new streetlights may be less disruptive to nocturnal
wildlife on Southampton Common. Would this affect your
opinions of the red lighting?
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2.3 Acoustic Call Analysis
The 5-second audio clips were manually identified in Kaleidoscope 5 v.5.1.9g (169),
using call parameters described in Russ (170). Examples of echolocation calls are
shown in Appendices 6-8 for reference. Bat calls were identified to genus level,
except for Pipistrellus spp., where individual species (P. pipistrellus, P. pygmaeus
and P. nathusii) were identified. Genera recorded as present during the experiments
were Nyctalus, Eptesicus, Pipistrellus, Plecotus, Myotis and Barbastella. Only a
single clip recorded the presence of Barbastella spp., so this call was omitted from
further statistical analysis.
A present/absent method was used to analyse clips, whereby only the passes of one
individual of each genus (or species in the case of Pipistrellus spp.) was counted per
clip. Each 5-second clip was counted as a bat ‘pass’. Any feeding behaviour was
also recorded by identifying terminal phase feeding buzzes and social calls were
also counted, along with the genera (or species) of bat they were produced by
(examples seen in Appendices 6-9). As with passes, the occurrence of feeding buzz
or social call was only counted once for each species per 5-second clip, even if there
were multiple occurrences within the same recording.
For some aspects of the statistical analysis, bats were grouped into one of three
functional groups. Pipistrellus nathusii data was omitted from this grouping due to its’
small sample size and differing life history from other UK Pipistrellus species. These
functional groups were as follows:
•

Functional group 1 – Pipistrellus pipistrellus and Pipistrellus pygmaeus

•

Functional group 2 – Nyctalus and Eptesicus species

•

Functional group 3 – Plecotus and Myotis species
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2.3 Statistical Analysis
2.3.1 Bat Community Composition
To investigate the effect of environmental variables on bat community composition
PAST v.4.0 (171) was used to produce plots using the canonical correspondence
analysis (CCA) ordination method. Plots were either grouped by site or lighting
condition with 5 environmental variables (maximum temperature, average
percentage humidity, average wind speed, percentage tree cover and average
ambient sound levels) included. The resultant graphs were interpreted using
guidance from ter Braak & Verdonschot (172).

2.3.2 Bat Activity and Behaviour
To investigate bat activity and behavioural responses to the 3 lighting conditions,
mixed-effect models were conducted in R-Studio v.1.1.463 (173) using the lme4
package (174) and the significance level p < 0.05. Firstly, auto-correlated
explanatory continuous variables were identified using a threshold of adjusted
r2 ≥ 0.56 (Appendix 10). Vegetation cover was autocorrelated with average
temperature and therefore were not included in the same model, where maximum
temperature was used instead.
11 response variables were fitted to mixed-effects models, listed in Table 3. All
variables analysed first underwent a Shapiro-Wilk test to test for normality, of which
only total bat activity was considered normal (p = 0.09275) however this data
appeared to have a right-skew in the related histogram. All other variables failed
normality testing. Total bat activity values were transformed using a natural log and
appeared normal in the histogram after this, so a repeated measures linear mixedeffects model was fitted for this log-transformed variable. Bat species richness
consisted of count data and therefore was fitted with a generalised linear mixedeffects model with a Poisson distribution. All other response variables (Variables 311, Table 3) were fitted with generalised linear mixed-effects models with a negative
binomial distribution.
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Table 3 – Response variables fitted with mixed-effect models
Table listing the 11 response variables fitted with mixed-effect models, their corresponding
name, a short description of the variable and the model type fitted.
Variable
Number

Name

Description

Model Type

1

Total bat
activity

Total number of bat
passes of all species

Linear mixed-effects model (logtransformed response variable)

2

Bat species
richness

Generalised linear mixed-effects
model with a poisson distribution

3

Pipistrellus
pipistrellus
activity

Total number of species
(genera)
Total number of
Pipistrellus pipistrellus
passes

4

Pipistrellus
pygmaeus
activity

5

Functional
group 1 activity

6

Functional
group 2 activity

7

Functional
Group 3 activity

8

Bat social
activity

9

Bat feeding
activity

10

Pipistrellus
pipistrellus
feeding activity

Total number of
terminal phase feeding
buzzes
Total number of
terminal phase feeding
buzzes of P. pipistrellus

11

Nyctalus spp.
activity

Total number of
Nyctalus spp. passes

Total number of
Pipistrellus pygmaeus
passes
Total number of passes
of bats in Functional
Group 1
Total number of passes
of bats in Functional
Group 2
Total number of passes
of bats in Functional
Group 3
Total number of social
calls
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Generalised linear mixed-effects
model with a negative binomial
distribution
Generalised linear mixed-effects
model with a negative binomial
distribution
Generalised linear mixed-effects
model with a negative binomial
distribution
Generalised linear mixed-effects
model with a negative binomial
distribution
Generalised linear mixed-effects
model with a negative binomial
distribution
Generalised linear mixed-effects
model with a negative binomial
distribution
Generalised linear mixed-effects
model with a negative binomial
distribution
Generalised linear mixed-effects
model with a negative binomial
distribution
Generalised linear mixed-effects
model with a negative binomial
distribution

For all models, lighting condition and 6 environmental variables, listed in Table 4,
were included in varying combinations as fixed (predictor) effects whilst site was
included as a random effect to account for between-site variation. A bottom-up
approach was undertaken due to the sample size (n) being too low to run all
predictors in the same model. This involved including environmental predictor
variables consecutively and testing their effect on the model performance. Some
variables were log-transformed in the model if required. For models containing
variables for temperature, humidity and wind the first sample night was omitted from
the model dataset due to lack of readings for this night. A similar omission of the first
4 sample nights occurred for the sound variable. The most suitable successful
models were chosen based on selecting the model with the lowest Akaike
Information Criterion (AIC) value and variable significance (p < 0.05). Bar graphs
showing the effect of lighting condition on variables with corresponding successful
models were created using GraphPad Prism v8.3.1 (175).
Table 4 – Explanatory variables included in mixed-effects models
Table listing continuous explanatory variables included in the linear and generalised linear
mixed effects models and their corresponding units.

Variable

Units

Average temperature

°C

Maximum temperature

°C

Average relative Humidity

%RH

Average wind speed

Mph

Average ambient sound

dB

Estimated tree cover

%
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3.0 Results
3.1 Bat Activity and Behaviour
A total of 13,198 bat passes were documented over the 24 experimental nights. The
highest proportion of these calls were from the Pipistrellus genus (80.4%) with 9,198
(69.7%) passes from Pipistrellus pipistrellus, 1,399 (10.6%) passes from Pipistrellus
pygmaeus individuals and only 12 (0.1%) passes from Pipistrellus nathusii. Nyctalus
spp. showed the second-highest number of passes of all genera (2,020; 15.3%) and
Eptesicus serotinus passes were found in low quantities (327; 2.5%). Myotis and
Pleoctus spp. were found in very low densities, with 215 (1.6%) Myotis passes
recorded and only 27 (0.2%) Plecotus calls were detected. A single Barbastellus
barbastelle call was detected. 5 of the 13,198 calls detected were recognised as bat
calls but could not be identified further than this. A total of 1,159 terminal phase
feeding buzzes were recorded, 769 of these belonging to P. pipistrellus and 323 from
Nyctalus spp., with the remainder from P. pygmaeus (47), P. nathusii (1), Myotis spp.
(5) and from Eptesicus spp. (14). 974 social calls were also recorded, with 655 of
these calls from P. pygmaeus and 259 calls from P. pipistrellus and the remainder
from Nyctalus (51), Eptesicus (1) and Myotis (8) species.
Significant models fitted with the lighting condition variable are shown in Table 5.
Significant effects of streetlighting condition were found for soprano pipistrelle
(Pipistrellus pygmaeus) passes, in combination with average humidity. Bats were
significantly less active on nights illuminated by red ClearField lights
(z = -2.135, p = 0.0327, AIC = 219.2) compared to dark, control nights (Figure 8a),
but this effect was not seen for white LED lights (z = -1.963, p = 0.2914, AIC =
219.2). Sites 6 and 8 recorded the highest number of total passes of all sites
(Figure 9). Common pipistrelle (Pipistrellus pipistrellus) feeding activity was
significantly higher under the white lights compared to dark nights (z = 2.140, p =
0.0324, AIC = 204.0), but there was no significant difference in feeding activity
between darkness and the red lighting condition (z = 1.329, p = 0.1837, AIC = 204.0)
(Figure 8b). The largest number of feeding buzzes recorded was at Site 6
(Figure 10).
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There was no effect on lighting condition on the activity of bats from each functional
group (1, 2 and 3) nor was there any effect on individual P. pipistrellus and Nyctalus
spp. activity. In addition, when investigating activity and feeding activity of all bats in
total, regardless of species the total number of passes and total social and feeding
behaviour remained the same between all streetlighting conditions. Species richness
also did not significantly change between lighting conditions (p > 0.05; Appendices
11-21).
Table 5 – Table showing significant results from generalised linear mixed-effects
models involving lighting condition as a fixed effect
Negative binomial generalised linear mixed-effect model results for Pipistrellus
pygmaeus activity and Pipistrellus pipistrellus feeding activity. Each model includes
lighting condition and other environmental variables as fixed effects and site as a
random effect.
df (residuals)

AIC

loglik

z-value

p-value

Pipistrellus pygmaeus activity (passes)
Dark vs White
Dark vs Red

17

219.3

-103.6

Average Humidity (%)

-1.055

0.2914

-2.135

0.0327

-1.963

0.0497

2.140

0.0324

1.329

0.1837

2.373

0.0177

Pipistrellus pipistrellus feeding activity (feeding buzzes)
Dark vs White
Dark vs Red

17

204.0

Maximum Temperature (°C)

-96.0

Average temperature, maximum temperature and average humidity had significant
effects on P. pipistrellus activity and the activity of bats grouped into Functional
Group 1 (Table 6). Nyctalus spp. activity and the activity of bats grouped into
Functional Group 2 were also influenced by average temperature (Table 6).
Temperature had a negative impact on the passes of Nyctalus and Eptesicus
species whereas it had a positive effect on P. pipistrellus and P. pygmaeus bat
activity. There were no significant effects of any explanatory variable on Functional
Group 3 activity, overall bat activity, overall bat feeding activity, overall social activity
and bat species richness.
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Figure 8 – Pipistrellus pygmaeus general activity and Pipistrellus pipistrellus feeding activity during experimental nights under
three different lighting conditions
Box and whisker plots showing differences in (a) the total passes made by P. pygmaeus and (b) the number of feeding buzzes produced by
P. pipistrellus on nights of darkness and nights illuminated with white LED or red ClearField lights. Whiskers are calculated using Tukey’s
distributions. Graphs are purely descriptive as it includes all 8 sampling sites, not accounting for pseudo-replication and between-site
differences.
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Figure 9 – Pipistrellus pygmaeus general activity during experimental nights under three different lighting conditions
Bar plot showing differences in the total passes made by P. pygmaeus nights of darkness (dark) and nights illuminated with white LED
(white) or red ClearField lights (red).
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Figure 10 – Pipistrellus pipistrellus feeding activity during experimental nights under three different lighting conditions
Bar plot showing differences in the total number of terminal phase feeding buzzes made by P. pipistrellus nights of darkness (dark) and
nights illuminated with white LED (white) or red ClearField lights (red).
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Table 6 – Table showing significant results from generalised linear mixed-effects
models involving lighting condition as a fixed effect
Negative binomial generalised linear mixed-effect model results for Pipistrellus
pipistrellus activity, Functional Group 1 activity, Functional Group 2 activity and Nyctalus
spp. activity. Each model includes average temperature as a fixed effect and site as a
random effect. Variables Functional Group 3 activity (passes), total bat feeding activity
(feeding buzzes), total bat activity (passes), total social activity (social calls) and bat
species richness did not produce significant models of any kind.
df (residuals)

AIC

loglik

z-value

p-value

Pipistrellus pipistrellus activity (passes)
Average temperature (°C)

19

308.8

-150.4

2.434

0.0149

Maximum temperature (°C)

19

310.6

-151.3

2.025

0.0428

Average humidity (%RH)

19

310.7

-151.3

1.973

0.0485

Functional group 1 activity (passes)
Average temperature (°C)

19

314.3

-153.2

2.36

0.0183

Average humidity (%RH)

19

315.5

-153.7

-2.114

0.0345

Maximum temperature (°C)

19

315.5

-154.0

1.986

0.0471

19

250.9

-121.5

-3.927

<0.001

19

242.4

-117.2

-4.431

<0.001

Functional group 2 activity (passes)
Average temperature
(°C; log-transformed)
Nyctalus spp. activity (passes)
Average temperature (°C)
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3.2 Bat Community Composition
Bat community composition did not significantly differ between nights of the three
lighting conditions, as seen by the overlapping convex hulls in the canonical
correspondence analysis (CCA) plot (Figure 11). Community composition did,
however, appear to differ between different sites, with Sites 1, 4, 6 and 8 showing
particular distinctiveness as seen in Figures 12 & 13. The distribution of points from
Site 1 was close to the Nyctalus and Myotis species points, meaning that this site
was mainly dominated by a high abundance of bats from these two genera
(Figure 12). Site 1 appears to have the largest dominance of Nyctalus spp. of all
sites. Sites 2, 3, 5 and 7 all show somewhat similar bat community compositions,
with Sites 2, 5 and 7 overlapping with each other (Figures 12 & 13). The species
point for P. pipistrellus is very close to these sites, meaning a high abundance of this
species at these sites likely explains their similarity.
In a CCA plot, species points close together in their distribution on the plot are
expected to be similar in their distribution across all sample sites, whereas far apart
species points are expected to be dissimilar (172). In Figure 12, P. pygmaeus shows
a dissimilar distribution to all other bat species, including surprisingly P. pipistrellus.
Nyctalus spp. also appears to show a dissimilarity to other bat groups, most notably
to Eptesicus spp., in their distribution across sample sites.
In terms of the effect of environmental factors on bat community composition,
percentage tree cover appeared to have the biggest impact on each sample night’s
distribution within the CCA plots, as seen by the length of its’ corresponding axis in
Figures 11-13. All other 4 variables also had a similar but reasonable impact on each
sample point. Environmental factors impacted each site’s community composition in
varying ways. For example, Site 1 was associated with low values of tree cover and
air temperature, as was Site 4 to a lesser extent. Sites 1 and 4 were more open
areas, with less vegetation cover and therefore were more exposed. Sites 2, 3 and 7
were all along the same path in similar areas of woodland, with similar temperatures,
which could be a possible explanation for their similar distribution.
In Figures 11-13 air temperature and percentage tree cover appear to be closely
associated with each other as their axes are close together. This also supported by
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these variables being autocorrelated (Adjusted r2 = 0.662). Wind speed is opposite to
both average temperature and vegetation cover in the triplot in Figures 11-13 as
more exposed areas with less tree cover tend to be less sheltered from the wind and
experience lower temperatures. Air temperature and humidity appear to be
negatively correlated with each other, with temperature increasing as humidity
decreases. However, humidity appears to be closely associated with wind speed in a
positive relationship.
The Nyctalus spp. point appears to differ from all other taxa in Figure 12 because of
its’ negative association with air temperature and percentage tree cover. These bats
tend to forage in open areas, which often have lower temperatures due to more
exposure and less shelter from the wind. In comparison, P. pipistrellus seems to be
strongly associated with temperature and tree cover. P. pygmaeus has the strongest
relationship with increased tree cover, as seen by this point positioned the furthest to
the left of all species points in Figure 12.
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Figure 11 – Species-conditional triplot based on canonical correspondence analysis
The eigenvalues of Axis 1 (horizontal) and Axis 2 (vertical) are 0.177 and 0.01 respectively. Dots are data points, labelled by site number
(1-8) and coloured based on the lighting condition they were under – red dots represent the ClearField LED lighting condition, yellow dots
represent the white LED lighting condition and blue dots represent dark (no light) condition nights. Quantitative environmental variables
are indicated by the green lines, showing their correlation with the axes; temp (maximum temperature; °C), veg (estimated tree cover; %),
sound (average ambient sound levels; lux), wind (average wind speed; mph), humid (average humidity; %RH). The triplot in this graph is
amplified at a value of 2.0 for clarity.
45

Figure 12 – Species-conditional triplot based on canonical correspondence analysis with species labels displayed
The eigenvalues of Axis 1 (horizontal) and Axis 2 (vertical) are 0.177 and 0.01 respectively. The triplot in this graph is amplified at a value of
2.0 for clarity. Dots are data points, labelled and coloured by site number (1-8). Quantitative environmental variables are indicated by the
green lines, showing their correlation with the axes; temp (maximum temperature; °C), veg (estimated tree cover; %), sound (average
ambient sound levels; lux), wind (average wind speed; mph), humid (average humidity; %RH). Bat species groups are also included on the
diagram, abbreviated to the part bolded as follows; Pipistrellus pygmaeus, Pipistrellus pipistrellus, Pipistrellus nathusii), Plecotus spp.,
Myotis spp., Eptesicus spp. and Nyctalus spp. Species with a very low number of passes recorded in total are marked with a blue star.
46

Figure 13 – Species-conditional triplot based on canonical correspondence analysis without species labels displayed
The eigenvalues of Axis 1 (horizontal) and Axis 2 (vertical) are 0.177 and 0.01 respectively. The triplot in this graph is amplified at a value
of 2.0 for clarity. Dots are data points, labelled and coloured by site number (1-8). Quantitative environmental variables are indicated by
the green lines, showing their correlation with the axes; temp (maximum temperature; °C), veg (estimated tree cover; %), sound (average
ambient sound levels; lux), wind (average wind speed; mph), humid (average humidity; %RH).
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3.3 Public Questionnaire Responses
94 people completed the public questionnaire over 11 nights. 3 of these
questionnaire responses were rejected due to the majority of answers being
incomplete, leaving a sample size of 91.

5.3.1 Part 1: Use of Southampton Common
Q1.1) What do you identify yourself as?
Q1.2) What is your age group?
Q1.3) Which Southampton neighbourhood, if any, do you live in?
57% of participants identified as male, and the age group 26-45 years old was the
most common age category for respondents (Figure 14a-b). Over half of the
respondents lived in either the Shirley or Portswood neighbourhoods of
Southampton, and only 6% lived outside of Southampton (Figure 14c).
Q1.4) How often do you use Southampton Common at night/after dark (after
sunset and before sunrise)?
Q1.5) What are your main reasons for using Southampton Common after
dark?
Q1.6) What are your main concerns with using Southampton Common after
dark?
39% of respondents visited The Common after dark at least once a week, but
another 20% of respondents visited after dark only if they had to (Figure 15a). Sports
(running, cycling and other) and walking home from social activities were the two
most popular reasons for using Southampton Common after dark, but many other
reasons were also listed (Figure 15b). For those marking the ‘other’ category in this
question, common answers included ‘walking’ in some variation, listed by 7
respondents. Other reasons provided included ‘parties’, ‘socialising’, recreation’ and
‘connecting with God’. One respondent answered, “I would never use The Common
after dark”, which suggests some misguidedness in the question wording, as the
respondent would have had to be present on The Common after dark in order to fill
out the questionnaire.
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Over half (56%) of respondents were concerned about their personal safety when
using Southampton Common after dark (Figure 15c) and 16% of answers listed risk
of injury from falling and tripping as a concern. These two concerns are likely one of
the reasons why ‘Lighting’ was listed as one of the main reasons for increasing use
of The Common at night (Figure 16). 11% of respondents had no concerns about
using Southampton Common at night.

a)

b)

c)

Figure 14 – Pie charts showing questionnaire responses to questions 1.1-1.3
a) Answers to question 1.1 ‘What do you identify yourself as?’
b) Answers to question 1.2 ‘What is your age group?’
c) Answer to question 1.3 ‘Which Southampton neighbourhood, if any, do you live
in?’
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a)

b)

c)

Figure 15 – Pie charts showing questionnaire responses to questions 1.4-1.6
a) Answer to question 1.4 ‘How often do you use Southampton Common at night/after
dark (after sunset and before sunrise)?’
b) Answer to question 1.5 ‘What are your main reasons for using Southampton
Common after dark?
c) Answer to question 1.6 ‘What are your main concerns with using Southampton
Common after dark?’
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Q1.7; What is the most important action for facilitating (improving/increasing)
your use of Southampton Common after dark?
Many respondents thought the most important action for facilitating their use of
Southampton Common after dark was ‘increased lighting’ or some variation of this.
‘Personal safety’, ‘visibility’ ‘police presence’ and ‘security’ were also frequently
mentioned, and CCTV was suggested multiple times. Another issue brought up was
the frequent conflicts between cyclists and other park users. A few answers of
“Nothing” were given, often paired with the “No concerns” option of the previous
question. The general theme of many people’s answers involved safety, lighting,
policing and security and visibility. A single respondent mentioned keeping The
Common ‘peaceful’ was important. The most frequently used terms in answer to this
question are shown in Figure 16.

Figure 16 – Word cloud showing questionnaire responses to open question 1.7
Word cloud showing answers to the question ‘What is the most important action for
facilitating (improving/increasing) your use of Southampton Common after dark?’. All
commonly used words and phrases are included in the word cloud, and the visual size of
the word/phrase is linearly related to its’ frequency of use in the questionnaire responses.
Purple words are those describing key actions described by respondents, whereas words
in black can be described as ‘filler’ words. Some words, (e.g. and, walk, didn’t, issues)
were omitted from the cloud as they did not provide any further information when included.
For a list of full responses to this question see Appendix 22.
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5.3.2 Part 2: ClearField Experiment-Specific Questions
Q2.1 How well can you see under the red light?
Q2.2 How do these red lights compare to your pre-conception of red
lights?
73% of respondents thought that the red ClearField lights performed the same or
better than normal white lights (Figure 17a). Most respondents also thought that the
ClearField red lights also performed better or the same as expected (Figure 17b),
with only 3% saying that the lights were worse than expected.

a)

b)

Figure 17 – Pie charts showing questionnaire responses to questions 2.1-2.2
a) Answer to question 2.1 ‘How well can you see under the red light?’
b) Answer to question 2.2 ‘How do these red lights compare to your preconception of red lights?’

52

5.3.3 Part 3: Night Lighting in Southampton Common
Q3.1; What do you think about the current provision of street lighting in the
Southampton Common?
Q3.2; Do you use different paths at night on Southampton Common
when in a group of people (2+ individuals) vs when on your own?
Most respondents (78%) thought that there was not enough night lighting in
Southampton Common (Figure 18a). 3% thought that there was currently too much
lighting on The Common. Over half (56%) of participants said that they use lit paths
more when on their own compared to when in a group, but 31% of people said that
the paths they take at night are not affected by whether they are in a group of people
or not (Figure 18b).

a)

b)

Figure 18 – Pie charts showing questionnaire responses to questions 2.1-2.2
a) Answer to question 3.1 ‘What do you think about the current provision of street
lighting in the Southampton Common?’
b) Answer to question 3.2 ‘Do you use different paths at night on Southampton
Common when in a group of people (2+ individuals) vs when on your own?’
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Q3.3; If you would like to see more streetlights, where on Southampton
Common would you like them to be implemented?
The most popular option was to implement streetlights on all 13 paths listed
(Figure 19). Apart from this, the two most popular paths for illumination were Paths 1
and 2, which would create a lit North-South pathway across Southampton Common.
Paths 6 and 11 were the least popular choices, probably due to other entrances to
The Common being used more frequently and the fact that Path 11 is already
partially illuminated by surrounding road lighting. 9 of the 91 respondents stated that
streetlighting was sufficient on The Common.
When the total numbers of bat passes for important species found at each
experimental site was overlain with a map showing the unlit paths of Southampton
Common (Figure 20) it is clear that activity of P. pipistrellus and P. pygmaeus passes
is high along Path 1, one of the most popular paths for illumination by public users.
Passes from Myotis and Plecotus spp. were also the second-highest recorded from
sites along this path. Path 2, conversely, showed significantly lower bat activity
including of both Pipistrellus species, who were found to be impacted by artificial
lighting in the experiments.
Q3.4; A new type of red streetlight has been developed that enables object
recognition and colour perception. How safe would you feel with these
red lights?
61 respondents made very positive comments, many stating that they would feel as
safe as they would with normal white lights and safer than being in darkness.
Another 8 people’s comments were conditional, based on a sufficient number of
lights, their brightness and the increased safety they would lead to. A couple of
respondents felt they would need more lights implemented to fully judge their
effectiveness, and a couple of others stated that they would feel fine with them when
‘not on their own’. 4 respondents stated that they were not sure, and 4 people
mentioned that it would take some getting used to. 8 people reacted negatively to the
red lights, describing them as “ominous”, “creepy”, “scary”, “weaker” or “not as
bright”. One respondent said it reminded them of a “red-light district”. The variation of
words used in the open-ended question and their relative use is shown as a word
cloud in Figure 21.
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Figure 19 – Questionnaire responses to question 3.3
Bar chart showing the most popular paths for illumination by streetlights. Blue bars
represent the number of respondents choosing the corresponding pathing option. The
relevant section of the original questionnaire, including a map of Southampton Common
with each footpath on The Common given a unique number, is shown above. All path
number categories correspond to a path shown in the map above. Paths 1 and 2 were the
most popular options, and Path 13 was the least popular option. However, many
respondents chose the option ‘all paths listed’, meaning that they wanted all footpaths on
The Common to be illuminated with streetlights.
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b) P. pipistrellus passes

a) P. pygmaeus passes

c) Myotis and Plecotus spp. passes

d) Experimental Study Sites

Figure 20 – Abundance of bat passes and questionnaire data
Maps comparing the abundance of passes for (a) P. pygmaeus, (b) P. pipistrellus and (c)
Myotis and Plecotus spp. between sites (with (d) as a reference for the location and
number of each site). The size of the coloured bubble directly relates to the number of
passes at each site on the first, dark control night. Path 1 (purple line) and path 2 (orange
line) are highlighted as they are the most popular paths chosen by questionnaire
respondents for illumination by streetlighting. All other dark paths are coloured black,
whereas currently lit paths and roads are white. The size of the bubbles are not
comparable between separate maps, only within them.
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Figure 21 – Word cloud showing questionnaire responses to open question 3.4
Word cloud showing answers to the question ‘A new type of red streetlight has been
developed that enables object recognition and colour perception. How safe would you feel
with these red lights?’. All commonly used words and phrases are included in the word
cloud, and the visual size of the word/phrase is linearly related to its’ frequency of
occurrence in the questionnaire responses. Green words are ‘positive’ comments, blue
words are conditional or neutral words, red words are ‘negative’ comments and black
words are descriptive or miscellaneous words. Some words, (e.g. they, with, we, need)
were omitted from the cloud as they did not provide any further information when included.
For a list of full responses to this question see Appendix 23.

Q3.5; If current path lights were converted to red lights, would your use of
Southampton Common at night be affected?
Q3.6; These new streetlights may be less disruptive to nocturnal wildlife on
Southampton Common. Would this affect your opinions of the red
lighting?
Over half of respondents (54%) stated that their use of The Common at night would
not be affected by changing current path lights to red lights, and another third (33%)
of respondents said they would use it more (Figure 22a). Only a couple of
respondents said they would use The Common less or avoid using the park at night
if lights were converted to red.
67% of respondents said that the fact that the new red lights are less disruptive to
nocturnal wildlife affected their opinions of the red lighting (Figure 22b). 27% said
that this fact did not affect their opinions of the red lighting and 6% were unsure.
Reasons for the answers provided to this question are summarized using the word
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cloud in Figure 23. Overall, respondents mainly had positive opinions of the lights,
but some concerns were expressed by a few people.
Many people stated that their opinion would be positively affected if the lights were
wildlife-friendly and that they preferred lights which were ‘better for wildlife and the
environment’ or entailed ‘less disruption or harm to wildlife’. A couple of respondents
expressed concerns that the ‘wildlife could be used to white light’ and that the lights
should be ‘more friendly/decorative’. One respondent’s views were that “there is
plenty of room on Southampton Common for wildlife to use as it is”. Others said that
the “purpose of the change of colour needs to be clarified” or that the light’s purpose
“wouldn’t affect their views on how safe the lights were”.

a)

b)

Figure 22 – Pie charts showing questionnaire responses to questions 3.5-3.6
a) Answer to question 3.5 ‘If current path lights were converted to red lights,
would your use of Southampton Common at night be affected?’
b) Answer to question 3.6 ‘These new streetlights may be less disruptive to
nocturnal wildlife on Southampton Common. Would this affect your opinions of
the red lighting?’
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Figure 23 – Word cloud showing questionnaire responses to open ‘further
comments’ section of question 3.6
Word cloud showing answers to the question ‘These new streetlights may be less
disruptive to nocturnal wildlife on Southampton Common. Would this affect your opinions
of the red lighting?’. All commonly used words and phrases are included in the word
cloud, and the visual size of the word/phrase is linearly related to its’ frequency of
occurrence in the questionnaire responses. Green words are ‘positive’ comments, blue
words are conditional, unsure or neutral words and statements, red words are ‘negative’
comments and black words are descriptive or miscellaneous words. Some words, (e.g.
that, it’s, this) were omitted from the cloud as they did not provide any further information
when included. For a list of full responses to this question see Appendix 24.
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4.0 Discussion
4.1 Overall Bat Activity and Community Composition
Southampton Common’s bat population appears dominated by Pipistrellus spp., in
particular by common pipistrelles (P. pipistrellus). This species is often called an
urban-adapter and frequently are synurbic (137), so it is unsurprising that they are
found in high numbers within cities such as Southampton. Regardless of this,
however, a diversity of bat species were present on The Common, including low
densities of Myotis and Plecotus species who are often intolerant of urban
landscapes (137, 139). This suggests that Southampton Common may act as a
refuge for species less tolerant of city ecosystems. Rhinolophus spp. were not
recorded during experiments, and there is no further evidence that these bats are
present on Southampton Common or in its’ surrounding area (161). Therefore,
considerations for these extremely light-shy bats do not need to be made when
managing the park.
The lack of significant difference seen in the total bat activity of all species recorded
most likely resulted from the polarised species-specific responses to artificial lights
by two of the Pipistrellus species recorded. This, in addition to the lack of response
to artificial lights seen by all other recorded bat species, were also probable causes
of overall feeding and social activity remaining constant between lighting conditions.
In a similar vein, the consistency in bat community composition between all lighting
conditions likely resulted from the lack of significant impact of any streetlights on the
activity of all but one bat species. Only the activity of P. pygmaeus was found to be
impacted by the lighting condition used and these bats influenced only Site 8 in
terms of community composition (Figure 12).

4.2 Pipistrellus pygmaeus Activity and Behaviour
Soprano pipistrelle (Pipistrellus pygmaeus) activity significantly decreased on nights
with red LED ClearField lights compared to dark, control nights, with this effect not
seen with white LED lights. This result contrasts with two prior studies testing the
effect of red streetlighting on Pipistrellus spp. activity, which both found that
Pipistrellus spp. did not alter their behaviour in response to red lights (112, 121).
However, a notable difference to the present study was that soprano pipistrelle bat
60

calls were previously clustered into a single group of Pipistrellus spp. for statistical
analysis and subsequent interpretation. In the UK, this grouping can include P.
pipistrellus, P. pygmaeus and P. nathusii species in varying abundances, and
grouping with P. pipistrellus in particular is problematic.
Often common pipistrelles (Pipistrellus pipistrellus) are present in higher densities
than soprano pipistrelles and therefore dominate datasets, with their overall UK
abundance being nearly two-times higher country-wide (176). In the present study,
over 6.5 times more passes were recorded for P. pipistrellus compared to P.
pygmaeus. Therefore, combining common pipistrelle abundances with other
Pipistrellus species for analysis can mask unique effects of red artificial lights on the
scarcer species. This was apparent in the present study, whereby grouping P.
pipistrellus and P. pygmaeus into Functional Group 1 for analysis resulted in no
significant response from this functional group to either artificial lighting condition
tested. In addition, CCA plots (Figure 12) showed that the two species showed
dissimilarity in their distribution across sites, further suggesting that these bats had
differing responses to site characteristics and environmental variables.
Unfortunately, sample sizes of most other species groups recorded were too small to
successfully run mixed-models investigating the effect of lighting condition
individually, so merging into functional groups was necessary. It can also be
challenging and time-consuming to manually (or computationally) differentiate
between the echolocation calls of some species, such as those from the Myotis,
Nyctalus and Plecotus genera, and therefore the analysis of treatment effects on
most individual species could not occur for most bats in this acoustic study.
In addition to the merging of Pipistrellus species, prior trials of ClearField lights by
Spoelstra and colleagues were conducted outside of the known home range of P.
pygmaeus (177), and this species was not considered as present in the dataset
(112; Supplementary Information). Therefore, it is argued that the present study does
not conflict with prior investigations of ClearField lights (112) but emphasises the
importance of determining inter-country and site differences when considering the
effect of ALAN of different spectra on bat populations.
Context-dependency likely explains the behavioural response to red lights shown by
soprano pipistrelles in this study. Migratory P. pygmaeus individuals show positive
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phototaxis towards red LED lighting, an effect not caused by attraction to insect prey
accumulations under lights (145). This contrasting response to activity recorded in
the present experiments highlights that bats react differently to ALAN depending on
the situation. In the present study, P. pygmaeus individuals appeared to be
commuting and/or carrying out social behaviours, as seen by the lack of feeding
buzzes and high number of social calls recorded for this species. Previous research
suggests that P. pygmaeus are only attracted towards artificial lights when feeding
(86, 123) or during migration (145) due to insect prey accumulations in the former
and unknown mechanisms in the latter. Conversely, commuting bats avoid some
artificial lights (6, 115), with even the most light-tolerant bat species, P. pipistrellus,
avoiding crossing brightly lit gaps in vegetation (18). Therefore, it is probable that
reductions in the activity of P. pygmaeus at red lights were caused by active
avoidance of red streetlights while commuting. The lack of response to white LED
lights is supported by prior research on UK hedgerows by Stone et al (16), who
found that P. pygmaeus commuting behaviour was unaffected by illumination from
white LEDs. Therefore, it appears that only the presence of red LED lighting is
altering P. pygmaeus behaviour.
Soprano pipistrelle individuals were present at all sample sites but a particularly
large number of passes was documented at Sites 6 and 8, sites both positioned in
the Southern part of Southampton Common. The high activity at these sites could
result from temporal and/or between-site habitat differences. For example, it is
possible that Sites 6 and 8 were in close proximity to a P. pygmaeus roost or key
habitat for these species. In addition, Site 8 was sampled in late August, when bat
mating season begins, so this could have also increased individual activity in this
area. Further research into P. pygmaeus distribution on Southampton Common is
strongly encouraged, including into possible roosting sites, especially if red
streetlights are to be installed in the park.

4.3 Pipistrellus pipistrellus Activity and Behaviour
The number of passes made by common pipistrelles (Pipistrellus pipistrellus) did not
significantly differ between either streetlighting condition and darkness, suggesting
that neither white nor red LED lights impacted this species’ overall activity. However,
the presence of white LED lighting significantly increased common pipistrelle
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foraging activity compared to darkness whereas on red ClearField nights foraging
behaviour was unaffected. Prior research into ClearField lights found that the
presence of white LED lights increased the activity of Pipistrellus species and their
insect prey, an effect unseen under red ClearField lights (112). Artificial lights
emitting short-wavelength light, such as the white LEDs tested in the present study,
have a positive phototactic effect on insects, particularly moths, and weaken moth
predator-evasion responses (32, 74, 89, 95). Fast-flying P. pipistrellus are known to
actively forage around streetlights, particularly those emitting short-wavelength light
(64, 86, 108). Therefore, the increased feeding behaviour of P. pipistrellus at white
LEDs was caused by these lights generating a large prey source for these bats and
increasing their foraging efficiency. Conversely, red ClearField lights emit
predominately long-wavelength light, which has found to be less attractive to insects
(70), and therefore did not cause deviations in feeding behaviour compared to
darkness.
Although increased foraging may improve the fitness of P. pipistrellus individuals,
installing white LED streetlights on Southampton Common would have knock-on
effects for other bat species in the area. Insects accumulating around streetlights can
create a ‘vacuum effect’ elsewhere, causing reductions in prey availability in darker
zones of habitat (19, 80, 108). In addition, some insects are more strongly attracted
to artificial lights than others, meaning unilluminated regions of habitat can
experience changes in the structure of insect communities and disadvantage bats
which are prey-specialists (87, 88). For example, brown long-eared bats (Plecotus
auratus) have diets almost exclusively consisting of moth species (up to 83% of their
prey intake) (178). Drawing moths away from their available habitat may threaten
their survival as, although Plecotus spp. did not show a response to artificial lights in
the present study (as discussed below), there is evidence for white streetlights
deterring these bats (128, 179-181). Increasing artificial lighting in semi-natural
refuges such as Southampton Common may drive these and other bats out of their
available habitat and be detrimental to overall species survival. In Western Europe,
tentative evidence of this is already apparent; light-shy lesser horseshoe bats
(Rhinolophus hipposideros) are already being competitively excluded by expanding
common pipistrelle populations due to streetlighting (182). This potential effect has
also been hypothesised elsewhere in species in semi-arid ecosystems (101). As the
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bat species composition of Southampton Common was dominated by common
pipistrelles, exclusion effects may already be occurring at low levels and installing
widespread artificial lighting in the area may further exacerbate this, driving rarer
species, which are often the most vulnerable and of conservation concern
(110, 128), from the park.
Not only can increased foraging efficiency for common pipistrelles be detrimental for
other bats, but it can also alter the composition of insect communities through the
over-predation of insects preferentially attracted to streetlights and other
mechanisms (51). Evidence already suggests that global ALAN is a key driver of
insect population decline (183, 184) and installing white LED streetlights on
Southampton Common could cause localised population crashes of some insect
species. As Southampton Common is a refuge for wildlife in a large urban matrix,
this reduces its’ wildlife value and can indirectly impact on other important animals
utilising The Common. Therefore, as red ClearField streetlights were found to not
impact P. pipistrellus foraging behaviour, preferentially installing these streetlights
compared to white LED would be beneficial for other wildlife (except for soprano
pipistrelles) in the park by preserving important ecological interactions which
maintain the balance of Southampton Common’s ecosystems.

4.4 Nyctalus and Eptesicus Species Activity and Behaviour
Neither LED lighting type were found to impact the activity and behaviour of Nyctalus
and Eptesicus species (from Functional Group 2), similarly to previous findings by
Spoelstra et al (112). These bats previously show behavioural responses to artificial
lighting through negative (6, 108), positive (118, 124, 127) and mixed-impact (19,
125, 128) ways depending on the context and scale of the study. Therefore, the lack
of response found presently may, in part, result from the range of these bats
echolocation calls, which can be picked up from vast distances away (over 100m for
Nyctalus noctula) (185). In addition, Nyctalus and Eptesicus species frequently fly at
high altitudes (186, 187), a behaviour observed during present experiments, and
therefore are less exposed to, and interact less with, streetlighting of heights used in
this study. Consequently, it is cautioned against concluding that these species are
completely unaffected by artificial streetlights of the types used in this study without
these limitations being considered.
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4.5 Myotis and Plecotus Species Activity and Behaviour
The activity of Myotis and Plecotus species (from Functional Group 3) did not
significantly differ in response to LED streetlighting of either type, conflicting with
overwhelming evidence of their intolerance to many streetlights, including broadspectrum white types (16, 118, 125, 128, 179, 181). A possible explanation for the
lack of response seen is the small number of total passes recorded for these genera.
Myotis and Plecotus species are often present in low densities in urban-rural
matrices and are difficult to record due to their quiet echolocation calls,
characteristics making it easy to underestimate their activity unless experiments
occur over an extended time period (112, 185). In order to comprehensively assess
how these UK species from these genera are affected by red ClearField lights on
Southampton Common, longer-lasting experiments are required to provide sufficient
sample sizes to compare lighting treatments.

4.6 Study Limitations
As mentioned, the lack of significant effect of lighting condition on Myotis and
Plecotus activity was likely due to low densities at experimental sites. Spoelstra et al
(112) overcame this limitation by measuring over long time scales to provide
sufficient sample sizes for an effect of light treatment and spectra to be seen.
Unfortunately, the present study’s experiment length was restricted by an inability to
leave experimental equipment unattended for long periods of time due to the
frequent use of Southampton Common at night by members of the public. This is
most likely why a lack of behavioural response to either artificial light type was
documented for all bat species except P. pipistrellus and P. pygmaeus, species with
two of the highest total passes of any of the taxa recorded in this study.
Bat acoustic surveys themselves also have some limitations; as previously
discussed, some bat species have significantly louder or quieter calls than others
and therefore can be picked up at different ranges (185). This means that datasets
can underestimate, such as with Myotis and Plecotus spp., or overestimate, with
Nyctalus spp., the abundance of certain species groups within a dataset.
Overestimating bat abundances is especially an issue, as bats recorded from afar
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may have not been exposed to the streetlighting treatments and can therefore skew
the dataset.

4.7 Public Opinions of ClearField Streetlights
The public questionnaire sample size reflected a range of night-time users of
Southampton Common who were of different ages and from varying backgrounds. In
support of previous comprehensive surveys regarding the management of
Southampton Common (158), increased lighting was consistently mentioned as a
way to improve the park for users after dark, with over three-quarters of people
thinking that there was insufficient lighting on The Common. Reasoning behind this
choice predominantly revolved around increased security and personal safety.
Although it has been proven that there is no direct link between streetlighting and the
reduction of crime in an area, lights have a positive effect of reducing the fear of
crime (188), and therefore it is of the interest of the public to implement streetlighting
on some paths of The Common if possible. Policing, security and the installation of
CCTV on Southampton Common were other park improvements suggested, which
furthers the theme that public safety is a concern for night-time park users. Many
participants were keen to install lights on all footpaths of Southampton Common and
especially on Paths 1 and 2, creating a lit North-to-South access pathway across the
park.
In terms of the ClearField lights, over two-thirds of questionnaire participants thought
that the red lights performed the same or better than expected and were either the
same or as effective as white streetlights. In addition, many people felt that they
would feel safe with the installation of the ClearField lights, and some respondents
said they would use the park more if current lights were converted to red ClearField
lights. Participants were particularly receptive to the installation of ClearField lights
after knowing their conservation purpose. Some reservations about the effectiveness
of the streetlights for wildlife did arise, which hopefully the present study will help to
mediate, and a couple of comments were made about the colour of the lights feeling
‘ominous’ or ‘scary’. These views should be considered when discussing the
installation of these lights into public areas, however it is very promising that a
substantial majority of participants surveyed had positive opinions of the ClearField
lights.
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4.8 Management of Southampton Common
From an ecological standpoint it is not recommended that streetlights are installed on
all footpaths on Southampton Common. This is because maintaining dark corridors,
regardless of light spectra used, is important to all bat species and introducing lights
on all paths would likely fragment available bat habitat (121, 125). Specifically, it is
strongly suggested that lighting of any variety is not installed on Path 1 and Path 10
until further research is carried out. This is because large abundances of
P. pipistrellus and P. pygmaeus were recorded at Sites 6 and 8 along these paths,
both species whose behaviour was affected by one of the two streetlighting
conditions trialled in the present study. In addition, the sites sampled on Path 10 had
the largest abundances of species from Functional Group 3 (Myotis and Plecotus
spp.) whose behaviour is usually negatively affected by artificial streetlights in other
studies, as discussed previously. However, the illumination of a few other select
paths would help to balance the needs of local wildlife while facilitating night-time
safety for users of the park.
Specifically, Path 2 is currently the best option to progress with installing streetlights
on Southampton Common. This is because this path was popular with questionnaire
respondents for illumination and sample Site 4, a site sampled along this path,
recorded low abundances of bats, including P. pipistrellus, P. pygmaeus and Myotis
and Plecotus species, in this area. Due to the small number of P. pygmaeus passes
recorded along this path, any detrimental effects resulting from the installation of
ClearField lights here are expected to be minimal. Both the present study and prior
Dutch research into these ClearField lights have found no significant effects of these
lights on the activity and behaviour of all other bat species recorded (112), and
therefore these lights are, unless proven otherwise, effective in places without a
significant presence of P. pygmaeus.
Installing ClearField lights along Path 2 also provides the opportunity to assess them
further using a before-after-control-impact paired (BACIP) study design (189)
whereby bat activity and behaviour is compared before and after the installation of
new streetlights. This study design has been utilised before when investigating
widespread commercial streetlighting switches from LPS to metal halide (86), LPS to
white LED (70) and MV to white LED (190) streetlighting types. A BACIP study
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investigating the permanent installation of new ClearField lights from darkness would
allow bat acoustic recording to be continuous throughout the night and occur for
longer periods of time without the equipment being monitored. This would obtain a
sufficient sample sizes to test for significant impacts of ClearField lights on some of
the rarer species in the area (despite low bat activity in this part of The Common),
and results could be used to further inform plans to illuminate the remainder of The
Common’s footpaths.
Another management option for Southampton Common is illuminating the park’s
footpaths seasonally. As Southampton Common is used as a key commuting
pathway for walking and cycling (159), it is particularly important to keep frequently
used paths illuminated during main commuting times. During winter commuting
periods coincide with dawn and dusk, but during this season bats go into hibernation
and are therefore significantly less active outside of their hibernation roosts (191).
This means that a viable solution to Southampton Common’s lighting situation is to
install streetlights which are only switched on during the winter months. This
technique would also result in lower running costs and CO2 emissions from
streetlights over the course of the year, though anticipation of initial installation costs
is required. The only ecological consideration with this mitigation method is the direct
illumination of bat hibernation roost entrances, which can be damaging for all bat
species. Although bats are predominately inactive over winter, they do occasionally
emerge to forage or drink on warmer nights (192-194) and directly illuminating
hibernation roosts could adversely impact their emergence, damaging already
energetically stressed individuals (115, 135, 136, 149, 179). In the UK, all bat roosts
are protected under the European Habitats Directive (Conservation of Natural
Habitats of Wild Flora and Fauna 1992/42/EEC) and it is illegal to deliberately disturb
bats, which can include exposure to artificial lighting if adversely impacting bat
behaviour (115). Therefore, further data regarding the positioning of bat roosts on
Southampton Common is necessary to help make informed decisions regarding
streetlighting management in the area.
Other methods of mitigation could also be utilised in concert with altering the spectral
composition of streetlights on Southampton Common to reduce negative impacts on
bats. A possible technique to explore is the use of motion-sensor technology to dim
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or deactivate streetlights during times of low human activity (17, 75, 190). Motion
sensors have already been utilised in Portugal, where lighting on quieter roads is
activated by movement (75) and Philips LumiMotion sensors are incorporated into
the ClearSky lighting regime used on the offshore island of Ameland in the
Netherlands (195). Taking this one step further, the village of Doerentrup in Germany
uses a Dial4Light scheme; lights are switched off to reduce costs and CO2
emissions, but residents can use their mobile phone to switch them back on again
for short time periods via a text if required (196). Both the Dial4Light scheme and
motion sensors such as Philips LumiMotion can be explored for future streetlighting
on Southampton Common in combination with ClearField lighting. However, even
with using motion sensors, there may still be some disturbance to nocturnal wildlife
caused by the abrupt activation of streetlights but these effects would only be
transient and not constant. Minimising light spill away from the paths is another
possible technique to reduce any effects of streetlights and has been previously
suggested as effective mitigation for Myotis species (121). Restricting the upward
spill of ALAN can also help reduce skyglow, whereby artificial light is scattered by
atmospheric molecules and pollutes up to hundreds of kilometres beyond the original
source (7, 19). To prevent this, the use of low-level ‘bollard’ streetlights could be
effective in reducing the scale of ALAN impacts.
However, it is important to not only consider the impact of artificial lights on bats, but
also other wildlife residing in Southampton Common. In comparison to bat research,
few studies have been conducted to determine the effect of artificial streetlights on
other UK mammal species. This knowledge gap is being acknowledged though, and
a recent UK study on European hedgehogs (Erinaceus europaeus) found very
minimal, if any, impact of LED floodlights on their activity at supplementary feeding
stations (197). Published studies have yet to be conducted in the UK on the effect of
ALAN on small mammals such as rodents, but in Dutch trials of ClearField lights
wood mice (Apodemus sylvaticus) showed avoidance responses to red ClearField
lights, but to a lesser extent than to white or green LED lights (80). In terms of
amphibia, male great crested newts (Triturus cristatus) show negative phototaxis
towards white artificial lights in their habitat (198); a protected species of which
Southampton Common holds important populations (156). Conversely, white artificial
lights aggregate juvenile common toads (Bufo bufo) (85) but deter the same species
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when they migrate, an effect minimised by red ClearField lights (84). This evidence
suggests that red ClearField lights have the potential to not affect the behaviour of
common toads and act as a lesser evil for mice populations, but further research into
other species and contexts would be required to fully confirm this. Conversely, vast
evidence suggests long-wavelength red streetlights can negatively impact bird
populations, both when migrating and breeding (30, 91-93), with evidence of the
effect of red ClearField lights somewhat inconclusive (44, 80). Artificial lighting also
can alter the species composition and phenology of grazed grassland vegetation,
with monochromatic amber and white LEDs both having marked effects (199).
Therefore, installation of ClearField lighting trials on Path 2 would not only provide
opportunities to study their effect on UK bat behaviour in the long-term but would
also allow insight into the streetlight’s effects on other key UK animal and plant
species found on Southampton Common.
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5.0 Conclusion
Based on present results and prior research, red ClearField lights appear to be
effective in mitigating the impacts of artificial lighting on bat behaviour, except for in
areas where high densities of Pipistrellus pygmaeus are recorded. This emphasises
the importance of trialling new artificial streetlighting types under multiple contexts
and in varying habitats and countries as wildlife may react differently in differing
situations. In this study, Pipistrellus pygmaeus appeared less active on nights
illuminated with red ClearField lights compared to darkness, with this effect unseen
on nights with white LED lights. Although this species is classed as ‘light-attracted’
prior evidence suggests they avoid ALAN when it does not provide a foraging benefit
and the lack of feeding buzzes recorded for this species suggests that this was likely
the case in the present study. Meanwhile, the activity of Pipistrellus pipistrellus was
found unaffected by either artificial streetlighting type but these bats did forage more
on nights with white LED lights compared to dark nights. This improved foraging
efficiency may benefit this species but have indirect effects on other bat species and
taxa living in areas illuminated by white LED streetlights. All other UK bat species
recorded (Nyctalus, Eptesicus, Plecotus and Myotis genera) were found unaffected
by artificial lights, likely due to time and acoustic study limitations. Public
questionnaires found that night-time users of Southampton Common were generally
receptive to red ClearField lights, particularly if they were found beneficial to wildlife.
It is therefore recommended that in order to balance the needs of both people and
wildlife on Southampton Common, Path 2, just north of the presently lit East-West
pathway, should be illuminated with ClearField lighting to increase public use of the
park at night whilst mitigating impacts on most present bat species. This
management plan would also provide further opportunities to test effects of these
lights on both bats and other UK wildlife in the area. In addition, the installation of
these new lights could be utilised in concert with other measures, including the use
of motion sensors and time-selective deactivation of the lights. Together this would
form an effective mitigation strategy to prevent significant adverse impacts on wildlife
at the same time as increasing night-time public comfort and safety on Southampton
Common.
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8.0 Appendix
Appendix 1 - Table with notes of each site’s habitat features and light and noise
pollution
Site
Number

1

2

3

4

5

6

7

8

Light and Noise
Pollution

Habitat Characteristics
Open semi-natural grassland habitat (about
2m in height, glade) surrounded by
broadleaf woodland on either side (25m
away from the path). Dirt/worn neutral grass
path. Artificial boating lake around 40m
away, mostly shielded by young deciduous
trees.
Concrete path with ~8m of maintained
grassland bank either side and surrounded
by deciduous woodland (mature oak and
bracken) - edge habitat.
Small (15m radius) clearing of grassland
with bench in the centre of the site.
Concrete path with 10m of parkland bank
either side and single oak trees with
deciduous woodland set further back (edge
habitat with sheltered canopy).
Small (15m radius) clearing of grassland
Deciduous tree-lined concrete path with
open clearing (50m radius) of grassland
surrounded by bush and broadleaf woodland
edge habitat
Lighting fixtures placed on the edge of the
clearing 20m back from the path.
Open grassland clearing (200m) surrounded
by broadleaf woodland edge and shrubs.
Patch of heather next to woodland.
Old mixed woodland edge habitat adjacent
to a large duck pond with reeds – edge
habitat with sycamore, oak and pine trees.
Lighting fixtures placed by concrete path
running parallel to pond with small grassland
area on the opposite side.
Concrete path with broadleaf woodland edge
habitat either side, overgrown and
unmaintained.
Relatively open cleared path with few
overhanging trees in centre of the path
Ornamental lake and smaller shallow pool,
both surrounded by reeds, around 50m
away.
Open grassland clearing opposite the
lighting fixtures.

Broadleaf woodland surrounding concrete
path with glade adjacent to lighting fixtures.
Small amount of grassland either side of
path but path covered by oak trees (partially
open canopy)
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Event floodlights present
for all 3 nights ~400m
away, with spill facing
the study site.
3 streetlights ~200m
away, but less spill than
floodlights.
Slight light pollution from
streetlights not shielded
by woodland ~ 200m
away

Estimated
Tree
Cover (%)

39.4

85.7

No light pollution bar
normal city skyglow
98.2

Minimal light pollution
spilling over from SouthWest from East-West
path (150 away).
Mild skyglow.
Light cast from full moon
(or near full moon)
Some skyglow and
natural light from the
moon

Very faint light pollution
from streetlights 300m
away.
Some skyglow
Some natural light from
the moon around the
lake area
Carnival on the last
night (around 250m
away) – little pollution
impact as effects
sheltered by trees
Minimal light pollution
but occasional noise
from car passing by

67.2

63.0

66.0

71.6

93.4

Appendix 2 – Study site dates
Table listing the date of each lighting experiment, the site used and the lighting condition
implemented. A control lighting condition represents all fixtures set up with the generator
running but the lights not switched on, White represents the Philips Signify white LED
lights and Red represents the Philips Signify ClearField red LED lights.

Date
02/07/19
03/07/19
04/07/19
08/07/19
09/07/19
10/07/19
22/07/19
24/07/19
29/07/19
31/07/19
05/08/19
06/08/19
07/08/19
12/08/19
13/08/19
14/08/19
15/08/19
19/08/19
20/08/19
21/08/19
26/08/19
27/08/19
28/08/19
29/08/19

Site Number
1
1
1
2
2
2
3
3
3
4
4
4
5
5
5
6
6
6
7
7
7
8
8
8
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Lighting Condition
Control
White
Red
Control
White
Red
Control
Red
White
Control
Red
White
Control
Red
White
Control
White
Red
Control
Red
White
Control
White
Red

Appendix 3 – Types of lighting rigs used in experiments
Original lighting rigs (a) were heavy-duty custom-made galvanised steel poles, used until
the 2nd night of Site 4. After this, they were replaced with (b) commercial telescopic
aluminium studio lighting supports, fixed at the same height. These secondary, lighter
supports were stabilised with leg extensions, a diving weight belt and reflective guy-ropes.
Figure and photo credit to David Johnston, Southampton Common Forum.
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Appendix 4 – Copy of public perceptions questionnaire given to survey participants
Questions and answer options have remained the same, but some formatting has
changed since the original questionnaire to save space in this report

Public Perceptions Questionnaire
Part 1: Use of Southampton Common
1. What do you identify yourself as?
a) Male
b) Female
c) Other
2. What is your age group?
a)
b)
c)
d)

18-25
26-45
46-65
>65

3. Which Southampton neighbourhood, if any, do you live in?
Please circle the neighbourhood on the map OR tick one of the boxes below.

Map source: https://handyrubbish.co.uk/areas-southampton/

I live outside of Southampton and in the UK
I live outside of the UK
4. How often do you use Southampton Common at night/after dark (after sunset and before
sunrise)?
a) Daily (>4 times a week)
b) Weekly (1-2 times a week)
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c)
d)
e)
f)

Monthly (1-2 times a month)
Seasonally (during autumn-winter during short days)
Yearly (once or twice a year)
Only if I have to

Space for any additional comments you would like to make here:

5. What are your main reasons for using Southampton Common after dark?
Mark as many as apply.
a)
b)
c)
d)
e)
f)
g)

Commuting to/from work
Dog walking
Running/Cycling/Other sports
Walking back home from social activities
Special events (concerts/fairs etc…)
Nature activities (animal watching/surveys)
Other (please specify)

6. What are your main concerns with using Southampton Common after dark?
Mark as many as apply.
a)
b)
c)
d)
e)
f)

Personal safety (muggings / physical attacks)
Risk of injury from falling/tripping
Getting lost
Conflicts between pedestrians, cyclists and dog walkers
Wildlife
No concerns – I enjoy using the park after dark

7. What is the most important action for facilitating (improving/increasing) your use of Southampton
Common after dark?
Please answer below:

Part 2: Red (ClearField) lighting questions
This section relates to the lights currently being tested in front of you – please take as much time as
you need observing them before answering the below questions.
1. How well can you see under the red light?
a) Better than under white light
b) The same as under white lights
c) Not as well as under white light
2. How do these red lights compare to your pre-conception of red lights?
a) As I thought
b) They perform better than I expected
c) They perform worse than I expected
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Part 3: Night lighting in Southampton Common
1. What do you think about the current provision of street lighting in the Southampton Common?
a) Too much night lighting
b) Not enough night lighting
c) Sufficient
2. Do you use different paths at night on Southampton Common when in a group of people (2+
individuals) vs when on your own?
a) Yes, I use more lit paths when in a group compared to on my own
b) Yes, I use more lit paths when on my own compared to when in a group
c) Being in a group of people does not affect my use of paths in any way
2. If you would like to see more streetlights, where on Southampton Common would you like them
to be implemented?
Circle as many path numbers as you would like OR tick one of the boxes below.

Key
Roads
Currently lit paths
Currently unlit paths

All of the paths listed should be lit
Map source: David Johnston

Nowhere, there are sufficient streetlights
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3. A new type of red streetlight has been developed that enables object recognition and colour
perception. How safe would you feel with these red lights?
Please answer below:

4. If current path lights were converted to red lights, would your use of Southampton Common at
night be affected?
a)
b)
c)
d)
e)

Not at all
I would use it more
I would use it less
I would avoid using the park at night
I do not know

5. These new streetlights may be less disruptive to nocturnal wildlife on Southampton Common.
Would this affect your opinions of the red lighting?
a) Yes
b) No
c) I don’t know
Please provide a reason for your answer below:

END OF QUESTIONNAIRE
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Appendix 5 – Copy of participant consent form used for public survey
questionnaires

PARTICIPANT CONSENT FORM
Study title: Reconciling urban bat conservation and public accessibility: effect of artificial
lights at night in urban parks

Researcher name: Rozel Hopkins
ERGO number: 49313

Study information:
The purpose of this project is to understand how and how often members of the public use
Southampton Common at night. Another purpose is to identify any improvements that
should be made to the Common to improve comfort and safety at night. Anonymised data
from this questionnaire, including anonymous direct quotes, may be distributed to the
public and scientific community and used in further research.
Please tick the box(es) if you agree with the following statement(s):
I have read and understood the information above have had the opportunity to
ask questions about the study.

I agree to take part in this research project and agree for my data to be used
for the purpose of this study.

I understand that my answers to the questionnaire, including my gender
identity, may be quoted directly in reports of the research but that I will not be
directly identified (e.g. that my name will not be used).

I understand that due to the anonymous nature of the study I will not be able
to withdraw my answers after submitting my questionnaire to the researcher

I give permission for my answers to this questionnaire to be used for future
research and learning past this initial study (if this box isn’t ticked data will be
destroyed after the initial study analysis).

Date……………………………………………………………………………………….. ………………….
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Appendix 6 – Examples of echolocation calls by UK Pipistrellus species
Call photos taken from Kaleidoscope 5 v.5.1.9g, using call parameters described in
Russ (170) showing both echolocation calls and terminal feeding buzzes of
Pipistrellus pipistrellus, Pipistrellus pygmaeus and Pipistrellus nathusii
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Appendix 7 – Examples of echolocation calls by UK Nyctalus and
Eptesicus species
Call photos taken from Kaleidoscope 5 v.5.1.9g, using call parameters
described in Russ (170) showing both echolocation calls and terminal
feeding buzzes of Nyctalus spp. (Nyctalus noctula and Nyctalus leisleri) and
Eptesicus serotinus
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Appendix 8 – Examples of echolocation calls by UK Myotis and Plecotus
species and Barbastella barbastellus
Call photos taken from Kaleidoscope 5 v.5.1.9g, using call parameters described
in Russ (170) showing both echolocation calls and terminal feeding buzzes of
Myotis spp. and the echolocation calls of Plecotus spp. and Barbastella
barbastellus
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Appendix 9 – Examples of social calls seen in experiments by UK bat species
Call photos taken from Kaleidoscope 5 v.5.1.9g, using call parameters described in
Russ (170) showing social calls of Nyctalus spp (Nyctalus noctula and Nyctalus
leisleri) and Myotis daubentonii, Pipistrellus pygmaeus and Pipistrellus pipistrellus
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Appendix 10 – Autocorrelated continuous explanatory variables
Table listing continuous explanatory variables which autocorrelated with one another
and therefore were not included in the same mixed-effect models during analysis.
Variables were considered autocorrelated if r2 ≥ 0.56.
Variables
Estimated percentage vegetation cover x
Average temperature
Maximum temperature x
Average temperature

101

Adjusted r2 value
0.662
0.743

Appendix 11 – Results of non-significant linear mixed-effect models of bat
total passes (variable 1; log-transformed) with sample site as a fixed effect

102

Appendix 12 – Results of non-significant linear mixed-effect models of
bat species richness (variable 2) with sample site as a fixed effect
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Appendix 13 – Results of non-significant linear mixed-effect models of
Pipistrellus pipistrellus activity (variable 3) with sample site as a fixed effect
(table carried on to next page)
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Appendix 14 – Results of non-significant linear mixed-effect models of
Pipistrellus pygmaeus activity (variable 4) with sample site as a fixed effect
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Appendix 15 – Results of non-significant linear mixed-effect models of bat
Functional Group 1 activity (variable 5) with sample site as a fixed effect (table
carried on to next page)
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Appendix 16 – Results of non-significant linear mixed-effect models of bat
Functional Group 2 activity (variable 6) with sample site as a fixed effect (table
carried on to next page)
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Appendix 17 – Results of non-significant linear mixed-effect models of bat
Functional Group 3 activity (variable 7) with sample site as a fixed effect
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Appendix 18 – Results of non-significant linear mixed-effect models
of bat social activity (variable 8) with sample site as a fixed effect
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Appendix 19 – Results of non-significant linear mixed-effect models
of bat feeding activity (variable 9) with sample site as a fixed effect
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Appendix 20 – Results of non-significant linear mixed-effect models of Pipistrellus
pipistrellus feeding activity (variable 10) with sample site as a fixed effect
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Appendix 21 – Results of non-significant linear mixed-effect models of Nyctalus
spp. activity (variable 11) with sample site as a fixed effect

115

Appendix 22 – Participant responses to open question 1.7 in public questionnaires
Unedited participant responses to the question ‘What is the most important action for facilitating (improving/increasing) your use of
Southampton Common after dark?’. Responses were used to create the word cloud in Figure 16 with some words omitted (as justified
previously). 17 of the 91 respondents did not provide any answer to this question.
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Appendix 23 – Participant responses to open question 3.4 in public questionnaires
Unedited participant responses to the question ‘A new type of red streetlight has been developed that enables object recognition and
colour perception. How safe would you feel with these red lights?’. Responses were used to create the word cloud in Figure 21 with some
words omitted (as justified previously). 2 of the 91 respondents did not provide any answer to this question.
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Appendix 24 – Participant responses to open question 3.6 in public questionnaires
Unedited participant responses to the question ‘These new streetlights may be less disruptive to nocturnal wildlife on Southampton
Common. Would this affect your opinions of the red lighting?’’. Responses were used to create the word cloud in Figure 23 with some
words omitted (as justified previously). The letter option ‘a’ represents ‘year’, ‘b’ represents ‘no’ and ‘c’ represents ‘I don’t know’. 29
respondents provided no further comments to their answer, of which 10 participants chose option ‘a’, 15 option ‘b’ and 4 option ‘c’.
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